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Abstract

Astrocytes are glial cells within the brain responsible for maintaining healthy brain
function. They also have the ability to react to harmful stimuli by changing into a
reactive phenotype in order to protect the brain alongside microglia. Extracellular
vesicles (EVs) are released from all cell types within the central nervous system (CNS)
and are thought to represent the phenotype of the cell at the time of release.
Therefore astrocytalerived EVs (ADEVS) were hypothesised to change to represent
the reactive state of the astrocytes, making tmeuseful tools to monitor brain

health. The aim of this thesis was to better understand ADEVs from both quiescent
and reactive astrocytes, as well as how they may change in disease.

Characterisation of serutftee and serurrmgrown human primary astrocytes was
completed through morphological analysis as well as-RBEguencing and mass
spectrometry analysis using a muitinics approach, which found large differences in
gene expression dpite few differences in protein expression. Serree
characterisation identified a quiescent phenotype which contrasted with serum
grown cultures which mimicked a reactive phenotype. ADEVs were then isolated
using ultrafiltration of conditioned media flowed by size exclusion chromatography
(SEC). Seruigrown ADEVs were identified as smaller using nanoparticle tracking
analysis (NTA) yet displayed a similar morphology to séraemADEVsS. Mass
spectrometry produced a detailed ADEV dataset for both meétel future
investigation. Tissuderived EVs (BDEVs) were also isolated from frontal lobe tissue
2F 1 f1T KSAYSNNR&E RA&SFAS 6!'50 FyR FYeé2iNRLK/
age and sexnatched controls to investigate how EVs are altered seaée. Mass
spectrometry was completed on the BDEVs producing a second dataset that was
compared to the ADEVSs. Finally, ADEV functionality was explored by treating
guiescent, serunfree astrocytes with reactive, serugrown ADEVs and exploring
gene expressn changes. ATP concentrations within cells were also explored to
investigate whether EVs had the potential for glycolytic activity, however, glycolysis
was not discovered during this work.

In conclusionserum elicits a reactive response in quiescent, sefueme astrocytes
leading to morphological and transcriptional changes. These changes are reflected in
the astrocyte secretome and their ADEVs suggesting astrocyte health can be
monitored using ADEVSs. Pein datasets were produced for ADEVs and BDEVs for
future comparisons creating a foundation for future ADEV and BDEV research using
the models characterised in this work.
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Chapter lintroduction

1.1 Astrocytes: keplayers in the mammalian brain
Astrocytes are &ype of glialcell within the central nervous system (CNS) which
support neurons and ensure healthy brain function. Astrocytes form a large
proportion of the CNS (280%) and perform numerous roles including metabolic
support for neurons, ion buffering, neurotransmitteecycling maintaining the
blood-brain barrier (BBBand participating in thebrainimmune responséFigure 11;
Khakh and Sofroniew, 2013 fact, new roles are still being discovered
demonstrating the need for continued research into the functions of healthy
astrocytegDelepine et al., 2023yVhilst studied as a homogenous group, the term
WFalGNRORGISQ SyO2YLIaasSa | KSGSNp3ISy2dza L2
for particularaspects of astrocyte functiofzhang and Barres, 2010; Pestana et al.,
2020)

There is increasing evidence suggestingt astrocytes play mactiverole in
neurodegenerative diseasand notonly becausehey fail to support neurons.
Neurons are often the focus of neurodegeneration reseaslhey arehe most
vulnerablebrain cel] andalsodisplay the clearest pathology. Howevevjdence
indicatesastrocytes have a role in the spread of disease, as welkaserbating
disease througlthe secretbn oftoxic compounds leading to neuronal dedtBu et
al., 2010; Liddelow et al., 2017; Silverman et al., 200%his thesis, we seek to
understand the importance of astrocyte communication through secretion of
extracellular vesicleEVs) and how thigrocess may baltered in
neurodegeneration.

Astrocytes were initially characterised by their typical stellate morphologywene

later found tobe heterogenous in nature reflecting their varied functions within the
CNSKimelbergdetails wellestablished criteria for defining astrocytes, which covers

their wide array of functions and abiliti€kimelberg, 2010)n brief,astrocytesare

non-excitable cells containing the intermediate filament, glial fibrillary acidic protein

(GFAP} YR 3t &023Sy 3INIydzZ Sad ¢KSe& dzLlil 1S aey
aminobutyric acid (GABA) through astrocgigecific transporters and are connected

to other astrocytes through connexin gap junctigismelberg, 2010)Astrocytes

have many long processes, some of which surround blood vessels and others around
YSdzNR Yyt aeyllLlaSad 2KAfAad GKA& OKike NI OGSNA:
phenotype there are different sultypes of astrocytes based upon their morphology

and neuroanatomical positioning, with varied functionality and specialist purpose

(Vasile et al., 2017Throughout this thesis, the astrocytes described will refer to this

general description of an astrocyte rather than any specialiseeyguds of

astrocytes.
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Figurel-1- The major functions of astrocyteéstrocytes perform an array of functiowithin the CNS,
particularlyusingtheir mary endfeet processes that are characteristic of astrocytes and give the astrocy
i KSANIAPSOQI M) ISGindldeytadd drtivity, astrocytes are responsible for ion homeostasis
dispersing potassium concentrations in the extracellular spacgell agB)providng metabolic support due
to their proximity to blood vesselsith their endfeetinvolved irmaintaining the BBEC) Astrocytesan also
regulate synaptic activity by clearing and recycling glutamate and GABA to be transported to the nesly
as glutamine (D) Theyalsorelea® gliotransmitters in response to neuronal activity which alters the respc
of the neuronslmage created by the author through BioRender.com.

1.1.1 Astrocyte functions

1.1.1.1 Potassium buffering

Astrocytes provide ion homeostasis for neurons to maintain membrane potential
allowing neuronal activity to occurRigurel-1A). Astrocytes do this through
potassiumion (K buffering(Somjen, 1979; Miiller and Somjen, 2000; Belaez et
al., 2017) During neuronal activation, sodium ions {N#ood into the cell causing an
increase in membrane potential. This results in a positive membrane potential to
open voltagegated K channels, allowing*o diffuse out of the neuron into the
extracellular space, repolarising the membrane poterdgiaheurons To rebalance
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the ion concentration and maintain the resting potential,"Ma-ATPas@umps
actively transport Kinto both neurons and astrocytes. The active removal*dfdt
the extracellular space explains how extracellufacdhcentrationonly increases by
<1 mM despite the flood of ions diffusing out of the neuron during neuronal activity
(Somijen, 1979)

Astrocytes are the key mediators ofd{earance from the extracellular space with
two clearance mechanisms describedet K uptake and Kspatial buffering (see
review:BellotSaez et al., 2017/\Net K uptake utilises two protein transporters to
actively transport Kinto the cell in exchange for other iondla/K*-ATPase and
Na/K*/CI cotransporter(Larsen et al., 2016)n contrast, Kspatial bufferingutilises
connexingap junctions formed between astrocytes to movdrdm areas of high
extracellular concentration to areas of low concentration using changes in
membrane potentiathat occurthrough depolarisation, dispersing the change in
concentration and minimising impa@@rkand et al., 1966; Belk8aez et al., 2017)
Gap junctions allow the spread of membrane depolarisation through the astrocyte
syncytium to maintain a negative membrane potential at areas of high extracellular
K" whilst increasing Koutflux at areas where the equilibrium potential of i€mains
more negative (low extracellulai Koncentration) than the astrocyte membrane
potential (Ma et al., 2016)

1.1.1.2 Neurovascular coupling and metabolic demand

Astrocytes are found in close proximity to blood vessels and ensheath most of the
blood vessel with their processes (efakt) allowingthem to regulate cerebral blood
flow, maintain the BBB and transport nutrients to neur@gAsbott et al., 2006;

Attwell et al., 2010; Mathiisen et al., 2010; Lia et al., 2023; Figdi®)JAstrocytes

can regulate the constriction and dilation of adjacent blood vessels upon neuronal
activity to ensure neurons within areas of high activity receive enough nutrients
(Macvicar and Newman, 2015; Nortley and Attwell, 2017)

The BBB tightly regulates the interaction between neural cells and the blood to
create the perfect environment. The BBB is composg@) ehdothelial cellsthat

form the walls of the blood vessealghichare held together byight junctions (ii)

Mural cells including vascular smooth muscle cells on large vessels and pericytes,
which incompletely cover small vessels and are embedded in the vascular basement
membrane and (iii) astrocytic endfeet (Abbott et al., 2006; Daneman and Prat,

2015) The BBBestricts ionic substances and molecules throegkothelialtight
junctions as well agsingspecific ion transporteroften preveningdrugs from
accessing the braifWong et al., 2013; Daneman and Prat, 2025}rocytic enefeet
participate in BBB homeostasis by regulating water and ion concentrasimghigh
concentrations of receptors on their eddet such as aquaporin 4 (AQP4) and
potassium channel@bbott et al.,2006) Astrocytes can also regulate and maintain
the BBB through the release of molecules such as basic fibroblast gi@ston (FGF)
and glial deriveeheurotrophic factor (GDNF) which has been shown to induce a BBB
phenotype in endothelial celis vivo(Abbott, 2002)

Given their close proximity with blood vessels, astrocytes are ideally situated to take
up glucose from the blood through surface glucose transporters, 8ldJT4) for
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immediate use but also for loAgrm storage as glycogefifurel-2; Maher, 1995)
Astrocytes are the only cells within the adult brain with the ability to convert glucose
into glycogen for storage, which can then be converted to lactate when needed as an
energy substratdéor neurons(Brown and Ransom, 2007he lactate shuttle
hypothesis was formulated to explain astrocytic involvement in neuronal energy
supply and has received both support and criticism since its cre@®elterin and
Magistretti, 1994; Tang, 2018; Cali et al., 20T®)s hypothesis describes how
neuronal activity triggers astrocyte glycolysis, through the release of glutamate by
neurons and subsequent metabolism by astrocytes, which in turn causes astrocytes
to release excess lactate for neurons during high neuraotwity (Pellerin et al.,
2007)
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Figurel-2 - The lactate shuttle hypothesi@aken from Deitmer et al., 2017Astrocytes are

hypothesised to support neurons through the delivery of lactate during high neuronal activity. Astrocytes
are found in close proximity to blood vessels where they can uptake glucose through GLUT1
transporters. Neurons can also directly talgeglucose from blood vessels through GLUT3 receptors.
Astrocytes can convert the glucose to glycogen for storage or it caretadolised tdactate through
glycolysis. Lactate can then be transportgaimonocarboxylate transporters (MCT) to the neundrere

it canused as oxidative substrate for energy metaboligfhen there is high neuronal activity, more
glutamate will be released which is taken up and metabolised by astrocytes leading to more lactate
production and release.

1.1.1.3 Neurotransmitter recycling

After neurotransmitter release, it is important to clear the synaptic cleft to prevent
prolonged stimulation and to recycle valuable resources. The glutaGaBA
glutamine cycle demonstrates clear metabolic compartmentalisation in the brain
with cellspecific elements of this cycle found in astrocytes and neurons, highlighting
the effective communication that occurs between these ogfae et al., 2003;
Andersen and Schousboe, 2022, 2023; Figtt€)L
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Astrocytes are responsible for clearitige majority ofexcitatory glutamate and
inhibitory GABAeurotransmittersafter neuronal activation anthetabolisinghese
molecules back to their precursor, glutamifédurel-3; Schousboe, 2019)
Astrocytes take up the majority of the glutamate through astroegpecific

excitatory amino acid transporters (EAATs), EAAT1 and EAAT2 with neurons also
taking up some glutamate through EAAT3 to a lesser ex&attousboe et al., 2004)
Astrocytes can convert glutamate to glutamine throwgtrocytespecificglutamine
synthetase (GS) before reléagback into the extracellular space to be taken up by
neurons(Norenberg and MartineHernandez, 1979) o convert GABA into
glutamine, GABA enters the tricarboxylic acid (TCA) cycle in the astrocytes where it is
converted into succinate before conversion to glutam@@ek et al., 2006)This
molecule of glutamate is then processed in the same pathway as extracellular
glutamate.

€ Gs

€ rAG

® Glutamate

Glutamine

H EAAT

Il Glutamine transporters
Created in BioRender.com bio -

Figurel-3 ¢ Glutamate/ GABArecycling.Astrocytes areesponsibldor clearing the synaptic cleft of
neurotransmitters and recycling them for future use by neurons. Glutamate is an excitatory
neurotransmitter which can cause hyperexcitabiliglidwed to reach high concentration&strocytes
actively take up glutamate through EAATSs before converting the glutamate into its precursor, glu
This occurs through the enzyme glutamine synthetase (GS) using ammaog)iaGNtdmine is then
transported back to neurons where it is converted back to glutamate through phiespttivated
glutaminase (PAG). This reaction creates ammonia which is transported back to adjacent astroc
use in the conversion of glutamate to glutamine. The glutamate can then be packaged into bgsic
neuronsfor release upon depolarisation. GABA is also recycled in this pathway but requires extra
to convert GABA to glutamate through the astrocyte TCA cycle and to convert glutamate into GA
through glutamate decarboxylase (GAD) in neurtmages created by the author through
BioRendecom.

After glutamine is taken up by the neurons, it can be converted back to glutamate
through phosphateactivated glutaminase (PAGkiyama et al., 1990Whilst this
process is thought to mostly occur in neurons, PAG has been identified in astrocytes
suggesting they can also perform this procgésamme et al., 2001, 2008)

Astrocytes also can generate glutamate through the TCA cycle using pyruvate
carboxylase (PC) unlike neurons suggesting a role in replengdiimmgnsmitter
stores(Shank et al., 1985%lutamate can then be further converted into GABA
through glutamate decarboxylase (GAIEno, 2000)During this cycle, ammonia is

~27 ~



created in the neurons through the conversion of glutamine to glutamate and
required in astrocytes for the reverse reaction providing ammonia homeostasis
addinga seconchomeostaticaspect to the glutamate/GABglutaminecycle whilst
preventing a toxic accumulation of ammorfi&aagepetersen et al., 200X owever,
how this transfer occurs is not fully understodts well as clearing the synaptic cleft
after neuronal activityastrocytes can also modify neuronal signallisgng
gliotransmitters (gliebased neurotransmitters)

1.1.1.4 The tripartite synapse and gliotransmission

Alongsiderecycling neurotransmitte’s | a t N2 O iSa FT2N¥Y GKS
neurons to participate in synaptic communication between adjacent neurons
(Araque et al., 1999; FigurelD) Astrocyte processes surround the ggnaptic and

post-synaptic terminals of neurons and actively participate in synaptic transmission.

Neurotransmitters (e.gglutamate), released by neurons during neuronal activation,
bind to receptors on the astrocyte cell surface to trigger a transient surge in
intracellular calcium in proportion to the intensity of neuronal actiywtfich can
propagate between astrocytes through connexin gap juncti@wnelBell et al.,
1990; Charles et al., 199T)his initiatesV Jtfansthitterelease from the astrocyte

to regulate the synaptic activitiHalassa et al., 2007; Bazargani and Attwell, 2016)
Whilst this simplifies the tripartite synapse to one unit, a single astrocyte is
estimated to form connections with over 100,000 synapses as well as forming gap
junctions with adjacent astrocytd§iaume and Venance, 1998; Bushong et al.,
2002) Calcium waves can propagate to many adjaestrtocytestherefore a single
signal can activate many ce{Soldberg et al., 2010)

1.1.2 Astrocyte response to injury: the reactive astrocyte
Theactivitiesabovedescribebasic astrocyte functions which occur in healthy,
guiescent astrocyte However, these same functioase altered or compromised
under physiological stress or pathological conditigkstrocyteshave the ability to
change phenotype and become reactive in response to injury or disease. These
reactive astrocytes display hypertroptproliferate,and undergdranscriptional,
proteomic,metabolicand morphological changgBekny and Pekna, 2014; Escartin
et al., 2019, 2021)Vhilst neglecting the quiescent functions described above,
reactive astrocytes develop neabilities allowing them to play an important role in
the immune system of the brain. Although reactive astrocytes are important for
healthy brain function, this phenotype also has harntimhsequencewvith chronic
activation associated with neurodegenerati@nd therefore it has been a focus of
intensive researcfiChun and Lee, 2018; Escartin et al., 2007, 2006; Liddelow and
Sofroniew, 2019; Pekny et al., 2016; Ponath et al., 2018; Yamanaka and Komine,
2018).

1.1.2.1 Terminology
Due to their similar involvement in the immune system, reactive astrocyte
phenotypes have been described based upon micrigiecrophagenomenclature
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(Liddelow and Barres, 2017; Liddelow et al., 200groglid nomenclature
describesla m Q Y Jag3ocRtadtwih-a prinflammatory responsgandWa H Q
microgliawhich areassociated with an anthflammatory responséTang and Le,

2016) Whilst there is controversy about the appropriateness of this nomenclature, it
is still often used to describe microglial phenotypic states and has formed the basis
for astrocyte nomenclaturéCherry et al., 2014)

Much like microglia, astrocytes activate upon detection of harrsfinhuli/tissue
damage. Two reactive phenotype®re originallydescribed by.iddelow and Barres,
(2017)¢ inflammatoryW ! m QantkinflatnmatoryW! H Q | Zaf anBt@pi 6 &
explain therange ofresponses astrocytes can producégurel-4). Different stimuli

can elicit these phenotypes, with inflammation and toxic insult preferentially
activating Al astrocytesind ischemia preferentially activating A2 astrocytes
(Zamanian et al., 2012Vhilst this terminology istill popular, astrocyte reactivity is
better described as a spectrum between these two opposing phenotypes with both
phenotypes observed in healthy respong@sderson et al., 2014)

A1 astrocyte
Releasenflammatory
molecules
Loss of quiescent functions
Destruction of synapses

_ . (A A2 astrocyte
Quiescent astrocyte \ 2UONY Release antinflammatory
1 K buffering g~ molecules
1 Synaptic regulation and Release trophic factors
maintenance A Phagocytosis of
1 Neurovascular coupling (AR pathogens/cell debris
1 BBB maintenance 1 Synapse repair
1 Neurotransmitter recycling 1 Glial scar formation

Figurel-4 - Reactive astrocyte phenotypeastrocytes change phenotype upon interaction with harmi
stimuli either in the form of pathogens or molecules released from injured/dying cells. An A1 phenc
associated withinflammation or toxic insult and is primarifiescribedvith detrimental functions. The A2
phenotype isssociated withschemia and idescribedvith more beneficial functions. It is unclear whet
these phenotypes represent all reactive phenotypes or whether there are other unknown phenotyp
have not been identified garesent. It imrguedthat these phenotypes represent the extremes of a rea
spectrum withsingleastrocytes displaying aspects of both A1 and A2 phenotypes. A third diksiease
phenotype has beedescribednthe contextof £ T KSA YSNDa RAaSI| as achzmia,!
diseaseassociated phenotypémage was created by the author through BioRender.com.

1.1.2.2 Acquired functions
Reactive astrocytes have both beneficial and detrimental functions which have been
tentatively assigned to A1/A2 astrocytes based upon their distinct gene expression
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(Figurel-4; Liddelow and Barres, 201 Hlowever, individual astrocytesnperform
both beneficial and detrimental functions. Al astrocytes are often described with
detrimental functions through the release of inflammatory molecules and the
destruction of synapses. Al astrocytes can be activated by M1 microglia, which
causes adss of basic astrocyte functions and leads to the productiomof a
inflammatory secretomeeleased into the local environmergxacerbating
inflammation.By preventing Al activation, neurons have been protected from cell
death demonstrating th@&estructivenature of this phenotype (Yun et al., 2018).
However, this destructive naturie needed when dealing witmvadingpathogens to
prevent damage in the brain. Inflammation is a key response of the immune system
and therefore, despite theerceiveddetrimental functions attributed to Al
astrocytes, they are necessary for a healthy immune response.

l'w FadNROeGSa 2y (KS 2GKSNJ KIYyRZ NB | da2«
of antiinflammatory molecules and neurotrophic factors to promote neuronal

survival and synapse repair. These astrocytes hisabeen shown to phagocytose

cell debris after ischemia alongside microgiorizawa et al., 2017)Whilst this

LIK Sy 2 ( & LIS protectivéd S S i KISa WA f &aO0FN GKIG Aa F2
prevents nerve repair and regenerati¢Bradbury and Burnside, 201®ut by

producing this scar, the damaged tissue is isolated from healthy tissue and prevents

any further damage.Xensive research till needed to fully understand the

reactive astrocyteand how this can be better manipulated to help treat disease and

injury. For instance, it is unclear if other reactive phenotypes eaist how they act

in different situations.

1.1.2.3 Disease phenotypes

To bdter understandastrocyte reactivity, a clear differentiation should be made

between healthy, reactive astrocytes and those seen in pathdlgggartin et al.,

2021)! G KANR NBIFOUOUAGS LKSy2GeL)S KIFIa 0SSy RS3
that have a distinct gene expression from both A1 and A2 astrocytes, described as a
diseaseassociated astrocyte (DAKRabib et al., 2020)Diseasassociated microglia

(DAM) have also been described, further demonstrating a similarity between

microglia and astrocyte phenotypéi€erenShaul et al., 2017; Deczkowska et al.,

2018) Astrocytes in disease have been shown to produce a toxic secretome that

leads to the death ofieurons;however, research is still ongoing to identify the exact

cause(s) of this toxicitfL.iddelow et al., 2017; Guttenplan et al., 2021; Kushwaha et

al., 2021; Arredondo et al., 2022)ogether, these results highlight the lack of

knowledge surrounding different reactive astrocytic phenotypes. Due to the difficulty

in separatingastrocytic phenotypes, research often does not distinguish between

reactive astrocyte phenotypesfitdoes, itk & F20dzaASR 2y GKS W! mkA
FaGNRORGSQ RdzS G2 GKS LISNOSAGSR yS3alFiAgdS ¢
neurological diseasé prominent, recent publication has suggested a global term
F2N) LIKeaAz2t23A0Ft NBIFOGAGAGE (2 0S RSAONXR:
F3420A1FGSR NBIOlAGAGle (2 @ESatRhSAQONRIY SR | I
But for these terms to be used, a clearer distinction between physiological reactivity

and disease needs to be established. For simplicitisrwork, reactive astrocytes

will refer to a generalieactivephenotypethat describes any changes from the
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guiescent, homeostatic phenotyp&his is because it is unclear whether the
reactivity observedetter modelspathological or physiological reactivity.

1.1.3 Astrocyte models

The lack of knowledge surrounding the different astrocytic phenotypes is largely due
to the difficultyin modelling reactive and quiescent astrocytbtost astrocyte

research generally takes plairevitrowith the addition of foetal bovine serum (FBS)

to support growth and proliferation of the astrocytes. However, with the addition of
FBS, the astrocytemppear tochange to a more reactive phenotype (increased GFAP
and hypertrophy) rather thaacting ad Wy ZhdEmyt | & G(REh@taall S

2019) New methods are being published to grow astrocytes without FBS to produce
a more realistic, quiescent astrocyte modeitro, but to truly advance astrocyte
research, a more established, universally accepted model needs to be adopted
(Zhang et al., 2016; Liddelow et al., 2017; Prah et al., 2019)

1.1.3.1 Issues with rodent models

Rodent models are often used to investigate astrocyte fundtiovivoto overcome
some of the issues witim vitromodelling and to allow better manipulation.

However, human astrocytes are far more complex than rodent astrocytes and vary in
their functional ability(Oberheim et al., 2009; Zhang et al., 20rticular sub

types of astrocytes have been described that are unique to primate brains such as
interlaminar and polarized astrocytes which cannot be modelled by rodent models
(Colombo et al., 1995; Colombo and Reisin, 2004; Oberheim et al., Ba@@&ven
those astrocytes that are shared between rodents and humans vary drastically with
human protoplasmic astrocytes being Zdd larger in diameter with 1fold more
GFAPprocessegOberheim et al., 2006 As well as unique sttigpes, human
astrocytes also have a greater capacity for glutamine synthesisawitique

enzyme GDH2identified thatis not presentin rodents(Andersen and Schousboe,
2023) Inducing expression of GDH2 in mice elevalesamate uptake and oxidation
capacity in astrocytefNissen et al., 2017By transplanting human glial progenitor
cells into rodent brains and allowing human astrocytes to mature and integrate with
rodent astrocytes, the rodents displayed improved synaptic transmission and
performed better than their littermates in behaviourasts(Han et al., 2013By

using rodent models, a level of human complexity is ignored and therefore results
are less relatable. Many diseases also cannot be replicated in rodents, so treatments
developedin rodent models often do not translate well in clinical trigfound and
RitskesHoitinga, 2018)With new technologies emerging, research should move
towards humarin vitromodels which can still be manipulated but are far more
relevant to human disease.

1.1.3.2 Current human models

Postmortem human brain tissue can be used to investigate disease pathology and to
better understand the origin of proteins of interest in brain cells. However, access to
human tissue is limited due to the inaccessibility of the brain and within the &laila
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tissue, there are shortages of healthy tissue with many donations often displaying
agerelated or neurodegenerative disease pathology, preventing the study of

healthy, quiescent astrocytes. Nevertheless, imaging techniques have enabled the
visualisation ofeactive &trocytesin living subjectsisingcompounds such as TSPO

but this approach is very expensive andas specific to astrocyte§ h Q. NA Sy S | f
2014; Jamadar et al., 2020; Pannell et al., 2020)

Induced pluripotent stem cells (iPSCs) have provided neuroscience research with a
new in vitro model which better represents human astrocytes in both health and
diseaseigurel-5). iPSCs can be generated from human somatic cells to produce
embryoniclike stem cells that can differentiate into any cell type, including neurons
and astrocytegTakahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al.,
2007; Karumbayaram et al., 2009; TCW et al., 2017; Solomon et al., Ru#)
importantly, somatic cells can be taken from patients with disease and
reprogrammed into neural cells while retaining the genome of the peesah
featuresof the diseas€Dimos et al., 2008; Park et al., 2008; Ebert et al., 2009;
Juopperi et al., 2012Whilst this is revolutionisinigy vitro modelling of disease, it

also has huge potential in drug discovery and treatment of disease through
personalised medicinéshi et al., 2017Given that iPSCs are generated from the

LI GASYydiQa 2y OStftazx GKSNB Aa y2 AYYdzyS NI
transplantation(Wernig et al., 2008; Oki et al., 2018) fact, a number dflinical

studies are investigaigthe use of iPS@erived cells in transplantation to replace
cells lost due to disease or injufBarker et al., 2017; Forostyak et al., 2020; Sugai et
al., 2021; Miura et al., 2022)

Skin biopsy Induced pluripotent Induced neural iAstrocytes
stem cells stem cells

Figurel-5 - The creation of iPS@erived astrocytesAskin biopsy can be taken from a subject to
harvest fibroblast cells. These cells are then reprogrammed to produce iPSCs which can differ
into any cell type in the body. iPSCs can then be differentiated into induced neural stem cells (i
which can produce neuronal and glial cell types. Cells can be maintained as iPSCs or iNSCs pr
stock solution of cells which can then be differentiated a final time to produce the cell of inféies
cells maintain the genotype of the subject and therefore are a valuable resource in investigatin
inheriteddiseaseand designing personal medicine for patients. Image created by the author thrc
BioRender.com.

An issue with iPSC models is that they are expensive anectim&uming, and there

are still questions regarding the accuracy of the model comparead ¥ovomodels.

This method produces foetal phenotypes due to the conversion back to stem cells

YR GKSNBET2NE GSOKyAldzS&a INBE ySSRSR (2 WI :
seen in neurodegenerative disead@oss and Sachinidis, 2019) vitrocultures also

often only use one or two cell types and therefore do not fully encompass the
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complexity of cefcellinteractions Attempts have been made to better model age
related disease using organoids made up of a variety of different cell (e et
al., 2021; Szebényi et al., 2020ne study has used human serum on &G/ed

AD organoids to model BBB dysfunction resulting in enhanced levelsanfdA
phosphorylated taChen et al., 2021By using multiple cell types, models become
more relevant, and the importance of cekll communication can be investigated.

1.1.4 The importance of modelling astrocyte communication

Many astrocyte functions rely on communication between astrocytes, and with other
cell types such as neurons and microglia. For exaraptepcytescommunicate with
microglia to survey the local environment, forming the immune response of the
brain. Activated microglia have been shown to induce a neurotoxic phenotype in
astrocytes by secreting inflammatory cytokines such as interleukins and comglemen

factors(Liddelow et al., 2017; Joshi et al., 2018)particular I-1"> ¢ b Ch | YR [/ M|

have been shown to produce a reactive, inflammatory phenotype with this method

now commonly used fogenerating reactivastrocytesn vitro (Liddelow et al., 2017;

Clarke et al., 2018; Barbar et al., 2020; Leng et al., 20R2aidition to secreted

proteins, recent advances in extracellular vesicle research have shown that EVs are

key players in cetb-cell communication and likelyerform a key role in astrocyte
communicationd , 2dz SG Ff ®X HAHAT tAG2NRAAY A YR

1.2 Extracellular vesicles

1.2.1 What are extracellular vesicles?

The international society of Extracellular vesicles (ISEV) define EVs as a heterogenous
population of nonrreplicating molecules delimited by a lipid bilayer, that are released
naturally from cell§Théry et al., 2018)They contain proteins, RNAs, and metabolite
cargo which can be taken up by recipient cells, exerting their effect within the
recipient cell as a form of intercellular communication. Two keytgpbs (exosomes
and microvesicles) have been defined baspdrutheir origin and release

mechanism. However, in practice, it is difficult to distinguish between them due to a
lack of specific markers for each group. Other criteria such as physical properties
(size), biochemical composition (presence of particularkars) or cell of origin (e.g.,
astrocytederived EVs) are therefore advised to describe EVs in research where it is
not possible to identify how the EWerereleased.

1.2.1.1 Exosomes

Exosomes are defined as EVs with an endosomal origin and range betwe@d@0

nm in diameter(Pegtel and Gould, 2019; Kalluri and LeBleu, 2020; Krylova and Feng,
2023) Vesicles are formed through the inward budding of the endosomal membrane
with the endosome forming a multivesicular body (MVB)isfuses either with

lysosomes for degradatigor with the plasma membrane to secrete their contents

of exosomes into the extracellular spaéégurel-6). Due to their origin, exosomes
arethought to bemore homologous than other EV types and carry endosomal
proteins such a#\LIXanda variety oftetraspaningKalluri and LeBleu, 2020)
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However, current issues with separation techniques make studying exosomes in
isolationvery difficult even with more specific markers.

Fusion with

. . membrane
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Created in BioRender.com bio

Figurel-6 - Exosome biogenesis and releagxosomes are formed through the inward budding o
endosomecreating amultivesicular body (MVB). The MVB can either fuse with lysosomes and b
degradedandthenrecycledautophagy) or it can fuse with the plasma membrane and release the
vesicles into the extracellular space. Cargo appears to be selectively loaded into these edasogy
exosome formation, buthe exact mechanisms of cargo loading are not fully understéxdsomes
cargocontains proteins, metabolites and various forms of RNA surrounded by a lipid biteaepe.
created by the author through BioRender.com

Whilst the exact mechanism of exosome formation and release is not fully
understood, endosomal sorting complex required for transports (ESCRTSs) are
thought to be involved alongside other associated proteins such as ALIX and syntenin
(Baietti et al., 2012; Colombo et al., 2013; Choi et al., 2015; Xie et al., ER2RT
independent mechanisms also exist, with depletion of ESCRT machinery not entirely
preventing exosome formatio(Stuffers et al., 2009; Colombo et al., 2013; Kenific et
al., 2021; Wei et al., 2021 videncénighlights the importancef ceramide in the

vesicle budding process. Neutral sphingomyelinase Il (hnSMase2) converts
sphingomyelin into ceramide, with ceramide thought to create inward membrane
curvature through its condike structure to form the vesicles in the M\{Brajkovic et

al., 2008) Raft microdomainfund in lipid membranesre enriched in lipids such

as sphingomyelin and ceramide with inhibition of nSMase2 leading to a reduction in
exosome releaséTrajkovic et al., 2008; Elsherbini et al., 2021; Crivelli et al., 2022)
Interestingly, altered ceramide has been associated with brain dysfun@em et

al., 2021; Kurzawakanbi et al., 2021; Fonse€arrer et al., 2022Rab GTPase

proteins such as RAB11 and RAB&gulate vesicular trafficking in the cell ahdve
beenassociated with MVB biogenesis and fusion with the cell membf@stowski

et al., 2010; Blanc and Vidal, 2018; Wei et al., 2021)
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It is likely there are multiple mechanisms for exosome formation based upon the role
of the individualMVBdue to the heterogenous populatiosf exosomeghat is

created. Whilst there istill limited understanding of exosome mechanics, there is
evenless undersindingabout the mechanism of release for the other key EV-sub
type: the microvesicle.

1.2.1.2 Microvesicles

Microvesicles (also known as ectosomes or microparticles) are larger EVs ranging
between 150¢ 1000 nm in diameter which arise directly from the budding of the

plasma membrane into the extracellular spacd SRI G A O -IchorRey, 5 Q{ 2 dzl |
2018; Clancy et al., 202Whilst released under normal conditions, microvesicles

are also released upon stimulation or physical sti€scucci et al., 2007; Turola et

al., 2012) An example of this is that astrocytierived ATP can stimulate

microvesicle releasm microglig not only demonstrating communication between

different cells but also how astrocyte reactivity can cause changes in adjacent cells
(Bianco et al., 2005)

Like exosomes, ESCRTs and ceramide have been implicated in microvesicle formation
suggesting a common mechanism between the two vesiclelyguds (Cocucci and

aSt R2t S&A I Hnwmp T-SEhéréya2018AGWever BtRer ok dzl |

have been indicated as key proteins in microvesicle shedding such as RhoA and ARF6
(Muralidharan/ K NA S Ff ®X wnndT [ A -SBhorey, f ®X HAMH
2018) Cholesterol depletion reduces microvesicle formation suggesting cholesterol

rich lipid rafts are involved in microvesicle sheddibgl Conde et al., 2005)

1.2.2 EVs in intercellular communication

When first discovered, EVs were initially thoughbe cellular artefacts or part of

GKS OSttQa ¢+aisS RAaALIRAlIE YSOKIFIYAAY |yR (f
after the discovery of their role in intercellular communication, a surge of research

has moved these nanopatrticles into the forefront of bidtagd research, especially in

the neuroscience fiel@Couch et al., 2021Pue to the nature of working across a

range of disciplines and with such a range of techniques, the EV comrhagity

produced a set of guidelines to improve the quality of the work produced in the field
and to better standardise protocols. These are known as the MISEV guidelines which
are based upon the overall consensus from researchers in thesldtthare

updated every four years to encompass advances in res¢abdry et al., 2018)

Alongside these guidelines, other tools such as EVTRACK (online scoring/checklist for
publications) have been produced to improve the quality of research in the
community(Van Deun et al., 2017)

Vesiclepedia and Exocarta are two databases that have been created to catalogue EV
cargo based upon theparentcell type(Kalra et al., 2012; Simpson et al., 2012;

Pathan et al., 2019Both resources have great value with Exocarta focusing on cargo
reported from exosome studies, and Vesiclepedia encompassitygpali ofEV

cargo. One major issue with these databases at present is a lack of results for all cell
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types with no detailed database for astrocytes or neuronal cells. By identifying cell
specific cargo, a range of diagnostic possibilities arise.

With EVs involved in cetkll communication and responsible for roall

autonomous control of cell fate, there must be mechanisms for selecting specific

cargo to be loaded in EVs. If there was s@tective cargo loading, it would be

expected that EVs pkectly reflect the composition of the cell, however this is not

the case with certain cargo being enriched in EVs compared to the€Ceelh et al.,

HAHMT S5AE&az2y SG Ff®dS HaHoT W2OAGBkidar ' YR DA
loading mechanisms have been described for EVs and autophagy suggesting the

pathways are closely relatdgtieidal and Debnath, 2021)

1.2.3 Are exosomes a form o$ecretory autophagy?

Autophagy has originally been considered as a wdiposal pathway in cells to

remove damaged proteins/organelles and to recycle nutrients at times of cellular
starvation(Rabinowitz and White, 2010%electie autophagy requires cargo to be

ubiquitinated before being sequestered into the autophagosome through autophagy
adaptor proteins such as p62 and NBR1 which then interact with LC3 to connect

cargo with the emerging autophagosontadurel-7; Lamark et al., 2009; Pankiv et

al., 2007) The autophagosome will then fuse to lysosomes for degradation and the
components recycled. It is thought a similar process occurs in the formation of

exosomeE§ RSAONAOGSR Fa W{SONBGO2NER | dzi2LKI 3I&Q
lysosome, the vesicles can fuse with MVBs to form exosomes upon secretion

(Baixauli et al., 2014; Ponpuak et al., 2015; Buratta et al., 2020; Solvik et al.,|12022)
appears a fine balance between traditional autophagy and exosggneration

exissto provide homeostasis within the cell. When conditions stimulate increased
autophagy, exosome release is inhibited with MVBs being targeted for lysosome

recycling rather than excretiofiFader et al., 2008; Leidal et al., 2020; Solvik et al.,

2022) In fact, the reverse has also been demonstrated in pathology where

autophagy inhibition ledi 2 G KS Ay ONB | ds$uckif setdtidnfhEYs2 3 A O f
(Minakaki et al., 2018)
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Figurel-7 - Secretory autophagySecretory autophagy shares a common pathway with traditional,
selective autophagy. LC3 is activated through the interaction with phosphatidylethanolamine anc
with a developing phagophore. Autophagy adapter proteins then sequester ubiquitinatedtartjoe
phagophore by binding to LC3. Recent evidence suggests that RNA can be loaded into autopha
in the same way as ubiquitinated proteins with RiNi#ding proteins acting as adaptors (Leidal et al.
2020). Once the phagophore has matured intaatophagosome, it can then fuse with a lysosome
be degraded (selective autophagy). However, the autophagosome can ifisteadith the MVB and
secrete its content as exosomes (secretory autophagy). Secretory autophagy is also thought to i
microvesicles as well, however the mechanism is less understood. By inhibiting either selective
secretory autophagy, the opposipathway is increased.

1.2.3.1 Protein loading

Similar selective protein loading mechanisms further highlilgasimilarity between
traditional autophagy and exosome release. ESCRTSs are responsible for transporting
ubiquitinated proteins into vesicles which either go on to fuse with lysosomes or to

be released as EVgillarroyaBeltri et al., 2014)Throughubiquitination, specific

proteins can be selected and transported into the vesicle. Secretory autophagy
begins to explain the presence of potentially pathological protein aggregates in EVs
such as TDR o 3syniiclein and prionf606v et al., 2016; Liu et al., 2017; Sproviero

et al., 2018) These proteins would likely be targeted for degradation due to their
tendency to aggregate but instead are released in BXfs/the cdl would want to

release proteins destined for degradation remainmysterywith this mechanism
potentially causing the spread of neurological disease. EB@BFendent

mechanisms have also been described for protein cargo loading through tetraspanins
and lipiddependent mechanisms which likely reflects the heterogeneity ofginst

within EVgVillarroyaBeltri et al., 2014)
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1.2.3.2 RNA loading

The joint autophagy and B¥adingmechanismare also evident when considering
RNA loading. Within extracellular vesicles, protemding messenger RNAs (mMRNAS)
are found alongside many types of roading RNAsuch asnicro RNAs (miRNAs

and transfer RNAs (tRNAandford et al., 2018; Kim et al., 2017; MesgiRriiaeiro

et al., 2021; Valadi et al., 200%JiRNAs target mRNAs for cleavage or translational
repression inhibiting the translation of the targeted mR{intzinger and

Izaurralde, 2011)Therefore, @& increase in mMiIRNA expressiwnuldlead to a

decrease in protein expressiamthe recipient cellA single miRNA can target many
different mMRNAs and a single mRNA can be repressed by multiple different miRNAs
MiRNAs are protected from degradation by the cell through binding with RNA
binding proteins (RBPs) or being sequestered into EVs and have been shown to exert
their effect in recipient cells making these molecules an intriguing target for
biomarkers and tregments (Mittelbrunn et al., 2011; Lafourcade et al., 2016; Luarte
et al., 2017; Varcianna et al., 2019)

Arole for LC3 machinery in selectively loading RBPs and smadiodlomy RNA into
EVs has been explorédeidal et al., 2020Lertain RBPs such asRNPA2B1
SYNCRI&hd FU%as been shown to select miRNAs for EV loa@iiltarroyaBeltri

et al., 2013; Santangelo et al., 2016; GaM&uaxtin et al., 2021)In particular, it
appears that certain sequences in the miRNAs leads to the preferred selection or
retention of the RNA by the cell for secretion in extracellular ves(@esciaMartin

et al., 2021) More research needs to be completed to understand this mechanism
for miRNA selection and what these sequences are in order for EVs to be
manipulated to deliver therapeutic miRNAs.

RBPs and RNA metabolism proteins are enriched in EVs indicating EVs as key
transport mechanisms for RNAs between cells. Whilst it is clear that miRNAs are
commonly present in EVs, it is debated how many miRNA molecules are present in a
single vesicle andether they are found in every EV or in Rpecific EVs

(Chevillet et al., 2014; Li et al., 201k)is suggested there may be less than one
miRNA per vesicle with estimates ranging frone miRNA in everyen EVs0 onein

every 120EVqJanas et al., 2015Lurrent methods are not sensitive enough to
examine the contents of a single B¢ it is difficult to understand whether all EVs

carry RNA cargo or whether there are subsets of EVs that preferentially carry RNA
cargo.

1.2.3.3 Metabolites in EVs

A metabolite is considered any biologically relevant molecule smaller than 2 kDa so
this term encompasses a wide range of molecules involved in most cellular
processes. Despite this, lasknown about metabolites in E¥empared to protein
and RNA cargdut some studies have begun to investigate their purpose and
potential usein diagnosticgiHuangDoran et al., 2017; Puhka et al., 2017; Harmati et
al., 2021) EVdhave been shown tearry metabolic enzymes and may produce
metabolites such as ATP whilst acting as independent (inétsi et al., 2017; Goran
Ronquist and Ronquist, 2019 shown to act as metabolically active units, it would
suggest a more important role for EVs rather than simply acting as an intercellular
delivery system.
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Far more research needs to be conducted before we can begin to elutitatele

of metabolites inEVs and to what extent EVs can act as independent, functional
units. It is clear that EVs are not simply cellular waste and instead, contain varied
cargo that is used in intercellular communication. With future advances in
methodology, the cargo of thedeVs can be manipulated and utilised to mediate
intercellular communication to benefit patient$his is important for
neurodegenerative disease due to thexatessibility of the brain which at present
results in a lack of treatments and diagnostic tests.

1.2.4 Difficulties with EV research

Whilst MISEV guidelines have helped establish more common methodologies
regarding EV research, there is still a huge amount of variation in the isolation of EVs
resulting in differences in EV sample compositifalviainen et al., 2019; Brennan

et al., 2020; Dudzik et al., 2021; Nigro et al., 2021; Walllis et al., ZD2i%)ultimately
effects cargo analysis and therefore it is difficult to collate work from different
research groups. This has limited EV cargo research but with improved techniques
and clearer publication of methodology (HYRACK), there is hope for more
reproducible results that can be used for biomarker identification.

1.2.5 Future applications: Why the interest in EVS?

1.2.5.1 Biomarker potential

One of the most intriguing aspects of EVs is theythought toreflect the state of

the cell at the time of release and change their cargo in response to stress and
diseasdde Jong et al., 2012} is incredibly difficult to monitor the state of the brain
at a cellular level in living humans and thereforedaxgoprovidesa valuable insight.
EVs contain ceipecific molecules which allows the isolation of specificdasilved

EVs from biological fluid such as cerebral spinal fluid (CSF) and blood plasma
(Mustapic et al., 2017; Willis et al., 2017; Eren et al., 2(2Z% have also been

shown to cross the BBB allowing GiSived EVs to be found in the blood as well as
in the CSKGoetzl et al., 2016, 2019; Dickens et al., 2017; Nogu@eraz et al.,

2020) By identifying disease molecules within EVs from specific tedl®, is the
potential to use EVs as a biomarker for neurodegeneration and as a marker of
general brain health without invasive techniques. Diagnostic tests for
neurodegenerative disease are currently lackimgiving patients Many disease
diagnoses rely on excluding other measurable criteria and then predicting the most
likely form of the disease from symptom/disease progression. The exclusion of other
diseases can take a long time andigats often cannot start treatment until
diagnosed. For many with neurodegeneration, these early stafjdiseasere

precious with cognitive and physical deterioration progressing quickly.

1.2.5.2 Potential treatments

With much more research into the uptake mechanism of these EVs, it may be
possible to manipulate EWi&om an individuato deliver therapeutidrugsor use
naturaly-derivedEVs that have therapeutic effects suchmassenchymal stem cell
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derived EV$Chulpanova et al., 2018; Agrahari et al., 2019; Baek et al., 2019; Hou et
al., 2021; Soares Martins et al., 2021 yaken from patients, th advantage of using

EVs is that they can be utilised to deliver treatment without eliciting an immune
response against the host. For neurological treatments, an even greater advantage is
the potential to deliver drugs nemvasively across the BBB whistcurrentlyvery

difficult. If it is possible to target a specific cell type with the EVWgoitld also reduce

side effects. Far more research needs to be conducted before either diagnostics or
treatments can be designed but with this potential recognigbére is much hope

across biological and medical research for these nanoparticles.

1.3 Astrocytederived extracellular vesicles

The rest of thichapterwill begin to explore theurrent knowledgeof ADEVs and

how ADEYV cargo changes in neurodegenerative disease. As previously discussed,
astrocytes changphenotypein response tdharmful stimuli or disease and therefore

it is expected this will be reflected in ADEVs. Neurodegenerative disease research has
often taken a very neuronalentric view but in recent years, the role of astrocytes in
disease has become appardhiddelow and Sofroniew, 2019; Acioglu et al., 2021;

Lee et al., 2022; Brandebura et al., 2028hat isbecoming clears that the

astrocytic role in disease ofténcludesabnormal secretiogfrom reactive astrocyte

At present, there is no detailed description of ADEV contents on EV databases with
no description found on Exocarta and only 1 protein (Nkpd1) identified in the
Vesiclepedia database. This is not due to a lack of research with many studies
undertaking proeomic and transcriptomic analysis in various astrocyte models
(Dickens et al., 2017; Willis et al., 2017; Chaudhuri et al., 2018, 2020; You et al.,
2020) What is lacking is a detailed group analysis of this data which can be used as a
reference for further studiesCommon astrocyte markey GFARNd GLAST (known

as EAATL1 in humansgyefound within ADEVs and fiabeen utilisedo isolate

ADEVs in biological flu{Goetzl et al., 2016; Willis et al., 2017; Winston et al., 2019)

GFAP is an intermediate filament founde cytoplasmof astrocytesand is

commonly used to asseastrocyte morphology and reactivity. However, wsghil

GFAP is described as an astrocytic marker, it is present in other cell types such as
radial glial cells and does not encompass all astrodg@@asper and McCarthy, 2006;
Jurga et al., 2021With GFARXpressiorincreasing in disease due to the induction
of reactive astrocytes, an increase in Gle&pressiorin ADEVs may be a useful
marker of disease if used in a panel of other diseas®ociated markers. By
completing a detailed analysié quiescent and reactive astrocytes and their ADEVs
more astrocytespecific or astrocytenriched markers can be identified which will
allow betterisolation of ADEVs in biological fluids for diagnosiieble 11).

Cait
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Tablel-1 - Common astrocyte markerd list of common astrocyte markers and the issues with each of
these markergGarwood et al., 2017; Preston et al., 2019; Escartin et al., 2021; Jurga et al. N2A21)

of these markers are either found in other cell types or do not stain all astrocytes due to their
heterogeneity. GFAPtise most usedstrocyte marker however this also does not stain all astrocytes.
CD49f is a newly identified markafrboth quiescent and reactive astrocyteswvever it has not yet been
thoroughlytested by other research groups and is found in endothelial(Bafbar et al., 2020All of

these markers have been detected in EVs except AQP4 suggesting their potential as ADEV markers
(Vesiclepedia databas€)AQP4 may be present in ADEVs because astrocytes have not yet been profiled
in the Vesiclepedia database and AQP4 is astrocyte specific.

Astrocyte marker Function of molecule Problems with marker

GFAP Intermediate filament | § Does not stain all astrocytes and can
vary throughout the brain

9  Stains other cells such as radial glia

{mnni Calcium, copperand | Not specific to astrocyte@NG2 cells,
zinchinding protein neurons, neonatabligodendrocytes)
1  Does not label all astrocytes
ALDH1L1 Enzyme in folate 1 Labels more astrocytes than GFAP bui
metabolism also oligodendrocytes and radial glia
EAAT1/2 Glutamate transporters| Not specific to astrocyte@ll CNS cells
(Rodents: GLUT1/ GLAS at low level3
Glutamine synthetase Enzyme in glutamate | §  Not specific to astrocyte-ound in the
(GS) cycle liver, lungs and adipose tissue)
CD44 Hyaluronic acid 1  Stains processes but not much
receptor and adhesion cytoplasm
molecule
NDRG2 Tumoursuppressor 1  Downregulated in reactive astrocytes
1  Varies in expression with anatomical
localisation
CDA49f An integrin 1  Newly identified marker so it has not

been rigorously tested
T Also found endothelial cells

AQP4* Water channel 1  Astrocytespecific but preferentially
stains processes that are in contact wit
blood vessel

Connexin 30/43 Gap junctions 1 Cx30is only in grey matter astrocytes

 Cx43 also seen in endothelial and
ependymal cells

Vimentin Intermediate filament | 1  Not specific to astrocyteBergmann

glia, radial glia and ependymal cells)

1.3.1 Functionality of ADEVs

Whilst ADEVs may be important in disease and therefore research has primarily
focused on this, it is also important to understand their role in the healthy brain and
how they are used to influence functional changes in adjacent cells. Without an
understandng of healthy ADEVSs, it is difficult to identify exact changes in
pathological ADEV%$his is an area of research which needs to be explored as current
knowledge is limited.

1.3.1.1 The effect of ADEVS on neurons

Astrocytes are known for their supportive and neuroprotective effects on neurons,
especially in oxidative stre¢Bujita et al., 2009; Pitt et al., 2017; Teh et al., 2017)
This is reflected in ADEVs, with trophic factors found within the EVs such as
Apolipoprotein D (APOD) and insulike growth factor 1 (IGF1) which protect
neurons under stres@Ranijit et al., 2018; Pascidaestro et al., 2019; Zhang et al.,
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2021) Prion proteins have been suggested as critical for neuroprotection by
astrocytes in oxidative stre¢Bertuchi et al., 2012; Guitart et al., 2015, 2016; Kabani

et al., 2020) Prions in ADEVs releastaringoxidative stress are taken up by

neurons, facilitating astrocytic neuroprotection for the neur@uitart et al., 2016)
ADEVs have even been shown to contain glutamate transporters which suggests they
may partake in glutamate clearan@@osselin et al., 201.3)Vhilst protecting neurons
under stress is a key function for astrocytes, ADEVs can also promote synapse
formation and neurite growtl{Patel and Weaver, 2021; Sun et al., 2022)

1.3.1.2 The effect of ADEVs on glia

ADEVs can also influence other cell types in thestidi$as microglia and
oligodendrocytesADEVs from young, healthy astrocytes induce the maturation of
oligodendrocyte progenitor cells (OPCs) into oligodendrooyids this ability
diminishngwith age and during inflammatiofwillis et al., 2020)Oligodendrocytes
are vital for efficient neuronal transmission because they increase the conduction
rate of neuronal activity by insulating the neuronal axon with mygholdman and
Kuypers, 2015)

Astrocytes also wor&loselywith microgliato form the immune system of the brain

and often form positive feedback loops when harmful stimuli are detediéidroglia

arel KS [/ b{ Q& NBaARS pessental f@d pt@dciiang tiebraih af&instt NS
invading pathogens and damage with an ability to phagocytOsee activated
themselves, nicrogliarelease factors such as TN&nd IL1 to activake astrocye

reactivty, however, this communication is bidirectional with ADEVs also effecting
microglia(Bianco et al., 2005; Pascual et al., 2012; Liddelow et al., 2017; Joshi et al.,
2019) ADEVs have been shownnmduate microglial activatiorby activathg Toll

like receptor 7 (TLR7) after treatment with morphine leading to a reduction of
microglial phagocytosidu et al., 2018)

1.3.2 ADEVs from reactive astrocytes

Far more research has been conducted on ADEVs in disease and the changes that
occur within ADEV cargo upon astrocyte activation. ADEV composition changes in
reactive astrocytes so ADEV contents reflect the current state of the cell at the point
of release(Chaudhuri et al., 2018, 2020; You et al., 20R&active ADEVs have been
shown to cross the BBB to activate a peripheral immune response and promote
leukocyte migration to the brai(Dickens et al., 2017yVith reactive astrocytes

present in neurodegenerative disease and the ability of ADEVs to cross into the
blood, a change in ADEV cargo could be utilised to detect neurodegeneration
through a norinvasive blood test. With more detailed analysis, it magrelbe

possible to detect diseasgpecific cargo within the ADEVSs to diagnspecific
neurodegenerative disease.

Astrocytes incubated with penflammatory molecules (e.gl-mi 0 NB O LJA G dzf | G €
astrocyte reaction to an inflammatory environment. These-pritammatory

molecules are primarily produced by microglia when exposed to an inflammatory
stimuli/environment and is commonly used as an inducer of the reactive as&rocyt
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phenotype.Dr You and colleagueemonstrated the loss of normal astrocyte

function in a preinflammatory environment with clear changes to the cargo of
ADEVs from these cells leading to negative consequences in the recipient neurons
(You et al., 2020Reactive ADEVs were more readily taken up by neurons compared
to control ADEVs and an enrichment in proteins involved in the signalling of
pathogenic molecules &re found. This would suggest that reactive ADEVs would
influence neurons to a greater extent in pathological conditions and would provide
the ideal vehicle to transmit pathology. InfacteMli. Kl & 0SSy akKz2gy (2
release as well as alter cargo ither studies with different modeléickens et al.,

2017; Chaudhuri et al., 2018, 202Ghanges in ADEV cargo is not limited to a pro
inflammatory environment with EV cargompositionalso effected by anti
inflammatory stimulisuch asnterleukin10 (1-10; Chaudhuri et al., 2020)

One difficulty with astrocyte models s producea control, quiescent phenotype
with current models displaying some levels of reactivity even in controls. There is
also no current standard to categorise phenotypes with many studies deciding
phenotype based on morphology, levels of GFAP expression (piesal
phenotypes but increased mreactivephenotypé, perceived functions and gene
expression if completed. Markers for the individual phenotypes are desperately
needed.With astrocytesoften grown n FBSresearchers may balteringthe ADEV
cargo towards a reactive phenotype and therefore magschanges between
guiescent ADEVs and reactive ADEVs. This needs to be explthed to determine

if there are differences between ADEWBen parent cells areultured in FBS and
those cultured in serunrfree conditions By completing a comprehensive basis for
healthy astrocyte phenotypes and their ADEVs, changes in disease can be more easily
distinguished.

1.3.3 ADEVs in disease

Reactive astrocytes and inflammation are found in neurological disease and
therefore the changes described above, would also be expected in
neurodegenerativaliseasanodels. EVs have a role in neurodegenerative disease,
however the extent of their role is only beginning to be explofiddl, 2019; Yuan et

al., 2020) Many neurodegenerative diseases display characteristic protein pathology
with protein aggregates found in and around neurons, leading to cell death.
Interestingly, these protein aggregates such as beté & f 2 AR Zgyrudlein,

TDP43, SOD1 and prions, have all been discovered in neuronal and ADEVSs. This
suggestEVsare involvedn disease transmission within the brain with a suggestion
GKIFG GKSaS LINRPGSAY |a3imikovayladittiyprioh pideinWA y FS O )

1.3.3.1 Prion diseases

CreutzfeldtJakob disease (CJD) is the most common human form of a group of
conditions known as transmissible spongiform encephalopathies (TSEs) or prion
diseasegChen and Dong, 2018)Vhilst CJD can arise sporadically or be inherited,
TSEs are also infectious diseases that can be spread through the digestion or
transplantation of infected nervous tissue either from the same species (hygman
human; Kuru) or between species (cattlehuman; variant CJD). The transmissible
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nature of this rare neurodegenerative disease has interested many biologists due to
the potential commonality for the transmission mechanism in other diseases.

Prion proteins were the first infectious proteins identified that could cause protein
misfolding in healthy proteins upon interaction with an infected protein, described as
WLINR 2 Y (Prinsinér 21888; Aguzzi and Weissmann, 199iipn theory describes

the existence of two forms of the prion protein, the normal cellular form {PaRd

the proteaseresistant form (PrP), where interaction of PiRvith PrP¢leads to a
conformational change in the Pi® form PrP°¢(Figurel-8). The infectious PfAs
Y2NBE LINRByYyS (2 | 33INB3F (A2 y-shaetsiiléadingyo the y ONB | 4 ¢
formation of amyloid plaquesesulting in cell death and neurodegenerati®an et

al., 1993) More recently, prion proteins have been identified in EVs suggesting a
mechanism of disease spread between calsEV carg@-evrier et al., 2004; Saa et

al., 2014; Liu et al., 201 7#prion theory and the involvement of EVs in disease
transmission is now being investigated in other, Aofectious neurodegenerative
diseases that have characteristic protein aggregé®sad et al., 2014; Stopschinski
and Diamond, 2017; Takashima et al., 2021; Gosset et al.,.2022)

-2

Figurel-8 - Prion theory.Prion theory explains the conversion of healthy proteins into misfolded,
pathological proteins that cause disease. Prions can exist in two fptimesnormal cellular protein

(light green; PrB and the protease resistant form (dark green;sBn®hich is responsible ftine

disease. Interaction with Pizan cause a conformational change in the®oRransform into Pre.

This molecule can then go onto to alter other healthy*Redling to an increasia toxic Pre¢and a
decrease in healthy proteirBhe toxic PfPA & Y 2 NB & (i | o-pleéatedsbedts ah@canvic bes |
broken down by proteases, leading to aggregation of the proteins. These aggregations form amyloid
plagues which lead to neuronal death. With pridiesectedwithin EVs, it is hypothesised that mutated
proteins can spread between cells causing widespread diggtdse the brain. It idypothesised that

this mechanism is not unique to prion proteins and may occur in other diseases sucliGadkgal.,
2014; Stopschinski and Diamond, 2Q17)

Prioninfected astrocytes have been shown to be toxic to neurons throughaetin
autonomous mechanisms with infected astrocytes demonstrating a pro
inflammatory, neurotoxic phenotypéKushwaha et al., 2021)n this study, astrocyte
conditioned medium from infected astrocytes caused a detrimental effect on
neuronal survivability and impaired synapse integrity. Further work should
investigate the role of EVs directly in this toxicity given the presence ohtheted
prion protein in ADEVs. Whilst research has generally focused on the role of
infectious prions in disease, new work is beginning to establish the role of healthy,
cellular prion protein in the braifGuitart et al., 2015, 2016; Wulf et al., 2017;
Brenna et al., 20200ne study has shown prion proteins and their receptor to be
involved in the movement of ADEVs along the neuronal surface to reach preferential
interaction sitesd 5 Q! NNXA 3 2. Wathiother hebrbdegeneratwé diseases being
more prevalent, more research has been done on the role of ADEVSs in disease.
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ADis the most common neurodegenerative disease in the world and the leading
cause of dementi@ b A dz SG It ®X wamtT {1 KSAYSNDa ! a3
2021) Two altered proteins have been identified as the cause of protein pathology in

AD-K & LISNLIK 2 & LIK 2 NEB f | (1% Reading wzneuidfibrifiadykayigles y R ! |

and amyloid plaque deposits throughout the bréBuallatore et al., 2007; Ittner and

Gotz, 2011; Selkoe and Hardy, 201uch like the prion protein, these proteins

have been identified within EVs suggesting EVs as a mechanism of disease spread
(Rajendran et al., 2006; Saman et al., 2012; Wang et al., 2017; Sardar Sinha et al.,

2018; Ruan et al., 2021; Fowler et al., 2023)

Reactive astrocytes have been shown to be important contributors in AD with both
beneficial and detrimental function&arwood et al., 2017; Chun and Lee, 2018;

Nanclares et al., 2021)n particular, reactive astrocytes have been shown to migrate
0261 NRRSLIRAAGA | YR 1.4 &@AdNhgR Fomitie Extradellular
space(WyssCoray et al., 2003)t has been suggested that there is a failure of this
RSINIRFGAZ2Y Ay 153 S| RAyBMadugnydgkedal.] O OdzY dzf |
2010; Wildsmith et al., 2018) ! T I A f dzhirougeaut@phafy Ie¥dls toithe

NB f S| a.switlBirfFADEVS, enhancing disease transmission and causing neuronal

cell death(Dinkins et al., 2014; Séllvander et al., 2016; Beretta et al., 2620)ell

a4 GKS Ay Of dza A 2 Y 1.2pfodubitidnErachindrySenricie@iti SA y &4 s | |
ADEVs from AD patients compared to controls and neulenivedEVHGoetzl et al.,

HAaMcT bA]JAGAR2dz SiG I f &3, IndactpestbeytesS NBT nD2 y 1+ f
stimulated with IE1 actively encourageiA.42 production in neurons through the

delivery of the protein CK1 in their extracellular vesi¢lé®t al., 2020)This suggests

a possible mechanism where reactive astrocytes are involved in the verystarhs

of AD where they can cause a positive feedback lobp4A&auses neuronal death

and a reactive response in astrocytes, leading to release of inflammatory ADEVs and
increasing As-42 production in neurons) nflammatory compliment proteinkave
beenidentifiedwithin ADEVs in AD indicating a harmfdlammatoryphenotype of

the reactive astrocytes, resulting more neuroinflammation(Goetzl et al., 2018;

Winston et al., 2019)Thesechangein ADEV cargehen released from an

inflammatory astrocytémplies a detrimental role for astrocytes atiteir EVs in AD.

However, ablation of reactive astrocytes has been shown to exacerbate pathology
demonstrating the complex role of reactive astrocytes in(K&tsouri et al., 2020)

1333 0AOEET 01160 AEOAAOA

tFNJAYyaz2yQa RA&SIFAS 6t50 Aa | LINRPINBaaArgs
dopaminergic neurons in the substantia nigra. This death can be associated with
Foy2NXIf YA&T2E RA yyhucleiy, bund WitAiNewybdied i@RD 2 F b
(Baba et al., 1998; Ingelsson, 201&¥yynuclein has been identified within EVs and

has been shown to be readily takeip by neurons resulting in neuronal death

(Emmanouilidou et al., 2010; Danzer et al., 2012; Gustafsson et al., 2018; Guo et al.,

2020; Stuendl etal.,2020) 58 aFdzy Ol A2yt | dzi2LIKI3I& A& AY
disease wittmanycausal genes involved in the autophagy path\Michiorri et al.,

2010; Schondorf et al., 2014; Karabiyik et al., 2017; Pitcairn et al.,.20it8)the

connection between autophagy and EV secretion becoming clearer, it is no surprise
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would explain how dysfunctional autophagy can lead to the spread of
neurodegenerative diseag®oehler et al., 2014; Minakaki et al., 201BY inhibiting

EV release, it is possible to redicsynuclein pathologyZhu et al., 2021)

Understanding and eliminating disease spread is particularly important in PD due to
excitement around potential stem cell replacemehetapieswith the use of tissue
transplantation currently in clinical trials for the disease. Foetal or iPSC neurons have
been transplanted into PD patients in the hope of replacing the lost dopaminergic
neurons; increasing patient survival and relieving sympt@asker et al., 2017;

Sonntag et al., 2018¥%tudies have also begun to attempt conversion of astrocytes
into neurons to replace neuronal death in PWei and Shetty, 2021However,

disease pathology has been observed in the grafted neurons demonstrating host
graft disease transmissidqiKordower et al., 2008; Li et al., 2008)likely pathway for

this is EV transmission from the diseased host cells.

Whilst PD may appear to only affect a select group of dopaminergic neurons,
astrocytes have been implicated in the disease with many causal genes associated
with PD affecting key astrocyte functio(Booth et al., 2017)PARK7, a PD causal
gene encoding BI, causes alterations in liptéft endocytosis, impaired glutamate
uptake through altered EAAT2 expression, an altered neuroinflammatory response
and reduced neuroprotective properti€Mullett et al., 2013; Ashley et al., 2016; Kim
et al., 2016)Another common PD causal gene, LRRKZh&as shown to reduce-
synuclein clearance by astrocytes, leading to accumulation of the pr(#ieubel
Gallasch et al., 2021%imilarly in other neurodegenerative diseasesctive

astrocytes are present in PD leading to neuroinflammation and directly causing
neuronal death(Koprich et al., 2008; Gu et al., 2010; Yun et al., 204/8)Ist little
research has taken place on ADEVs in PD, reactive ADEVs have been shown to
enhance the vulnerability of dopaminergic neurons to toxins through-3did& Mao

et al., 2015)However, ADEVs also appear to have neuroprotective properties but
the protection varies depending on the brain region where the astrocytes were
derived(Leggio et al., 2022With limited understanding into the contribution of
astrocytes in PD, it is clear more research needs to be conducted to find out about
the role of reactive astrocytes and ADEVs in PD.

1.3.3.4 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is alpoogressive motor disorder which is
caused by the death of motor neurons leading to paralysis and eventually death,
often within 3 years of diagnosislany altered proteins have been identified in ALS
and the specific pathology is reflected by the genetics of the pa{lokhuis et al.,
2013) For example, SOD1 mutations which account fe2Q% of familial ALS cases
and 5% of sporadic ALS cases, demonstrate mutant SOD1 protein but R8TDP
aggregation, which is characteristic in other forms of ®Rden et al., 1993;
Mackenzie et al., 2007; Tan et al., 2Q@9orf72 repeat expansion mutations are the
most common genetic cause of ALS-25%0) and cause the production of different
dipeptide repeat proteins andsawell asTDP43 pathology(DeJesusiernandez et

al., 2011; Renton et al., 2011)
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Many AL&ssociated proteins have been identifiedENsand are transferred

between cells causing pathology in recipient c@lgsad et al., 2014; Ding et al., 2015;
Silverman et al., 2016, 2019; Westergard et al., 2016; Sproviero et al., 2018)
Autophagy dysfunction has been strongly implicated as a disease mechanism in ALS
with common genetic mutations often occurring in autophagiated proteins

(Wong and Holzbaur, 2014; Goode et al., 2016; Sullivan et al., 2016; Oakes et al.,
2017; Rudnick et al., 201R)ith so many autophagy related genes effected in ALS

and the abundance of protein pathology found within EVSs, it is likely ALS is caused by
a defect in this combined mechanism.

Whilst motor neurons are the mosffected cell type in AL&e importance of
astrocytesn the disease is becoming cleaf@amanaka et al., 2008; Yamanaka and
Komine, 2018)ALS astrocytesre toxic to motor neurons and responsible for
neuronal deathandnot simply due to a loss of support, but also by secreting toxic
factors(Marchetto et al., 2008; Haid€Rhillips et al., 2011, Liddelow et al., 2017,
Madill et al., 2017; Tripathi et al., 2017; Zhao et al., 2020; Guttenplan et al., 2021;
Arredondo et al., 2022)nterestingly, this toxicityalsohasan effect on wild-type

motor neurons demonstrating the direct toxicity of the ALS astro¢iesgai et al.,

2007; Fritz et al., 2013; Rojas et al., 2014; Kia et al., 2018; Birger et al.,|adas,

the knockout of reactiveinducing factors such as TiNif astrocytes slows disease
progression in ALS mouse models, highlighting reactive astrocytes as a potential
target for new treatmentgGuttenplan et al., 2020Whilst many of these studies
demonstrate the toxic effects of ALS astrocyte conditioned media, it is important to
identify these toxic factors and whethethey are found within ADEVsr if they are
secreted freely into the external environment. One study demonstrated that ADEVs
caused toxicity, even when trophic factors are added suggesting the toxicity is found
within EVgVarcianna et al., 20197 his study then found miRNA changes in ALS
ADEVs highlighting possible causes of the toxicity in motor neurons. Whilst the exact
cause of the toxicity remainsfacus in ALS researcADEVs havalsobeen

implicated in the spread of disease by transmission of the protein aggrefzasso

et al., 2013; Silverman et al., 2019Yith improved isolation and analysis techniques
within the EV field, the role of ADEVs in ALS will become more apparent.

1.4 Aims of the PhD

The overall aim of this thesis iségtablish a human serufinee astrocyte culture

that maintains primary astrocytes in a quiescent stitestudy the morphology,

function and protein cargoes of ADERy thoroughly characterising healthy human
astrocytes and their vesicles, we can establish a baseline that can be used to
investigate changes in disease. To do this, a reproducible model of healthy, quiescent
astrocytes needs to be developed that can bsiaeplicatedby other groups. A
complimentary reative model also needs to be thoroughly characterised to better
model general disease. Then their EVs can be characterised to identify changes
between the quiescent and reactive astrocytes that can be further investigated as to
their potential to be biomar&rs for human disease. Finally, it is still unclear whether
iKSasS @SaArldoftsSa FINBE aAvYLIX e WLIO1F3aSaQ 2N g
not been uncovered. This thesis aims to address these issues by fully characterising
both quiescent, serunfree human primary astrocytes and those grown in serum to
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produce a reactive model. Their extracellular vesicles will then be isolated and
compared to identify anghanges inthe reactive phenotype Then they will be used
to assess any functionality that they may possess based upon the detailed
characterisation.

1.4.1 To create physiologically relevant models of astrocytes

To date, there is no standard model of astrocytes and in particular, no real consensus
on how to generate reactive astrocytes. Here human primary astrocytes (SC1800)
will be utilised with different culture conditions to create reproducible, quiescent

and reactive astrocytes. The use of serum in culture will be thoroughly investigated

to determine whether this is eelevantmodel for reactive astrocytes. A mutimic
approach (RNASEQ andhass spectrometry) will be used to fully investigate any
changes obseed between the models to determine if this model can be used as a
general model of disease.

1.4.2 To characteriseADEVs fromserum-free (quiescent) and serum
cultured (reactive) astrocytes
EVs will be isolated from the models characterised above using ultrafiltration and
sizeexclusion chromatography. ADEVs willdbaracterised using nanopatrticle
tracking analysis (NTA), transmission electron micros¢€biiv)and mass
spectrometry to create a detailed picture of EVs released from quiescent and
reactive astrocytes. T datawill be compared to extracellular vesicldsrived from
healthy and diseasedumanbrain tissueto attribute anychanges irreactive ADEVs
to CNS pathology

1.4.3 To investigate functionality of ADEVs

Once thoroughly characterised, ADEVs can then be investigated for any possible
functionality. Any proteins that could highlight EV functionality will be further
investigated using novel techniques that have not previously been used for EV work.
The effectof adding ADEVs to cells will be measured to determihetherthey

have the ability to elicit a change in astrocyte phenotype and whether this could be a
method of cell ceordination in the immune response of the brain.
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Chapter 2:Materials and methods

Chemicals were purchased from Merck Sightdrich, UK unless otherwise stated.

2.1 Cell culture

All cellculture work was completed under aseptic conditions in a cell culture hood,
and cells were incubated at 3T in 5% C until needed.

2.1.1 Cell models

Human primary astrocytes (SC1800s) were purchased from ScienCell (cat# 1800;
distributed by Caltadyledsystems, UK) and kept frozen in liquid nitrogen upon
arrival. SC1800sere isolated by ScienCell from human cerebral cortex and
cryopreserved before delivery.

Rat primary cortical astrocytes were used to compare with human astrodiftes.
isolation from neonatal pups (postnatalZldays; Serres et al, unpublisheabtocol),
rat primary astrocytes were thawed from liquid nitrogen and culturetheasame
way as the human SC1800 astrocytes.

Neuro2A (N2A) cells were purchased from ATCCauKyisedo measure glycolysis
due to their high production of EMd@mpared to the human primary astrocytes (see
section5.9.1.2.

2.1.2 Media compositions

Avariety of media were trialletb determine the best astrocyte media to grow
serumfree astrocytegTable2-1, see sectior8.2.1for resulty. After deciding on the
best serurafree medium, astrocytes were either culturedastrocyte medium for
serumculturedastrocytes, or G5 serwfnee medum for serumfree astrocytegfor
G5 compositionseeSupplementary figurd). N2A cells were grown Dulbecco's
Modified Eagle mediulDMEM) using 10% FB3.e to the presence of EVs in FBS,
FBSfree media was required faxperiments involving EV collection and therefore,
FBSree astrocyte medium and FBi®e DMEM mediumvere usedwvhen required
for serumculturedastrocytes and N2A cellespectively All FBS used within this
work was purchased from ScienCell.
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Table2-1 - Media compositions used for cell culturtLater experiments moved to Advanced DMEM
due to supply issues. FBS = Foetal bovine serum, AGS = astrocytesgromtiPen/Strep = Penicillin
and Streptomycin, HBGF = Heparbinding EGfiike growth factor.

Media type Components
Astrocyte medium Astrocyte medium, 1% Pen/Strep, 1% AGS, 2% FE
FBSFree astrocyte Astrocyte medium, 1%en/Strep, 1% AGS
medium (AGS AM)
DMEM medium DMEM with Glutamax, 1% Pen/Strep, 10% FBS

FBSFree DMEM medium | DMEM with Glutamax, 1% Pen/Strep

G5 serurdree medium DMEM/F12*, 1% Pen/Strep, 1% G5 supplement, 1
(DMEM G5) L-glutamine

Neurobasal serudree (50% Neurobasal media, 50% DMEM/F12), 1%
medium(NB27) Pen/Step, 2% B27 supplement, :¢utamine,
0.025% HHEEGF

B27 serunfree medium DMEM/F12, 1% Pen/Strep, 2% B27 supplement,-1

(DMEM B27) glutamine, 0.025% HBGF
DMEM AGS medium DMEM/F12, 1% Pen/Strep, 1% AGS, -tflathmine
B27 + G5 serutfree DMEM/F12, 1% Pen/Strep, 1% G5 supplement, 29

medium (DMEM B27 G5)| B27 supplement, 1%dlutamine

2.1.3 Cell maintenance

2.1.3.1 Passaging cells

When cells grew above 70% confluency, media was removed, and thevashied in

5 dzf 0 S Bd3gh@abufteredsaline (PBS) without calcium chloride and magnesium
chloride. Trypsin/EDTA was added to the cells and incubated & 8t 5min to

detach cells. Trypsin/EDTA was quenched in media containing FBS. Cells were either
counted and seeded faxperiments (see sectiah1.4 or were split into an

appropriate number of flasks for further culturing depending on proliferation rate of
the cells. Astrocytes grown in serdinee media did not require subculturing due to a
lack of proliferation without FBS.

To begin SC1800 culture from the original ScienCell vial, astrocytes were seeded onto
2x T75 flasks in astrocyte medium and lefptoliferate until above 70% confluency.

Cells were then passaged once at a ratio of 1:6 into 12x T75 feaskagain

cultured until above 70% confluency. Cells were then cryopreserved at a rdtio of

T75 flask to 2 cryoviabs described in sectich 1.5for future use.

2.1.3.2 Cell maintenance

Serumculturedcells were passaged regularly so media changes were not required
for cell maintenancetHowever, due to a lack of proliferatiorersim-free astrocytes

were not passage@nd insteadmaintained for a minimum of 7 days to allow
processes to develop and to collect enough media for EV isolation. During this time,
serumfree media was changed every 8 days to ensure healthy growtRor all
experiments, seruntultured astrocytes were maintained in FBS for a minimum of 5
days before use to ensure a chronic phenotype. Sefnam astrocytes were cultured

for a minimum of 5 days before use ensurethe astrocyteshad settled into culture

and did not present with a reactive phenotype
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2.1.3.3 Coating

For early experiments, coating was completed to increase cell adhesion to cell
culture surfaces as advised by ScienCell (USA}LRghine was used at 0.01% and
left for a minimum of 1h at 37°Cto coat plates before excesgs washed awayith
PBSCoatingwas found to be unnecessatyring optimisation so was nb
completed forexperiments completed after serwifinee optimisation (sectio3.2).
This also helgd in reducing variation between plates.

2.1.4 Seeding densities

To ensure the same number of cells were seeded for each experiment, a 1:1 ratio of
cell solution and trypan blue solution were mixed and added to a-doamber cell
counting slide (BiRad, UK). The number of cells was then calculated using a TC 20
automated cell counter (Bidrad, UK) to ensure consistency in plating.

Serumfree astrocytes were initially seeded into amll plate from each frozen vial

of serumeculturedastrocytes (frozen at passage 2) with a cell density of 10G;000
150,000 cells/well. Due to a lack of proliferation, no further passaging was required.
When serurdiree astrocytes were needed for immunocytochemistry (secfichl),

cells were seededirectly onto 13 mm glass coversligsa density of 10,000
cells/coversligrom the frozen vial.

2.1.5 Cryostorage of cells

All cells used in this work were cryopreserved in 900 pul FBS and 100 pl dimethyl
sulphoxide (DMSO) using a Mr Frasfyreezing Container (Nalgene, UK)&it°C for

no more than a week before cryopreservation in liquid nitrogen. Cells were carefully
rethawed in warm water (~37C) and immediately placed into appropriate media. If
cells were used for seruinased culture, the cells were plated immediately in the
correctculture media. For cells used in sertinee experiments, the cells were
centrifuged at 30@Q for 5minwith 5 ml of DMEM to pellet the cells before removing
the supernatant. The cells were then resuspended in the comelttire media and
plated. To ensureesidualFBS and DMSO were fully removed from the cells, a media
change was completed after 24 hrs for all cell conditions.

2.1.6 Brightfield microscopy

Live cell imaging was performed using an inverted microscAgé Vert A, 1Zeiss
microscopy) with a 10x lens (Zeiss microscopy) to assess cell morphology
Morphology measurements were initially attempted using thienple neurite tracer
(SNTplug-in but due to issues with the contrast of brightfield microscopy was not
suitable Instead, area and perimeter of the cells were measured by manually tracing
the cells in at least 5 images per replicalben an area/perimeter ratio was

calculated to account forariations in process length.
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2.1.7 Cytokines

An inflammatory cytokine cocktaibntaining TN, ILT and Clgvasmadebased

upon findings published ifLiddelow et al., 2017Human gtokinesTNF and ILY

were purchased fronPeprotech (UKand human C1g from Merck Sigrddrich

(UK). TNFand ILY were reconstituted using 5% Trehalose to create stock solutions
of 100ug/ml (ILT) and 50Qug/ml (TNF). C1q did not require reconstitution and
arrived at a concentration of 1rhg/ml. TNF was used at a final concentration of 30
ng/ml, IL? at 3ng/ml and C1q at 408g/ml.

2.2 Immunofluorescence

2.2.1 Immunocytochemistry (ICC)

2.2.1.1 Staining

13 mm coverslips were autoclaved and stored in stedleditionsbefore use.
Coverslips were added to a-2¢ll plate before cells were seeded at a low density of
approximately 10,00@5,000 cells per coverslip (s2el.4). Cells were incubated for

at least 24 hrs in standard cell culture conditions to allow cells to adhere. Cells were
then washed in PBS before being fixed in 4% Paraformaldehyde (PFAJfor. 3

5 min PBS washes were used to remove remaining PFA before 0.1%xit0nwvas
added to permeabilise the cells for biin. This was followed by 3xrbin washes

with PBS. Nospecific binding was blocked using b&tineserumalbumin (BSA) in
PBS for h at room temperature. Primary antibodies wedduted to the appropriate
concentration in 1% BSA (s€able2-2) and incubated with the cells overnight at 4
°C. The next day, cells were washed 3x fonidin PBS to remove any unbound
antibody before the cells were incubated with secondary antibody diluted in 1% BSA
(1:500 dilution) for 45 min at room temperaturgrotected from light Cells were
washed 3x for Bninin PBS to remove unbound secondary antibody. The coverslips
were mounted onto glass microscope slides witll 4f VectorShieldnounting

media (Vector laboratories, UK) and left to dry before imaging. For most
experiments, the mounting media cont&dn -damidino2-phenylindole(DAPI).
However, when DAPI was not required, a VectorShield mounting media which did
not contain DAPI (Vector laboratories, UK) was used. The slides were storéd at 4
until imaged.

2.2.1.2 Antibodies

Some experiments used phalloidin conjugated to Rhodamine to staindotirk-
filament, which was added at the secondary antibody stage-3bfi0 was already
dilutedto an unknown concentratiowhen purchased so for S108taining, no
dilution in 1% BSA was needed. Any antibodgtaining with S100was added to
theS100 & 2f dziA2y RANBOGf & o
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Table 22 - Antibodies and their dilutions used for immunocytochemistAntibodies were diluted in 1%
BSA with the exception of ar8il00 which was purchased in a reatly-use form. When cstaining
with anti-S100, other antibodies were diluted in this solution.

Antibody Dilution | Primary/Secondary Species| Details
Anti-GFAP 1:500 | Primary Rabbit | Dako (Z0334)
Anti-GFAP 1:500 | Primary Mouse | Abcam (ab4648)
Anti-S100 N/A Primary Rabbit | Dako (GA504)
Anti-rabbit Alexa 1:500 | Secondary Goat Invitrogen
Fluor 488 (A11008)
Anti-rabbit Alexa 1:500 | Secondary Goat Invitrogen
Fluor 568 (A11011)
Anti-mouse Alexa 1:500 | Secondary Goat Invitrogen
Fluor 488 (A11001)
Anti-mouse Alexa 1:500 | Secondary Donkey| Invitrogen
Fluor 568 (A10037)
Rhodamine 1:500 | Both N/A Invitrogen
Phalloidin (TRITC) (R415)

2.2.2 Immunohistochemistry

2.2.2.1 Slide preparation

6 um thick paraffinembedded sections mounted on gelatioated glass slides were

used to stain adult human brain tissue, whilst2@um thick frozen sections were

used to stain adulfemalerat brain tissugtissue from 612 week oldBDIX rats)

20K GAaadzSa 6SNBE 200GFAYSR FNRBY 5N { SNNBA ¢

2.2.2.2 Fluorescence staining

Paraffirembedded slides were baked at 80 for at least 3tnin to increase

adherence to the gelaticoated glass slides and prevent the tissue lifting. The

sections were then rehydrated in xylene for rhinh followed by 3x 10nin washes of
decreasing concentrations of ethanol (100%, 90% then 75%). Then the sections were
washed in ddkD for 10min followed by 5minin PBS. Frozen tissue was left to thaw

at room temperature for 20nin before a 5 min wash in PBS$o rehydration was

needed.

For antigen retrieval, slides were submerged in citrate buffer (se€i@nd heated
in the microwave for 2x &in at 750 W. The slides were cooled forath on ice
before they were washed in PBS fomfn. The slides were quenched using 0.3%
hydrogen peroxide in PBS for 20n. The slides were washed in PBS followed by
PBStween (0.05%) and another PBS wash, each time foin5The tissue was
blocked in TNB blockirmuffer (section0) for 1 h at room temperature before the
slides were washed forinin PBS. Primary antibody was made up to the
appropriate dilution in TNB buffer before incubating wikie tissue overnight at 4C
(Table2-3).

The next day, the slides were warmed to room temperature fom@®before 3x 5
min washes in PBS. The slides were incubated with appropriate secondary antibody
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(made in TNB buffer, 1:200 dilution) fohkt room temperature protectedfrom
light. The slides were washed twice in PBS before they were-stipped using 4l
of Vectorshield mounting media with DAPI (Vector Laboratories, UK).

Table2-3 - Antibodies used in immunohistochemistry with the dilutions usédtibodies were diluted
in TNB buffer with the exception of a®100 which was purchased in a reatly-use form. When co
staining with antiS100, other antibodies were diluted in this solution.

Antibody Dilution | Primary/Secondary Species Details
Anti-GFAP 1:500 | Primary Rabbit | Dako (ZO334)
Anti-GFAP 1:500 | Primary Mouse | Abcam (ab4648]
Anti-S100 N/A Primary Rabbit | Dako (GA504)
Alexa Fluor 488 Anti | 1:200 | Secondary Goat Invitrogen
mouse (A11001)

Alexa Fluor 488 Anti | 1:200 | Secondary Goat Invitrogen

rabbit (A11008)

Alexa Fluor 68 Anti- | 1:200 | Secondary Goat Invitrogen

rabbit (A11011)

2.2.2.3 Buffers
Citrate buffer: 2.94 g of trisodium citrate was dissolved in 1 L op@dithdadjusted
to pH 6.0. Tween20 was then added to reach a 0.05% concentration.

TNB Blocking reagent: 0.5% TSA blocking reagent (Perkin Elmer, FP1012) was added
to TNB buffer (0.1 Mris-HCI, 0.15 M NaCl, pH 7.5) and heated gradually €55

until dissolved. The solution was then cooled to room temperature before use or
stored at-20 °C for long term storage.

2.2.3 Imaging and analysis

Immunofluorescent images were acquired using an inverted confocal microscope
equipped with a Camera Axiocam 305 monodigital (Axio Vert Al, Zeiss microscopy).
Detection ranges were set to eliminate crosstalk between fluorophores:4285nm

for DAPI, 46%14 nm for Alexa Fluor 488 and 5682 nm for Alexa Fluor 568.

All image analysis was completed using FIJI software (Image J). Images for each
channel of the same section/cell were merged to produce a colour composite image,
and a scale bar waalded,if necessaryat this stage. To calculate protein expression
(i.e for GFAP, S10@nd EAAT2multiple measurements of the fluorescent signal
outside of the cell (i.e., background signal) and within the cells were taken and
averagedor each image. Cell measurements were normalised to background signal
and for each condibn, multiple images were used. The area of tueleuswas
measured by manually drawing around the nucleus (detected using DAPI). For IHC
slides, a confocal laser scanning microscd®M880 Zeiss microscopy) was used for
Z-stack imaging of the brain tissue. The same process as above was applied to form
composite images. Scale bars were added using FIJI software.
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2.3 Gene expression measurements

2.3.1 RNA extraction

Cells were seeded at high density (100,200,000 cells per well of a\gell plate or
500,000 cells per 10 cdiameter dish) and incubated in cell culture conditions. At
the end of the experiment, media was removed and 1 ml of TRImdgentvas

added per condition and left for min before the cells were scraped with a sterile
celkscraperandput into an Eppendorffor a 6well plate, 2 wells were combined per
condition). 200 pl of chloroform was added before centrifugation at 12,0§@or 15
min at 4°C. The top aqueous phase was carefully removed and added to 500 pl of
isopropanol before incubation at room temperature for tin to precipitate RNA.
The solution was then centrifuged at 12,000 for 15min at 4°C to pellet RNA. The
supernatant was removed and 800 pl of 70% ethanol was added before
centrifugation at 12,00& g for 5min at 4°C. All ethanol was removed, and the pellet
left to partially dry. Once colourless, the RNA pellet was dissolved in a minimum of
10 pl of RNAs#éree water (Invitrogen, UK). To identify the concentration and purity
of the sample, the sample was analysed ggime2000c UV/IV Spectrophotometer
(Nanodrop ThermoFisher scientific, UK) before storage8at’C or used

immediately tosynthesise complementary DNA (cDNA).

2.3.2 cDNA synthesis by reverse transcription

EachRNAsample was diluted to 2 pg in 11.375 pl of RNfkee water, and 0.625 pl

of random hexamers (Qiagen, UK) with 1 pl of 10 nedxynucleoside triphosphate
mix (dNTP; Promega, UK) was added to each sample before heatin§Gaf@dsHh

min. The samples were then cooled. To each sample, 4 ul of 5x first strand buffer, 1
pl of 0.1 M dthiothreitol (DTT), 1 pl of RNAseG&FEcombinant RNAse inhibitor and

1 pl of Superscript Il reverse transcriptase, was added (all from ThermoFisher, UK).
The samples werthen heated to 25C for 5min, 50°C for 60min followed by 70°C

for 15minin a 96well thermal cycler (Sensoquest, URhe samples were diluted

1:10 in RNAs#&ee water and aliquoted before being analysed on the Nanodrop
2000c. cDNA was stored &0 °C until needed.

2.3.3 Realtime quantitative polymerase chain reaction (RTgPCR)

All samples werelatedin duplicate with the results averaged between two wells.
For each gene of interest, a master mix was created based upon the number of
samples Table2-4). 16 pl of master mix was added to 4 pl of sample cpiiAwell

in a MicroAm@®Fast 96well reaction plate (Applied Biosystems, UK). The plate was
then sealed using PCR sealing foil and centrifuged at §30r 1 min to remove
bubbles.

Table 24 - gPCR master mix for one sample

Master mix component Per sample
Forward primer (10 pM) 1ul
Reverse primer (10 uM) 1l
RNasdree water 4 ul
SYBR Green gPCR masterpoixer up(Applied Biosystems, UK 10 pl
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Most RTgPCR experiments were run on a Step®eal time PCR system (Applied
BiosystemsUK using the standard SYBR green power up protocol:

Stage 1: Initial increase to 96 (10min)
Stage 2: 40 cycles of (86 for 15 s, 60C for 20 s, 72C for 35 S)
Stage 3. Melt curve creation

Later experiments (sectioh.8.1) were measured on the QuantStudio5
(ThermoFishescientific UK)using the Fast SYBR green power up protocol:

Stage 1: Initial increase to 96 (2min)
Stage 2: 40 cycles of (96 for 15 s, 60C for 20 s, 72C for 35 s)
Stage 3: Melt curve creation

2.3.3.1 Analysis

Results were either analysed using the StepOne software v2.3 (Applied biosystems)
or QuantStudio design and analysis software (ThermoFisherMéKing point

curves were created to confirm the absence of primer dimers and ensure the results
collected were due to the presence of target mMRNA in the sample. Data was analysed
by the 20" ® method (ivak and Schmittgen, 2004ee equation below)Ct values

were normalised tesuitablehousekeeping genes and a fold change was calculated

for each sample compared to the untreated or earliest timepoint.

20 5 K S Mt =jCt(target sample); pCt(reference sample)

2.3.3.2 Design of primers

Genes of interest werehosen and primers designed for these gene products before
they weresynthesisedy SigmaAldrich (se€lable 25). Where possible, primer
sequences were used frooriginal peefreviewedpapers. Other primer sequences
were used from previous successifihouseRFqPCR. If primer sequences were not
available from either source, primers were designsihg PrimeBLAST. The primers
were designed to span exeaxon junctions to avoid amplifying genomic DNA and
tested to check specificityl.o initially test the functionality of the primers, serial
dilutions of a single sample underwent-BPCRgee abovg A 4-fold serialdilution

was completed with a final dilution of 1:1024. Once plotted on a graph (Ct vs
dilution), the Rvalue was calculateénd the primemwas deemed successful f:R

0.9 and slope >3.3.

....56....



Table2-5 - Forward and reverse primer sequences used foigRTR.

Gene of interest C2N¥ I NR -BINA ¥ WS PSNES -BING Y
18s CGCGGTTCTATTTTGTTGGT | AGTCGGCATCGTTTATGGTC
B2M AAGTGGGATCGAGACATGTA/ GGAATTCATCCAATCCAAATG
Caspasd TTTCCGCAAGGTTCGATTTTC| GGCATCTGCGCTCTACCATC
CDA49F CTCCTGTCCCGGCTCG CCCCACGAGCAACAGCC
EAAT2 CAGGGAAAGCAACTCTAATC | CAAGGTTCTTCCTCAACA
GAPDH AGCCACATCGCTCAGACAC | GCCCAATACGACCAAATCC
GFAP GTGGTGAAGACCGTGGAGAT| GTCCTGCCTCACATCACATC
GS GGAGGATCCCCGCTGGTC CAAATGTTGCTTCCCCCTTA
IL10 GACTTTAAGGGTTACCTGGGT] GACTTTAAGGGTTACCTGGGT
IL1 AGCTACGAATCTCCGACCAC | CGTTATCCCATGTGTCGAAGA
NDRG2 GAGATATGCTCTTAACCACC({ GCTGCCCAATCCATCCAA
S100 ATGTCTGAGCTGGAGAAGGC| TTCAAAGAACTGGAGAAGGC
SOCS3 ATCCTGGTGACATGCTCCTC | CAAATGTTGCTTCCCCCTTA
TNP GACAAGCCTGTAGCCCATGT| TCTCAGCTCCACGCCATT
Vimentin TGTCCAAATCGATGTGGATGT TTGTACCATTCTTCTGCCTCC
I -Actin ATTGGCAATGAGCGGTTC GGATGCCACAGGACTCCA

2.3.4 RNA sequencing

2.3.4.1 Sample preparation

RNA was harvested dgscribed in sectio.3.1 Forimprovedaccuracy of the purity
and concentration of the RNA, samples wessignedRNA integrity numbergRIN)
usingthe AgilenttechnologiesTapeStatioras a stringent indicator of RNA quality
(University of Nottingham, DeePeq).Samples were prepared enaure >500 ng of
RNA was sent to Novogene for mRNA anal¥&igi(e2-1). During mRNA analysis, an
RNA library is constructed before sequencing the samples. Then bioinformatic
analysis can take place.

Sample Quality

Control Data Quality Control

Total RNA b d  Library Construction: B 2 Sequencing Bioinformatics Analysis

Figure2-1 - mRNA sequencing pipeline completed by Novogé¢imeage created by Novogene)

Library Quality Control

2.3.4.2 Analysis

Once sequenced, the data was mapped to the reference genblomésapien3
before gene expression quantificatioras completedo obtain FPKMalues
(Fragment Per Kilobase pétillion mapped fragmentscompleted by NovogeneYo
completea principal component analysis (PG#)ichdeterminesthe similarity
betweensamples, FPKM values were log transforméth a threshold of15 applied
before normalisatiorto the median, ensuring compatibility between groupsen
transformedzFPKM values were calculattdm the normalised data using a
threshold of zFPKM -3 to select expressed genes oiflyart et al., 2013)The 16830
most expressed genes were used to run B@Ausing SIMCA v.18 (Saus stedim
Data analysis, SwedezfFPKM data was meaentredbefore PCA analysiBartial
least squares discriminant analysis (B4 was also completagsing the mean
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centred zFPKM valués reveal which genes were responsible for the differences
observed between conditions.

Differential expression analysis was completed by calculating the(lolgchange)
between the average of each conditise(um-culturedvsserum-free). Multiple t-

test analysisvas used to calculata p-valuefor each genendcorrected using two-
stagestep-up methodto obtain false discovery rate values due to the high volume of
genes identified in the sampléBenjamini et al., 2006 false discovery rate <1%

and a fold change >2 was used to identify differentially expressed gEnes

pathway analysis, ClusterProfiler software was utilised for KEGG enrichment analysis.

2.4 Protein expression measurements

2.4.1 Celllysis

Cells were harvested once above 70% confluency unless otherwise dtardyl G
MS/MSexperiments usedrea buffer to lyse the cellSéble 26). Prior to cell
harvesting, 10 pl d.1M DTT 1l protease inhibitor (P8340) and 1 pl phosphatase
inhibitor cocktails (P0044) were added to 1 ml aliquots of urea lysis bilféd€2-

6). Cell media was removed, and the cells washed in cold PBS before they were
harvested in 60 pl urea lysis buffer using a cell scraper. The cell lysate solution was
broken down by passing through a-gauge needléor a minimum of 1(passes

before centrifuging for 1@ninat 10,000x g at 4°C. The supernatant wasllected

for downstream processing.

Table2-6 - Urea lysis buffer recipeH@ = hydrochloric acid, SDS = sodium dodecyl sulphate.

Component ofurea lysis buffer Final concentration
Glycerol 10%
1M TrisHG, pH 6.8 10mM
10% SDS 0.1%
8 M ureasolution 6.28M

The majority oexperiments used RIPA bufféraple 27) to harvest cell lysates

instead of Urea buffer. Cell media was removed, and the cells washed with cold PBS.
The cells were then harvested iniceld PBS using a cell scraper and the solution
centrifuged at 4000 rpm at 4C for 10minto pellet the cells. The supernatant was
removed, and the pellet resuspended in RIPA buffer @ill¥protease and.1%
phosphatase inhibitors. The cells in RIPA buffer were then sonicated for 20 s and
then centrifuged at 13,000 rpm for Ifin at 4°C. The supernatant was collected

and used for downstream processing.

Table 27 - RIPA lysis buffer recipEDTA = Ethylenediamine tetmaetic acidSDS = sodium dodecyl
sulphate

RIPA buffer component Final concentration
5M NacCl 150mM
0.5M EDTA (pH 8.0) 5mM
1M Tris (pH 8.0) 50mM
NP40 1%
10% Sodium deoxycholate 0.5%
10% SDS 0.1%
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2.4.2 Protein quantification

Protein quantification was completed using either a Bradford assay in earlier
experiments (with Ureduffer) or a bicinchoninic acidBCA) assay in later
experiments (with RIPA buffer).

2.4.2.1 Bradford assay

Protein standards were made using BSA with 10% Urea biitiétg2-6) diluted in

ddH:O (1:2 serial dilution, 400015 pug/ml). 10% Urea buffer was used as a blank
measurement. Samples were also dilutedftl@ in ddHO. 10 ul of each
standard/sample were plated in triplicate in a clear 96 well plate and 250 pl Bradford
reagent was added. The plate was incubated at room temperature fonid®efore
protein absorbance was measured usiniglaltiSkan F@nicroplate
spectrophotometer{ThermoFisherUK at 595 nm absorbance.

2.4.2.2 BCA assay

Protein standards were made up using BSRO%RIPAobuffer (Table 27) diluted in
ddH:O (1:2 serial dilution, 200015 pug/ml) with 10% RIPA buffer used as a blank
measurement Samplesvere also diluted 1dold in ddHO and 25 pl of
sample/standard plated in triplicate in a clear-@@ll plate. The Pier@®BCA protein
assay (ThermoFisher, UK) mixture was created by adding 200 ul buffer A to 4 pl
buffer B per well (e.g., for five wells, 1000 pl buffer A was mixed with 20 pl buffer B),
before 200 ul of the BCA mixture was added to each well. The plate wdmbed at

37 °C for 30min before protein absorbance was read on the SPECTROstar Nano
microplate spectrophotomete(BMG Labtech, Ulg) 562nm.

2.4.2.3 Analysis

The average absorbance of each standard was plotted on a graph to create a
standard curveFigure2-2). Protein concentration in unknown sampl@g/ml) were
calculated using a simple linear regression equation. The final concentration was
multiplied by the dilution factor (1:10). The corresponding amount of protein was
then calculated to load 20 ug of protein for immunoblotting and 5 pg for mass
spectrometry respectively

Absorbance (a.u)

25 Y = 0.9034*X + 0.1533 Figure 22 - Example standard curve created
204 R2=0.9871 using BCA standards to calculate unknown

' protein concentrations of sample&nown
154 protein standards were plotted alongside

' absorbance. Unknown sampiencentrations
1.0 were calculated using the simple linear

' regression equation calculated from the
0.5+ standards. The-Rquared value demonstrates

' how well the equation fits to the known
0.0-4 , , : : standards.

0.0 0.5 1.0 15 2.0

Protein concentration (eg/ml)
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2.4.3 Immunoblotting

2.4.3.1 Cytokine array

Cytokines were measured using the Proteome profiler Human XL cytokine array kit
(ARY022B wy 5 adeadsSvyaszx Yo FOO2NRAYy3 G2 (GKS
nitrocellulose membranes containing 105 different capture antibodies were blocked
in array buffer 6 for h at room temperature. 1.5 ml of astrocyte conditioned media
(both serumfree and serurrcultured) were incubated with the membranes

overnight at 4°C. The membranes were then washed 3x in 1x wash buffer fonid0
each. Detection antibody cocktailas incubated with the membranes fohlat

room temperature. The membranes were then washed again 3x in 1x wash buffer for
10min each. StreptavidiHRP was then incubated with the membrane fom3i at

room temperature. The membrane was washed 3x in 1x wash buffer farii6ach.
Enhanced chemiluminescence (ECL) reagents (Perkin Elmer, UK) were added to the
membrane for 1 min before being exposed to Amersham Hype®fit@L (Scientific
laboratory supplies, UK). Different exposure times were completeddada
overexposure (ranging from 3Q;<L0 min).

The mean intensity of each dot was measured using FIJI software and an average
calculated for each cytokine. The dots were then traced back to the original map of
cytokines to identify the cytokine of interest. Due to most cytokines only being
present in me of the samples, statistics were not completed.

2.4.3.2 SDSPAGE

After the protein concentrations were calculated (sectihi.2), the appropriate

amount of gel application buffer (GAB; 0.15 M Tris, 8 M Urea, 2.5% SDS (w/v), 20%
Glycerol (v/v), 10%-thercaptoethanol (v/v), 3% DTT (w/v) and 0.1% Bromophenol
blue (w/v)) was added to 20 pg of cell lysate to achieve a 1:2 ratio fopleaim GAB.
Forpurified EV samples, protein concentration wast detectable with protein
assaysso samples were concentratessing ultrafiltration(see sectior2.5.4.1) and

45 pl of concentratewasmixed with 15ul GABSamples were then heated to 96

for 5minto lyse the EVs and denature proteins.

5-20% gradient acrylamide SIPAGEjels were used for all SBPAGE gels (sdable

2-8). Equal amounts of the 5% and 20% solution were combined in a gradient mixer
and poured into a glass cassetfierim thicknes$. The gel was left to set before
stacking solution was poured on top and awdll combadded to create wells for

the samplesAlongside the protein samples, 3 pl of BLUeye prestained protein ladder
(MERCKSigma AldrichUR was also added as a protein molecular weight marker.
The gels were run in 1x Electrode buffer (25 mM Tris, 187 mM Glycine, 0.1% SDS
(w/v)) at 45 mA per gel and 500 V until the samples had migrated to the bottom of
the gel.
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Table 28 - Gradient gel composition for SBFSAGEGradient gels were made using a 5% and a 20%
acrylamide solution tensurebetter separgion of proteins. Stacking solution was added to the top of

the gels to create the wells needed to load each sample and ensure proteins entered the resolving gel at
the same time. APS = Ammonium persulfate, TEMED = TetramethylethylenediffareA (1.M

Tris, 0.1% (w/v) SDS, 30% (w/v) glyceroB 8§ Buffer B (1.M Tris, 0.1% (w/v) SDS, BH), Stacking

buffer (0.14M Tris, 0.1% (w/v) SDS, Bi8).

Components 5% 20% Stacking solution
Buffer A - 3.33 ml -
Buffer B 3.33 ml - -
Stacking buffer - - 5 mi
ddH0O 5ml - -
30% Acrylamiddisacrylamide | 1.67 ml | 6.67 ml 1ml
10% SDS 100 pl 100 pl -
10% APS 100 pl 100 pl 100 pl
TEMED 10 pl 10 pl 10 pl

2.4.3.3 Western blotting

Once SDPAGHEvas complete, the gel was sandwiched between filter paper and a
nitrocellulose membraneAmersham™ Protrar®western blotting membrane, 0.45
pum pore. Then the gelvas placed into a transfer tank containing 1x Transfer buffer
(25 mM Tris, 192 mM glycine and 20% (v/v) methanol) and transferred overnight at
40mAand 500 VThe next day, the membrane was washed 3x infduffered saline
(TBS20 mM Tris, 150 mM NaCl, ptbywith 0.05% Tween (TB$ before blocking in
5% milkTBST (5% Marvel milk powder inBST) for 1h at room temperature. The
membrane was then incubated with primary antibody diluted in 5%-BET
overnight at 4C {Table2-9). The membrane was washed a further 3x in-TB&fore
incubation with secondary antibody diluted in 5% /IIRST for 1 hr.

Table2-9 - Antibodies used in immunoblottingAll antibodies were made up in 5% mIIBST. Primary
antibodies are represented by a 1, and secondary antibodies by a 2.

Antibody Dilution MW 1°0or 2° | Species Detalls
Anti-FLOT1 1:1000 | 49kDa |1 Mouse BDSciences (AB_398139
Anti-ALIX 1:1000 | 80, 1 Rabbit Abcam (ab186429)

100kDa
Anti-GFAP 1:10000 | 50kDa | 1 Mouse Abcam (ab4648)
Anti-Calnexin | 1:1000 | 90kDa | 1 Goat SICGEN (AB37200)
Anti-EAAT?2 1:500 62kDa |1 Mouse Santa Cruz

biotechnologies (365634)

Anti-mouse 1:3000 | - 2 Rabbit Dako (PO260)
HRP
Anti-rabbit 1:3000 | - 2 Swine Dako(P0O399)
HRP
Anti-Goat HRP| 1:5000 | - 2 Rabbit Sigma (A5420)

2.4.3.4 Enhanced chemiluminescence (ECL)
Thenitrocellulosemembrane described above (sectigm.3.3 was washed 3x in

TBST before incubation in ECL solution for 30 s and then was protected from light.
Amersham Hyperfil®ECL film was placed on the membrane and exposed for an
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appropriate time to capture protein signal from the ECL. In most experiments, a
range of exposure times were completed to ensure the best image. The film was
then placed into llIford PQ universal (llford photos, UK) until the signal was observed
before wasling with water and fixing in lIford Hypam fixer (lIford photos, UK).

2.4.4 Mass spectrometry

2.4.4.1 LGMS/MS

Protein samples were run into an SPSGEgel so they could migrate through the
stacking gel and reach approximately 1 cm into the resolvin{sgetion2.4.3.9.

The gel was then stopped and stained with Coomassi€s# methano{v/v), 20%
glacial acetic acifl/v), 1.12% Coomassie Brilliant B{uév)) for 1.5h to visualise

the proteinsbefore incubation with destain solution (10% methanol (v/v), 10%
glacial acetic acid (v/v)) overnigiat remove excess stainin@nce the gel was de
stained, a scalpel blade was used to cut arounddiwdein band These gel samples
were then sent to the Cambridge Proteomics Centre fohd GMS/MS mass
spectrometry run. For cell lysate samples (20of protein were sent for angsis. EV
fraction 2 was sent for analysis as this fraction showed the highest protein content
through western blotting. Due to the low amount of protein present in EV samples,
the protein concentration was not possible to identififough standard

BCA/Bradford assays

2.4.4.2 Sequential Window Acquisition of all Theoretical Mass Spe¢®avVATH
5 ug of cell lysate samples weitered in RIPA lysis buffer after BCA protein
guantification (sectior2.4.2.9. Forpurified EV samples, the content of all- EV
enriched fractions wre pooled and concentrated (sectidh5.4.]). Samples were
delivered toDr. Clare Coveney at Nottingham Trent University foMSIMS
followed by SWATH analysis.

To digest the proteins for mass spectrometry, samples underwarag® Micro spin
column digestion. Due to the EV samples having a starting volume higher than the
required volume (25 pl) for-Bapu digestion, EV samples were dried at 60 °C in a
vacuum concentratofEppendorft concentrator plus) All samples were then made
up to a final volume of 25 pl in 5% SDS lysis buffer (SDS/100 mM triethylammonium
bicarbonate (TEAB) pH 7.55). Samples were then reduced using 1 pl of DTT and
incubated for 20min at 56°C in a shaking thermomixer. Samples were then cooled
before 2 ul of 0.5 M iodoacetamide was added to alkylate cysteines. The samples
were thenincubatedfor 15min at room temperature, protected from light. 12%
phosphoric acid was added at a 1:10 ratio for a final concentration of 1.2%
phosphoric acid to alter the pfér protein trapping.

185 ul of STrap buffer (90% aqueous methanol and 100 mM TEAB, adjusted to pH
7.1) was added to the acidified samples and mixed before the solution was
transferred to a 1.7 ml tube containing afl&p micro column. The column was
then centrifuged at 4008 g until all solution had passed through the column.
Protein was trapped within the proteitrapping matrix of the Srap spin column.
Captured protein was washed by adding 150-ir&> buffer and the centrifuge
repeated. Three washes were completed b samples before the column was
transferred to a clean 1.7 ml Eppendanprotein lo-bind sample tube for digestion.
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Digestion buffer was prepared by adding 50 mM TEAB at pB.G .t 20 g of
trypsin/EDTA. 25 pl of digestion buffer containing protease (trypsin/EDTA) at a 1:10
ratio was added to the top of the micro column to digest the trapped protein for 1.5
h at 47°C. The resulting peptides were eluted by centrifugation at 4090vith 40 pl

of 50 mM TEAB and then 0.2% aqueous formic acid. Hydrophobic peptides were
recovered by centrifuging with 35 pl of 50% acetonitrile containing 0.2% formic acid.
The peptide elubns were pooled before drying at 8C in a vacuum concentrator.

The dried samples were then resuspende8dnacetonitrileacid with0.2% formic

acd. ForEV andb ug cell lysates, samples were resuspended ipl 8@ solution

before 2 yl was injected into the SCIEX TripleTOF® 6600 mass spectrometer for
SWATH analysis.

2.4.4.3 Proteomic analysis

ForLGMS/MSanalysis, samples were compared using the preseirsence of
proteinsin the samples. Proteins required a minimum of 2 peptides witke@tide
threshold of over 95% to be identified with a protein threshold of over 9@#dteins
were identified using the Uniprot database and the proteins analysed using Scaffold
4 (proteome software) and Microsoft Excel. As a more stringent analysis, proteins
had to be present in at least two of the three samples to be confirmed as present
during the specific mass spectrometry ruvith protein showingBos Taurusrigin
omitted due to contamination from FBS. This was to reduce type 1 errors.

For SWATH datasettata was normalised by overlaying overall traces as well as the
initial normalisation of usingyy. The relative abundance of protein across samples
was calculated, providing a quantitative approach to measure protein expression. To
process the datgpeptide hitswhich were attributed to more than one protein (E.g.

WYt a a m T tnayshateidenticalpeptides) were removed because it was unclear
which protein the values are attributed to.

Togeneratea PCA to determine the similarity between sampf#stein values were
log transformed with a threshold 615 applied before normalisation to the median,
ensuring compatibility between groupshe PCAvas completedising SIMCA v.18
(Satorius stedim Data analysis, Swed@mpteinvalueswere meancentred before
PCAs were completed®LSDA was not required for any proteomic analysis due to a
lack ofseparation seen in the PCAs

Thebiologicalrepeats for two conditions after initial processing (e.g., Serum ADEVs
vs serurAiree ADEVS) were entered into an excel file and uploaded to StatsPro
software fQttps://www.omicsolution.com/wukong/StatsPr/ Different values were
trialled for the missing values as well as the coefficient of variance to best identify
significant values (see sectiofst.4and5.5.3. A linear model for microarray data
(Limma) test was completed to calculate thegdues for any differentially expressed
proteins between sample@itchie et al., 20157 BenjamirHochberg procedure
was applied to calculate the adjustedvplues due to the number of proteins
analysedin orderto reduce type 1 errors. The\Rilue was set at 0.05 with a log2FC
of >10.3 for significant differentially expressed proteins (all completed in StatsPro
software).
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STRING analysis was completedpacificprotein groupsduring both qualitative
and quantitative analysi® identify a list ofenriched KEGG pathwags well asany
GO pathways and localisation

2.5 Extracellular vesicle isolation

2.5.1 Isolation from tissue

Frozen human frontal lobe samples were obtained from both approved Bristol Brain
bank (AD tissue; SWDBB 0029) and Oxford Brain bank (ALS tissue; OBB634). Control
tissue was age and sexatched to each disease tissue coh@teSupplementary

table 3-6 for sample details)

Brain tissue was finely sliced using a sterile scalpel blade and added to 75 U/ml
collagenases (Worthington biochemical corporatiosupplied through Lorne
laboratories, UKin Hibernaté“-E buffer (Gibco, UK) at a ratio of §@(per 100 mg
tissue(Figure2-3A). The solution was incubated at 3Z for 15 min (mouse tissue) or
20 min (human tissue). Samples were then immediately incubated on ice, and
PhosStop" and cOmplet&" protease inhibitor (Roche, UK) was added for a 1x
concentration. The samples were then centrifuged at 8g0for 10 min at £C to
pellet the tissue. The supernatant was collected and further centrifuged at 2§00
for 15 min at £C. The supernatant was slowly filtered through a Q&gfilter and
centrifuged for a final time at 10,000g for 30 min at £C. The supernatant was
concentrated using 3k MWCO concentrators (ThermoFisher Scientific, UK)ib 500
for size exclusion chromatogphy (SEC; see sectidrb.4).
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Figure2-3 - Graphical representation of extracellular vesicle isolation fr@)tissue and(B)cell
culture. Extracellular vesicles were isolated using ultrafiltration followed by size exclusion
chromatography (SEC) using gEV original columns (Izon, France). Image was created by the
through BioRender.com.

2.5.2 Media collection for EV isolation

2.5.2.1 Serumecultured cells

Cells werenitially cultured in FB8ontaining media for 24 and then washed in PBS.
Cells were then cultured in FB®e astrocyte media for a further #2(SC1800
astrocytes) or FBffee DMEM media for 2l (N2A cells). At this time point, the
conditioned media was collected and centrifuged at @0for 5 min to remove cell
debris. The media was stored at@ if used within 5 days or frozen-&80 °C for

future use. For SC1800 cefisur T75 flasks were required to collect enough media
for a succedsl EV isolationKigure2-3B). For N2A cells, only one T75 flask was
required.

2.5.2.2 Serumfree cells

For serumfree culturesconditionedmedia was collected when the media was
refreshed as part of cell maintenance (every43days) and centrifuged at 36@ for
5 minto remove cell debris. The media was then storeeB&t°C until enough media
was collected for isolation (>40 ml). Generally, easctel plate of serurdree cells
were culturedfor two weeks sa@lxmedia collections could take place to ensure
collection of over 40 mFigure2-3B).

2.5.3 Ultrafiltration

To concentrate the >40 ml conditioned media for use in SEC (s&ctaf, the
media was centrifuged in a 10 kDa MWCO protein concentrator (ThermoFisher
Scientific) at 3608 g until 500 pl of concentrated media remainddgure2-3).
Media flowthrough was also collected for immunoblottiog ADEVS
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2.5.4 Size exclusion chromatography

SEC was completed using gEVoriginalmGolumns (IZON, France) in the

automated fraction collector (IZON, Fran&égure2-3). The column was initially

washed with 17 ml of PBS (>2 column volumes) before addition dGael

concentrated mediaractions werehenO2 f £t SOGSR | OO2NRAyYy 3 G2 0l
guidance Table2-10). The column was then washedth 0.5 M sodium hydroxide

(NaOH) and PBS between sampkesgch column was used for a maximum of five

samples. Fractions were stored at 4 °C for up to a week or were froz8a &€ for

future use.

Table2-10 ¢ Description of fractions collected using gEVoriginalm columns*Later gen 2 columns
recommended ®.ml void across 3 fractions artd collect400ul per fraction due to the improved resin.

Fraction number | Quantity per fraction| Total volume Classification
1-3 1ml* 3 ml* Void (PBS)
4-6 500 pl* 1.5 ml* E\tenriched
7-9 1ml 3 ml* Protein

2.5.4.1 Further ultrafiltration

The concentration of EVs after SEC was often too low for downstream processes
such as immunoblotting or mass spectrometry, so EV fractions were concentrated
10-fold using Vivaspin500, 3 kDa MWCO concentrators (Merck, UK).

2.6 Extracellular vesicle characterisation

2.6.1 Transmission electron microscopy (TEM)

2.6.1.1 Fixation and creation of grids

EVtenriched fractions were fixed in 3% glutaraldehyde in 0.1 M Cacodylate buffer for
30 min in a 1:1 ratio. The fixed EV solution was then added coppercarbon

coated, 206mesh electron microscopy griggM resolutions, UKpr 30 min to allow

the EVs to settle. Samples were washed twice in MilliQ water before staining with 2%
Uranyl acetate for a further 30 min. The grids were then left to dry before imaging
using Tecnai biotwin T12 electron microscope.

2.6.2 Zetaview® (Nanoparticle tracking analysis)

Before each use, the Zetavi@fAnalytik, UK) was calibrated using polystyrene beads
of known size and concentration. Samples were then diluted appropriately based on
predicted EV concentration (for SC1800 samples, 115000, for N2A, 1:500

1:1000 and for tissue, 1:1000.:2000).The samples were injected into the
Zetaviev®where the software was programmed to image 11 pos#ioging the 488

nm laser set to scatter. Two cycles were completed for each measurement to
improve accuracy of measurementsicatwo technical replicates were completed

per sample.
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2.6.2.1 Analysis

The size of the particles was analysed during measurements as well as the
concentration of particles in the sample. To combine the size distribution of each
repeat, raw values for each technical repeat were averaged within each sample. To
calculate the siz distribution for the whole sample, values were added together
from each of thehree EVtenriched fractions to produce a cumulative size
distribution.

2.6.3 Direct stochastic optical reconstruction microscopy(dSTORM)

2.6.3.1 Sample processing

Vybrantt DIiD cellabelling solution (ThermoFisher scientifigl was required for d
STORM imaging stain phospholipids in the EV membrane, with wash steps
required to remove any unbound dye. For this reason, 1 mM dye was added to the
500ul concentrate obtained after ultrafiltration (sectidh5.3 during EV isolation to
create a finab UM solution The concentrate was incubated for 15 min at°87to

allow the dye to bind to the EV membrane. The concentrate was then used for SEC as
normal (sectior2.5.4). Once the EVs were isolated, dl5vere added inside a Secure
Sealt 13 mmspacer (0.12 mm depth; ThermoFisher Scientifig attached to a

glass microscope slide. A coverslip was then placed on top to seal the chamber and
the sample imaged immediately.

2.6.3.2 Measurements

Imaging was completed on théeiss ElyraPS1 super resolution microsasgirgan

h-Plan Apo 100x/1.46 dilnmersion objective in TIRF (Total internal reflection
microscopymode. Zeisg Immersoit 518Fimmersion oil (Zeiss Microscopy) was

used to allow imaging at high magnification. LP655 filter and W&Reused to

visualise the EVs with automatic focusing maintaining the desired focus throughout
the experiment. Both the 405 nm and 642 nm lasers were used to illuminate the
Vybrantt DID dye bound to the EV405 nm power remained at 1% throughout the
experiment. A widefield image was taken using 16 averaging at 0.5% 642 laser power
in TIRF mode to produce an overview of the field before STORM imaging began. For
the dSTORM experiment, laser power was themdased to 25%, recording 5000
frames with 25 ms exposure and 200 gain.

Initial image processing was completed using thetpactivatedlocalsation
microscopy(PALM) module of the Zeiss Zen Black softnwasdescribedpreviously
(Nizamudeen et al., 2018riefly, the images were set to account for overlap of
particles followed by application of modkased drift correction to account for

particle movement during the experiment. Outliers were set as <5 hits within 300 nm
radius and then removed to exclutbackground artifacts (particles should have

more than 5 hits within a very small radius). The experiment was then converted to
an image to allow analysis in FIJI software (5000 frames converted into one image).
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2.6.3.3 Analysis

A previously developed ImageJ macro was adjusted to analyse the vesicles in the
dSTORM files after processing in Zen black softwgupglementary figurd;

Nizamudeen et al., 2018)Vithin the macro, a gaussian blur filter was set to 3 in

order to smooth the edges of the vesicle, the scale was set to 5 nm per pixel, and the
threshold set to Li whitedgfault method) to distinguish vesicles from the

background. The macro then analysed the particles to generate the size (width and
height) and general shape of the vesicles (e.g. area, circularity, perimeter). The
results were then exported to a text filehich could be processed further in

Microsoft Excel.

From the results produced by the ImageJ macro, median size and the size
distribution can be generated from each image. Particles with a circularity of less
than 0.5 are unlikely to be EVs so were removed from the analysis. The
concentration of the particle was calculated by dividing the area of the spacer by

the area of the image to produce the multiplication factor for the spacer. This
multiplication factor was then multiplied by the number of particles found in the
images to calculate the number of E¥ighe 15ul. This value was then used to

estimate the number of particles per ml. Fraction EV2 was used in dSTORM analysis
as this fraction was expected to have the highest EV concentration.

2.7 Functional studies

2.7.1 Metabolic assays

2.7.1.1 ATP assay

The luminescent ATP detection kit (ab113849; Abcam, UK) was used to measure ATP
concentrations in cell lysates and extracellular vesicles. The assay was completed
FOO2NRAY3 G2 GKS YI ydzZFl Ol dzNB ND@E EVioycelii NHzO G A +
lysate samples were added to wells during the assay instead of cultured cells. ATP
standards were made in PBS to produce a standargtentration gradienbetween

0.01 nM and 1QM. PBS was used as a blankb0f detergent was added to 100

of sample in each well and the plate shaken on an orbital shaker at 700 rpm for 5 min
to lyse the samples. 50 of substrate solution was then added and the plate shaken

for a further 5 min. The plate was then protected from light for 10 min before

reading on a GloMax® Navigator microplate luminometer (Promega, UK).

Analysis was completed using the same methodology as setdo.3with a

standard curve generated from the ATP standasgeFigure2-2 for an example

This was then used to calculate the concentration of ATP based upon the
luminescence values. All values were normalised to a PBS blank cBotrdIDEVS,

all EV fractions were combined and concentrated to gb@amount required for

assay). For N2A EVs, EV fractions were combined but not diluted due to the higher
concentration of EVs within the samples. Cell lysate samples were used at a
concentration of 50 pg/ml.
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2.7.1.2 Measuring glycolytic energy production

Glycolytic substrates were reconstituted using d@Ho create stock solutions of 50

mM glucose, 50 mM-PeoxyD-glucose (2DG), 10 mM ATP, 10 mM ADP and 20 mM
NAD. Substrates were then diluted appropriately to achieve a final concentration of

500 uM glucose or-BG, 10 uM ATP and ADP and 2 mM NAIBD was added to all
samples, and PBS used for inorganic phosphate presence in samples. Substrates were
added to EV samples on ice to prevent enzymatic reaction whilst preparing the
samples. The samples wetteeh plated and measured using the luminescent ATP
detection kit (Abcam; sectioR.7.1.]).

2.8 EVs for treatment

After Zetavie®analysis (sectio.6.2, ADEV fractions isolated from serwmultured
astrocytes were combined before treating serdirae astrocytes for 72 (for
concentrations used, seBable 511). Brightfield imaging was completed throughout

at 90 min and 3, 6, 24, 48 and 72 h. The treated astrocytes were harvested for RNA
extractionafter 72 hand gene expression quantified using-GPICR (sectio.3).

2.9 Statistical analysis

All statistical analysis was completed using GraphPad prism 10 software unless
otherwise stated. A normality test was used to determine whether data was drawn
from a normally distributed population. Data were then analysed using student t
tests when two vaables were compared, or ANOVAs when three or more variables
were compared. When analysing large datasets such as the RNA sequencing or
proteomic data, adjustedpalues were calculated using an appropriate test
(described in analysis) to reduce type toes. ROUT outlier analysis was used to
identify potential outliers. Statistical significance was se®&8.05 (identified as *

on graphs). Asterisks show the level of significance identified by the statistical tests
with P<0.01 (**), P<0.001 (***) and P<0.0001 (****). Power calculations were
determined using GPower 3.1 software. Mean values and standardtoas from a
minimum of 3 repeats were used to calculate the number of repeats needed for
statistical significance.
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Chapter 3Developing an accessible
serum-free culture of human
primary astrocytes

3.1 Introduction

3.1.1 Importance ofin vitro models of human astrocytes

The importance of physiologically relevant mammalian cell culture approaches
including for cells of theervous systems such as astrocytemnot be overstated,

with such cellular models underpinning basic research into disease mechanisms as
well as drug discovery programméell models permit pharmacological and genetic
manipulation of candidate biochemical pathways more easily thanvoanimal

models andallowdrug screening and disease biomarker identification.

Notably,up to 50%of potentialnew drug therapies fail due to a lack of efficacy when
movinginto Phase 1 clinical trials, despite positive results in preclinical testing using
animal modelgSun et al., 2022)mprovingin vitro cellular models at thetart of
translational pipeline is one potential route tbetter clinical outcomes.

3.1.2 Limitations of commonly usedastrocyte culture models

Currenty in vitro astrocyteculture modelsoften rely on primary cells extracted from
rodents, in part due to the accessibility of genetically modifiednalsused to

model human disease. However, rodent astrocytes are less complex than human
astrocytes (see section 1.1.3.1) and therefore these cells are likely missing relevant
human/primate featuregOberheim et al., 2006, 2009 Ithoughpostmortem

human tissue may be available as a source of primary astrocytes in some instances,
accessibility is limited and certainly for adult tisslaek of proliferative ability makes

cell expansion a challenge.

Cancer and transformed cells have been usedtroas a model of astrocytes (e.g.

C6 and SVGA cells to mimic rat and human astrocytes, respectively) but these cells
often lack key characteristics of astrocytes (e.g. GFAP expression) and do not behave
like healthy astrocytes (e.g. showing reduced cellatanmunication and glutamate
uptake Galland et al., 2019)PSC reprogramming has allowed the differentiation of
human skin cells intoells of the CNRBicluding astrocytes, leading to more relevant
human models, but this approach is expensive and fmesuming (section 1.1.3.2).
There can also be significant variations betweéferent iPS@erived cell lines,

resulting in studies requiring multiple linasd appropriate controlso ensure

reproducible phenotypes are observed.

As an alternative, primary human astrocytes from foetal tissue can be obtained,
which are more physiologically relevant thagematchedrodent cells, and do not
require the time or expense of human iPSC cultures. Such cells are commercially
available, and although they represent foetal astrocytes and therefgiegaelated
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changes cannot beasilymodelled, present as an accessible alternative to primary
rodent astrocytes or human iPSigrived astrocytes that allow fundamental

processes to be interrogated. Further, as they can be induced from quiescent to
reactive phenotypen vitrousing a variety of stimuli, they can be used to study
pathological processes regardless of genetic influence. Human primary astrocytes are
the mainin vitro cellularculture systemused in this thesis to investigate healthy

human astrocytesastiocyte reactivity andultimately astrocytederivedextracellular
vesiclefADEVSs)

3.1.3 Theimpact of serum on astrocyte culture

Mammalian cells are routinely cultured in the presence of serum (e.g. FBS) to
stimulate proliferation and support growth. In the case of human iB&twed
astrocytes, serum is commonly added to culture mediumrimmote differentiation

of the IPSCETCW et al., 2017; Soubannier et al., 2020; Leng et al., 2022; Stoklund
Dittlau et al., 2023)However, the use of serufor longterm culture of astrocytes
presents caveats, given thiitcan have pronounced impact on cellufdrenotype
andpathology. Astrocytes help to form tH#ood-brain barrier BBB which prevents
serum proteins from entering the brain. Astrocytes filter important molecules from
the blood, such as glucose, and help maintain the appropriate environment for brain
function. When the BBB is damaged due to disease or injury, serum @ oteip

enter the brain environment and dispti normal functiors, promoting a reactive
astrocyte phenotypéMichinaga and Koyama, 2019; Heithoff et al., 2021; Kim et al.,
2022) In fact histological markers of serum proteiniron, and erythrocyte
extravasationhave been used to detect increased permeability of the BBB in the
postmortemtissue ofl f T KS AP ENB N & v & 2 Yy QapatikritsiCiay a S 6t 50
andWoulfe, 2015) Therefore, the inclusion of seruas a component ah vitro

astrocyte culturemediummay beeffectively mimicking a diseased or injured brain
environment, rather than quiescent astrocyte biology.

In response to serum exposduirevivg quiescent astrocytes will react by assuming a
reactive phenotype (see section 1.1.2) to minimise damage to the rest of the brain. It
is reasonable to assume that the use of serum in astrocyte cutuwirowill

recapitulate astrocyte reactivity in the brain, seen in response to trauma or disease
when the BBB is leaking. Previous studies using cultured primary rodent astrocytes
have begun to investigate the effeaf FBS, with serusfree cultures displaying

more eficient energy metabolism, lower GFAP expression and comparable cellular
morphology toin vivoastrocytes when compared to astrocytes grown in 10% FBS,
which appeared to display a more reactive phenotyPeah et al., 2019However

more work needs to be done to thoroughly investigate the effect of FBS in astrocytes
and in particular, knowledge gaps remain related to its impact on human primary
astrocyteculture.

FBS is the most common form of growth supplement used in mammalian cell culture,
which is obtained from the blood of foetal bovines, containing a wide variety of
growth factors, hormones, amino acids and miia. Due to the nature of FBS

collection, there may be geographical and seasonal variations between batches, and
it can be contaminated with endotoxins such as lipopolysaccharide (LPS) which will
alter the growth of cultured cell&Kirikae et al., 1997; Gstraunthaler et al., 2013)
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With such a range of components, it can be difficult to replace FBS for more
controlled, synthetic supplements that will equally support the growth of cells.
However, with more defined supplements, cultures should be less variable and more
reproducible leding to better overall scientific practice.

Of particular interest foEVresearch, a focus of this thesis, FBS contains endogenous
EVs which can contaminatellularderivedEV preparations when used as a culture
medium supplement. Where FBS is essential to culture particular cell types, groups
have attempted to deplete EVs from FBS through ultracentrifuggt@mnilov et al.,
2018) However, studies have shown that EV contaminaatgpersist even after
depletion(Aswad et al., 2016; Lehrich et al., 20183hrich et al (2018) reported
reduced proliferation and viability in rodent primary astrocytes cultured with EV
depleted FBS, further emphasising the need for sefte®a cultures rather than

using EMlepleted serum when investigatirAPEVs.

3.1.4 Established serumfree models for astrocyte culture

Despite manytudiescontinuing to report astrocyte culturecludingFBS, more

recent work has begun to move towards serfir@e cultures, particularly for primary
astrocytes. The application of FGF has had some success in maintaining quiescent
astrocytes in serunfree culture, with FGF thought to cause astrocyte maturation

and increased glutamate clearanc€Roybon et al., 2013; Prah et al., 2019; Savchenko
et al., 2019) FGF has also been shown to increase the expression and release of
trophic factors enhancing survival for both neurones and astrocytes. Other groups
have used similamediumcompositions with minor differences to culture serum

free astrocytes, such as the combination of DMEM and Neurobaedium

alongside supplements such as E&#tdermal growth factg Foo et al., 2011; Jia et

al., 2018; Prah et al., 2019; Barbar et al., 203@rumfree supplements such as N2
and B27 are commercially available which are intended to replace FBS with key
growth factors required for cell growth. G5 supplement has been described as an
astrocyte growth supplement with EGF and FGF forming key coemp® of the
supplement. We reason that by creatingtandardisedsimple, inexpensiveserum

free medum that consistently maintains quiescent human astrocytes, there can be a
marked improvement in the quality of astrocyte research.

3.1.5 Aims of this chapter

This chapter aims to optimise methods for the serfree culture of commercially
available human primary astrocytes and compare their molecular and cellular
phenotypes with FB8ultured equivalents, allowing mechanisms of astrocyte
activation to be interrgatedin vitro. Morphological analyis ofboth serumfree and
serumcultured human astrocytewill be complemented witlyene and protein
expressioranalyses, alongsid€C immunoblotting and R§PCR methods. Further
morphological comparisons will be madgéth rodent primary astrocytes cultured in
the same seruniree conditions. Establishg a standardisedserumiree culture
method of human primary astrocytes is essential for subsequent studies of astrocyte
EV biology (Chapter 5).
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3.2 Developing serunfree conditiorsfor human

primary astrocyte culture

3.2.1 Testing serumfree media compositions

Toultimately investigate the effect of serufFBSpn human astrocyteand their

EVs quiescent astrocyte cultures were required as a baseline condition. Based on
manual literature searches of publications describing seftga astrocytecultures,
five commonly used culturmediumcompositions were trialled on human primary
astrocytes to establish which components were essential to maitginiescent
phenotype(SC1800 cells; sdable2-1-1 for medium compositionsrepeatedbelow
with the five serumfree medium highlighted in redInitially, all astrocytes were
cultured on polyL-lysine (PLL) coated plates as suggested by ScienCell, the
commercial supplier of the human foetal astrocytes. Morphological analysis of
astrocytes was performed using brightfield microscopy (10x magndicasfter 1

and 4 weeks in culturafter thawing(Figure 31, columns 1 and 2). Visual inspection
was used to identify differences in morphology during these initial analyses, however
subsequenguantitative morphologicalanalysis was completed after optimisation
stages of culture were complete (see section 3.3.2).

Table3-1 (repeated) Media compositions used for cell culturEBS = Foetal bovine serum, AGS =
astrocyte growth serum, Pen/Strep = Penicillin and StreptomycigGiB= Heparibinding EGfike
growth factor.Medium highlighted ibluewere used for serusfree optimisationexperimentsFor G5
composition, se&upplementary figuré)

Media type Components
Astrocyte medium Astrocyte medium, 1% Pen/Strep, 1% AGS, 2% FE
FBSFreeastrocyte Astrocyte medium, 1% Pen/Strep, 1% AGS
medium (AGS AM)
DMEM medium DMEM with Glutamax, 1% Pen/Strep, 10% FBS

FBSFree DMEM medium | DMEM with Glutamax, 1% Pen/Strep

G5 serurdAree medium DMEM/F12*, 1% Pen/Strep, 1% G5 supplement, 1
(DMEM G5) L-glutamine

Neurobasal serunrfree (50% Neurobasal media, 50% DMEM/F12), 1%
medium (NB27) Pen/Step, 2% B27 supplement, 1%lltamine,
0.025% HEEGF

B27 serurfree medium DMEM/F12, 1% Pen/Strep, 2% B27 supplement, 1

(DMEM B27) L-glutamine, 0.025%IBEGF
DMEM AGS medium DMEM/F12, 1% Pen/Strep, 1% AGS, Hlatamine
B27 + G5 seruffree DMEM/F12, 1% Pen/Strep, 1% G5 supplement, 29

medium (DMEM B27 G5)| B27 supplement, 1%dlutamine

From visual inspection, serufree astrocytes did nabbviouslyproliferate as a
similar number of cells were present oved-week periodin all media testedThus,
thesecells did not require passaging throughout. Likewise, astrocyte morphology
remained consistent across tliiwe different serumfree mediaconditions with small
cell bodies and long thin procesdgpicallyobserved, resembling descriptions of
quiescent astrocyte morphology (Figurd3 An initialtest was performed to
determine whether he serumfree astrocyte cultures retaad the ability to react to
stimuli such as FBS. After four weeksulture, serumfree astrocytes were
subsequentlyreated with2% FBS for 24 houmsijth any visible changes in
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Figure 31¢l dzYl y LINRYI NB | adNRrOe(iSa aKz2g | diff§rem
serumfree media and changmorphologyin response to FBS treatmer¥isual inspection of

{/ mynn KdzYty F&aidNRrO&i{iSa AYRAOFGS | &AYAL L
small cell bodies) after 1 and 4 weeks regardless of the skremmedia composition used.
Changes in morphology were observed when wesdrdm{ree astrocytes were subsequently
treated with 2% FBS for 24resulting in a more reactive photype (hypertrophic cell bodies,
smaller processes; black arrows). Images were taken at 10x magnification whilst cells remain
culture. The five astrocyte cultures were generated using the same original vial of astrocytes «
single occasion, howerthree conditions (DMEM G5, DMEM B27 and DMEM B27 G5) were
completed a second time to confirm reproducibility (data not shown). Scale bar represepta.10
Media compositions used to culture the astrocytes are descnibeahie2-1-1 (reproduced in text
above)
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morphologytaken as indication ddibility to become reactivedear morphological
changefor all serumfree media were observedfter FBS treatmentFigure 31;
arrows). Cell bodies became hypertrophic with shorter processes whicbhuusly
described in reactivity morpholodiescartin et al., 2021This observation supported
further quantitative investigation into the effect of serum on astrocgteenotypes
(section 3.3.2).

The DMEMmediumwith G5 supplemenfDMEM G5) was judged pyovide the
optimum condition forquiescentastrocyteculture with high viability (few dead cells
floating inmedium) and no signs of reactive morphology (Figu®e 3econd row).
DMEM G5, DMEM B27 and DMEM B27 G5 conditions alldrialled a second time

to ensure reproducibility obbservations (not shown). As noted earlier, in DMEM G5
medium quiescent astrocytastained the ability to react to FBS by changing to a
reactive morphology. There was no noticeable differeimcastrocyte phenotypes
with the addition of B27 supplement to the DMEM meaiicontaining G5
supplement(DMEM B27 G5)herefore, due t&s5supplement being designed for
astrocyte culture (unlike B27, a neuronal based supplement), and G5 supplement
having a published composition (unlike A@8rocyte growth supplemensupplied

by ScienCell), we opted tseG5 serurAiree medium DMEM G)for the routine
culture of serurdafree astrocytes for the duration ofie project(seeSupplementary
figure 1 for G5 composition)

3.3 The effects of serum on cultured human primary

astrocytes

3.3.1 Morphology changes wherhuman astrocytes are cultured inFBS

After establishing the preferredondition for serurdiree astrocyte cultureife.
DMEM G5 medimb0 = KdzYly | adNBOeGSa oSNB | f a2
recommended astrocyte mediuthat includes FB&strocyte medium

supplemented with 2% FBS and 1% AGS). Both skeeenand serurrcultured
astrocytes were compared at passagéP3), where the latter had been exposed to
FBShroughout the astrocyte culturéminimum culturetime was5 day9. This is the
only passage number available for serfnee culturedastrocytesdue to their lack of
proliferationand having beegryopreserved at passageere therefore revived

(and remainedpt passage 3onsistent with observations in Figurd dvisual
inspection of brightfield images revealed a clear difference in the morphology of the

astrocytes when cultured with K S a8 dzLJLJt A SNBEQ NBO2YYSYRSR YS

Serumcultured astrocytes showed hypertrophic cell bodies and less defined
processes compared to the serdinee astrocytes (Figure-3). This morphology is
typically associated with a reactive phenotype supporting the hypothesis that FBS is
inducingreactivity (Escartin et al., 2021)n contrast to serunfree astrocytes,
serunmtculturedcellsrapidly proliferated with two passages per week required
Cellular proliferation is known to keefeature ofreactive astrocyteg¢Sofroniew and
Vinters, 2010).
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A Serum free astrocytes (P3) B Serum-cultured astrocytes (P3)

AN To' g

A\ W \\ l\\ ,jn ye ~ \ N
N o e S I\
) - Ly 5 ! \
\ v‘\. Y /4 AN
) 72 i
SRS 1§ / £/ \ | §
A 3 { ’ / w \ ¥
R ,/'\‘._ = A \ fod
- | i S &
A7 ) L \ -
) %), SN ; N K \"
(21 L N 5
N/ A
/ g —
v 7
S ¢ w Y 9T,
[ /s { y
) /
g, - |
= ? A
e ’ -5
<) 4| 4 7 .
> = VN
& . \ - o

Figure 32 ¢ Qualitative analysis ohuman primaryastrocytes cultured with and without serum shov
distinct morphological differences typically associated with reactive and fieactive phenotypes,
respectively (A) Serumfree astrocyteshavesmaller, less hypertrophaell bodies withmore distinct
processes compared (B)serumculturedastrocytes Astrocyte morphology was compared at passa
3 (P3)to avoid any changes due tellularageing in proliferativeserumcultured astrocytes. This was
the only passage available for serdrae cultures due to kck of proliferationand thereforahese
cells were seeded at passageS@rumfree astrocytes are maintained in DMEM G5 mediuimist

4 SNHzY Odzft GdzNB& NB YIFIAYyGFAYSR Ay GKS &dzLJLJ 7
supplemented with 2% FBB% AGS8nd 1% Pen/Streplmage taken at 10x magnification witlcae ba
represening 100 um.

3.3.2 Quantification of astrocyte reactivemorphology

Whilst subjective visual assessments indidatkear morpholgical differences

between serurAiree and serurrcultured astrocytes, a quantitative approaatas
requiredto independently compare morphologieBrevious analyses of rodent
FAGNRORGS Y2NLIK2f 238 KIJS dm(S\K)iniika§elWa A Y LI ¢
software(Tavares et al., 2017; Prah et al., 2019)is wasnitially attempted on the
brightfield images taken tassesfiumanastrocyte morphology in this study.

However, this was not successful due to a lack of contrast between the background
and the ceB. The use of this software was only suitable for fluorescent images where
the cells are stained sufficiently so that the processes and cytopbdsing cellare

visible, as well as the nucleus.

To test theSNT plugn, ICC images serumfree and serurrculturedastrocytes
stained for GFAP and Phalloidimactin label)were analysed using the SNILg-in
(see kgure 33Afor an example of serurultured astrocytel The plugn allows
semiautomatic tracing of the cellwhichpartiallytraces cells butdoes not
accurately trace theompletecelloutline (Figure 3BB).As a test of the accuracy of
this tracing, he tracings were then used to recreate thgginal cell morphology
using the fill function aa value 00.03(Figure 330). The reconstructiorshoweda
similar morphology to the original cell suggesting these traamight be suitable to
measure astrocyte morphology. The region of interest (the cell outline) was then
used to measure the cell area and perimetéithe astrocytes which was then
compared to manual tracing of the cell. Whilst perimeter was similar in both analyses
(SNT = 1238sManual = 1209)area was not correctly calculated by the software
(SNT 2216 vsManual = 3200)Therefore, the plugn wasnot deemedsuiable for

the analysis of astrocyte morphologythis study even with GFAP staining
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Figure3-3¢Humanprimary@ G N2 O 1S Y2 NLJK2f 23& |yl fe&aAdindzaiAy3a GKS
(A)RepresentativéCOmageof serumcultured,human primary astrocytessed for analysis which e

beenstained using amGFAP (greergnd Phalloidin (red)(B)Screenshot of the SNT plumafter semi

automatic tracing of the astrocytestfown in purple). (C) Reconstruction of an astrocyte using the semi

automatic tracirg to show the similarity between the tracing and the original cell. (D) Measurements

takenin FIJbf theastrocyteselectedn Cafter SNT serautomatic tracing and after manual tracing o

the cellsWhilst perimetemeasurements arsimilar, cell area was not correcttglculatedoy the SNT

plugrin. SNT plugn was run using FlJI softwafreSt t & 6SNB YIFIAyidlFrAySR Ay GKS &d:
astrocyte medium (astrocyte medium supplemented with 2% FBS and 1% AGS).

Instead the area and perimeter of the cells were measuwsihg thefreehand
selectiontool in Imagedisingbrightfield imagesThe ratio betweercellarea and
perimeterwascalculated to account for the diversity in astrocyte morphology that is
seen inculture andreduce the effect that long processes would have on the area of
the cell {.e. hypertrophymeasurements focus on change in soma sidegrefore,

this ratio better recapitulates any increase in volume of the cell body due to
reactivity.

Asignificant increase the area/perimeter ratiovas found irserumcultured
astrocytesndicatingcell hypertrophy in seruntonditionscompared to seruniree
astrocyteg(P = 0.007; N =3; Figure 34Q. Thisresultsupportsthe preliminary
gualitative analysisf cell morphology abovésection3.3.1). In addition to cell
hypertrophy, the area of the nuclei in the cellsas alsanalysed using DAPI staining
as this commonly increaséuring cellulamaturationor senescenc¢Zhao and
Darzynkiewicz, 2033A significant increase in nuclear size was observed after
culture in serum compared to serufree cultures (P = 0.41N = 3 Figure 34, DF.
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Figure3-4 - Quantitative analysis ofhuman primaryastrocytes cultured withor without serum shovs
significantmorphological differences(A-B) Representative dightfield images ofA)serumifree and(B)
serumcultured astrocyte¢in 2% FBS$)reviously depicted in Figure 3(Z)Thearea perimeterratio of
astrocyteswvasused to measureellularhypertrophy whichndicateda significant increase in the size of
the astrocytes (P = 0.00; Serumfree =3.29 £ 0.22 vs Serurrcultured = 8.3& 0.91). (D-F)Nuclear size
increases irfE) serurrcultured astrocytes compared to (D) serfnee astrocytegP = 0.01; Serumfree

= 3448+ 130 vs Serursultured = 202% 531). Astrocytes were imagedhilst in cultureat passage 3or
serumfree (seeded directly at passage&)d passages3-4 for serumeculturedastrocytes aeither 10x
magnification(A-B) or 40x magnification (). Scale bar representd) 100um or (D) 50um. Satistical
significance was calculated using an unpairddst. Error bars represent mean and standard deviation.
a.u = arbitrary unitsArea/perimeter ratios were calculated usiagninimum of 20 cells measured per
replicatewith nuclei measurements using at least 70 cells per replidate3.

3.3.3 Serum exposure causean irreversible morphological change in
cultured human primary astrocytes
With clear mophological differencegstablishedbetween the serurdree and
serumculturedhumanastrocyteqFigure 24), the models allowed us to investigate
the reversibility of reactivitgaused by serum exposutdealthy reactive responses
should be transienand allow astrocytes to resume homeostatic functions once the
detected threat/damage has been dealt witho determine whether seruraxposure
was associated with permanent morphological change, seraumitured astrocytes
were placed into serunAfree media forup to 5 days. Brightfield imaging was
completed at day 1 anday4/5 to comparecellularmorphology Figure 35). An
increase in area/perimeter ratio wdsund in day 4/5 measurementompared to
day 1 measurementd = 0.011; Day 16:17+1.24vs Day 4/5 7.47+1.19; N = 3)
This is likely due to the cells having more timepoeadonto the cell culture flask
after initial platingand thereforeincrease in sizel hesimilarity in area/perimeter
ratio to previous seruntultured astrocytesuggess an irreversiblemorphological
change in astrocytes after serum expos(ibay 4/5 mearr 7.48 £ 1.20vs previous
serumculture = 8.38+ 0.91; section3.3.2. Notably, we had previously
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demonstrated thatastrocytereactivity could be prevented by freezing cells at low
passage numbgiP2)and thawing in serunfree media (see FigureB). In the rest of
the thesis, we therefore decided to only culture serfirde astrocytes directly from
cryopreservedsials. This experimental procedure allowed the maintenance of the
guiescentserumfree phenotype irhumanastrocytes.
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Figure 35 ¢ Morphological changes in seruraulturedhuman primaryastrocytesare irreversible (A
and B)Serumculturedastrocytes werasubsequentlyultured in seruriree media for up t& days with
no visible change in morphology suggestingraeversibleehange in the astrocytehenotypeafter the
addition of2%FBS(C)Morpholodcal analysis found mincreasedrea/perimeter ratioin day 4/5
measurementgsompared to day 1 measurementhichwassimilar to previous seruoulture analysis
(P =0.011Day 1 mean .17+ 1.25vs Day/5 mean =7.48 + 1.20, previous seruntulture mean = 8.2
+0.91; N=3). Due to experimental constrainigpaging was completed on either day 4 or day 5 for
quantification(pooledas day 4/5) Representative brightfield image depictedB)represents cell
morphology at day 5Scalebar represents 10Qdm with brightfield images taken at 10x magnificatio
Error bars represent mean and standard deviatigih statistical analysis performed usingaired t
test (repeated measures)

3.3.4 Comparison ofin vitro and ex vivohuman andrat primary astrocyte
morphologies
Tofurther explorethe relevance otulturedin vitro astrocyte morphologsto
astrocytecellsin tissue serumfree and serurrcultured human primary astrocytes
were stained for GFA&d compared ta@orticalhuman brain tissue sectioraso
stainedfor GFAP, avell-characterisedastrocyte marker (Figure-@A-C). GFAP
expressiorin the culturedastrocytesshowed similamorphologyto those observed
previouslyduring brightfield imagingseeFigure 32), with small cell bodies and long
processes observed in the sertfmee astrocytesand hypertrophic cell bodies in the
serumculturedastrocytes (more detailed GPAanalysis in sectidh4.2. Astrocytes
stained usin@nti-GFARantibodywithin human tissueaypicallyshowed a similar
morphology to in vitro serunfree astrocytes with long, thin processes and smaller
cell bodies (Figure-8C, white arrows).
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Serum-free astrocytes Serum-cultured astrocytes Tissue

Human

Figure 36 ¢ Comparison oboth human and ratGFAP expression betweserumfree and serur
cultured primary astrocytes and ex vivo tissuSerumfree astrocytes showed quiescelile features in
both (A) human andD) rat in vitro cultures. Serum caused changes in Hjthman andK) rat
astrocytes with changes in morphology more evident in human astro®ifésrences in size and
morphology are observed betweed fuman andF) rat astrocytes in tissuéluman tissue images we
taken at 40x magpnification, rat tissue images taken at 63x magnification, and all in vitro images v
taken using 20x magnification. Scale bar on tissue images represenY8Daid F) and scale bar on
ICC images represent 180Y A-K) D-B). White arrows highlight astrocytes identified within human b
tissue.

To compare the morpholagsof rodent and human astrocytesultured rat primary
astrocytes ancdultfemalerat brain tissug6-12 week old BBX rats)were also
stainedfor GFAP (Figure-® D-F). Briefly, at primary astrocytes were culturedr
one weekusing the same medium as the human primary astroctitesither serum
free or 2%FBScontaining astrocyte mediurfor a minimum of 3 daydefore
stainingfor GFARalongsidehealthy rat brain tissueThe morphology ofrimary rat
astrocytes cultured iserumfree conditionswaslesscomparable to astrocytes
observed in rat tissu@rigure 36D and [ Rat astrocytes cultured without serum
showed some reactermorphologylikely due to poor viability after the rhawing
process resulting in a lodensity culture (Figure-8D). Rat primary astrocytedad a
better recoveryin the FBSontainingmedium and showed some signs of
proliferation however, there was still poor viability. Of the surviviagprimary
astrocytescellmorphology was similar to that of the serdoultured human
astrocytes. Due tthe lack ofviability in theprimaryrat cultures, itwasdifficult to
guantify morphologyin the same waysthe humanprimaryastrocytes.
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3.4 Stability of serumcultured human primary

astrocytes over time

3.4.1 Astrocyte morphology changes withincreasingpassage numbein
serum-cultures

Unlike immortalised cell lines, primary cells are known to have a finite culture period

and therefore it is important to define theseableage limit of theserum-cultured

humanprimary astrocytes before the cells begin to change phenotype. To investigate

the effect of passage number on tlggowth of serumcultured astrocytes, astrocytes

were imaged using brightfield microscopy after each passagépassage 12not

shown)where there wawisiblereducedcellviability (Figure 37). In early passage

numbers, cell bodies were small and mostly uniform in size with a fibroblastic

morphology(Figure 37, A and B. With increasing passages, cell bodies became

increasingly larger with a more varied morpholdgigure 37, GE) Visual inspection

of cell proliferation rateindicated ths declined after passage With cells reaching

70% confluency after7 days instead of 4 dayiom passage .7This led to more

available spacin the cell culture flaskndthis may have contributed to the

increased size of the cells1 comparison, erum-ree astrocyteswere not found to

proliferateandso did not require passaging, even after 4 weeks of culture

(equivalent time point for serunsulture would be passage 9 based ugpassages

per week).Unlike serurrcultured astrocytesno clearchange in morphology was

evident in the serunfree cells over that time frame (Figurers).

Figure 37 ¢ The morphologyof serumcultured human primaryastrocyteschanges betweerPland P9

in comparison to serunfree astrocytesvhich remain the samafter 4 weeksin culture. (A-E)
Morphological differences were obsedin serumcultured astrocyte¢in 2% FBS and 1% A@Sjhey
becone largerand have a more varied morphologylater passagegF) In comparison to serufree
astrocytesno morphological difference was found after 4 weieksulture(equivilentto passage 9image
repeated from Figure-3) Images were taken at 10x magnification and scale bar representgri00
Forquantitative analysis of astrocyte morphology, data for similar passage numbers
were grouped to increase sample s{z®m N=2 to N=4)Quantitative analysis
revealedan increase in the area/perimeter ratwith increasing passageonfirming
cellularhypertrophyincreases wittpassagde.g.P1/2/3 vs P10/11, P&.0022; N = 3

4; Figure 38A). Nuclearareaalso showed an increasing trend with passage number

....81....



but due to a limited sample sizstatistical analysis was not completedgy(i¥e 38B).
Forexperimentalreasons, nuclear area could not be completedP10/11.
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Figure 38 - Serumcultured human primaryastrocyteshave increased hypertrophwith increasing
passage number(A) A significantincrease irhypertrophywas observed as passage number incre
(P1/2/3vs P10/11P = 0.0022N=34). (B)An increasing trend was observed in nucke@aas
passage number increasgtbweverwas found noto be significant2/3 vs P8/9P = 0.8; N=2.
Statisticalanalysis was completedusingGad @ ! bh+! & F2tf26SR oé
test. Error bars show mean and standard deviation

3.4.2 GFAP expressiomeducesin serum-cultured human primary
astrocyteswith increasing passage number
GFARxpressioris the most widely used marker of astrocytes and has been
consistentlyshown to increase in reactvastrocytegEscartin et al., 2021; Jurga et
al., 2021) GFAP is an intermediate filameunbtein that is found throughout the
cytoplasm of astrocytes and therefqiis integral to the morphology of the
astrocytes. With morphological changes observed with increasing passage nuimber
serumtcultured astrocytegsection3.4.1), weanticipatedthat GFAP expression may
also change in theerumculturedastrocytes. Therefore, GFAP expression was
examinedusing IC@h serumcultured astrocytesnd comparedicrosspassage
numbers(Figure 29).

Themorphologcal changes observamer different passagds the serumcultured
astrocytesusing GFABtainingmatched those observepreviously through
brightfield imagingsee Figure -3), with hypertrophic bodies and shorter processes
(Figure 3.9A). This was more evident in later passagesGH#H&P staining revealing
astrocytegypicallyhave only one or two main processes creating a bipahaped
morphology. GFAP expression also decreasitit passageaumberwith a significant
reduction in expressiom later passageb.6-fold reductionbetweenP2/3vs
P10/11/12,P = 0.037N = 23; Figure 39B). Visual analysis noted thahtil passage

6, there was very littl&SFARtaining in the nucleus and high expression in the
cytoplasm of the celldHowever, in later passages, nuclear stainioigGFARvas

more evident than cytoplasmic staininig@spite no increase in GFAP expression in the
nucleus(Figure 39A; nuclearGFAP intensityemained between 2@00 and 30,000
a.u regardless of passage numpeata not showh Therefore, an increase in the
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nuclear/cytoplasmic ratiof GFARvas obsevedwith passage numbgiP2/3 vs
P10/11/12 P = 0.006N = 23; Figure 390C).
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Figure 39 - GFAP expressiarduces in seruntultured human primary astrocytewith increasing
passage number(A) GFAP stainimgf human primary astrocytesultured in 2% FB®m P2 to P10
displays a changing phenotypéth fewer processeand abipolar morphologybserved in later
passages(B) A significant decrease in GFABression in the cytoplasm was observedbser
passagesompared to early passaga®(3 vs P10/11/12 P = 0.037Large variability was observe
at passages and 7 due to the presence of botrarly (more processes and smaller cell bodie®)
late (fewer processes and bipolar morphologkknotypes(A and C) Despite nuclear staining
appearing brighter in later passages (P8hgre was no change in nuclear expression of G&#AR
not shown)esulting in asignificant difference in the nuclear/cytoplasmatio of GFAP expression
later passage$P2/3 vs P10/11/12 P = 0.0063)gnificandifferencesvere calculated using ane:
way ANOVA followed by dz] S& Qa Ydzf A LJ S -3DIhagesiwbid tikenatrax
magnification Sale bar represents 1Qén. Error bars represent mean and standard deviation.

Interestingly, astrocytes displayed a mix of both eémpre processes and smaller
cell bodiesalongside high cytoplasmic GFAP expredsiad late(fewer proceses
andbipolarmorphology reduced cytoplasmic GFAP stainipg¥sagehenotypes at
passag€ suggesting key physiological changes are occurring within the oalisch
this passage numbdFigure PA). Given these changes matched the time point of
changes observed in nuclear size and cell sseafreviousFHgure 38), it was
decided that seruntulturedastrocytes in future experiments would be used until
passage 7 to better match the physiological status of sefnem culturesand avoid
phenotypic changesThisagreedwith previous work wheré&sC1800 human primary
astrocytes were also used until passag®a&xter et al., 2021).
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3.5 Expression of astrocyte markers serumfree and

serumcultured human primaryastrocytes

3.5.1 GFAP expressiofis lower in serum-cultured human primary
astrocytes compared toserum-free astrocytes
Asnoted previously, GFAP is the magidely usedastrocytemarker and is
O2yaARSNBR (KS w3zt R &dulgyeRd. RB2On abdtibg, | & G NB O
increased GFAP expressionfen associated withastrocytereactivityin response
to brain disease or injurfHol and Pekny, 2015)herefore, GFAP expression was
investigatedusing a variety of techniques serumfree and serurrcultured
astrocytes GFAP staining was evidentsgarum-free and serurrcultured astrocytes
usinglCGC particularly at low passage number in the seraaituredastrocyteswith
staining observed throughout the cytoplasm and abdarhe nucleus Figure3-10A
andB).

GFAP gene expression was compared between séreenand serurrcultured
astrocytes using RGPCRKigure3-10C). Ct values were normalised using the mean
of three housekeeping genes (GAPDH, B2Mi aadtin; Supplementary figur@).

Fold change was calculated against the seftge condition to investigate GFAP
expression change caused by ser@frAP gene expression was found to significantly
decrease in serursultured astrocytes compared to seruiree astrocytes (SF mean
=1.16+0.70 vs SC = 0.@8.08, P = 0.0093, N =FEigure3-10C). This is

contradictory to previous published work with GFAP commonly shown to increase
with reactivity(Prah et al., 2019)

With many posttranslational regulatory processes occurring within cells, RNA
expression may not always correlate with protein expression. Therefore, western
blotting was also completed to compare GFAP protein expression in the gezam

and serumcultured astrocytesFigure3-10D and E). GAPDH expression was used as

a housekeeping protein to normalise the data. Overall GFAP expression was
significantly higher in serusfiee astrocytes compared to seruaultured astrocytes
despite serurdree astrocytes displaying quiescent morpbgy (SF mean = 12%1

7.0 vs SC = 694718.6, P = 0.00°Figure3-10D). This was consistent with the GFAP
gene expression found in the astrocytes indicating GFAP expression decreases when
astrocytes are cultured in serum. This may indicate that GFAP is not a reliable marker
of reactivity after longterm (chronic) exposurto FBS in these human astrocyte
cultures.
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Figure3-10 - GFAP expression liswer in serumculturedhuman primaryastrocytes compared to
serumfree astrocytes.(A and BRepresentativéCC images of serufree and seruntultured

astrocytes taken from Figure 3#nages shown gpassage 2)(C) RPPCR analysfeund asignificant
decrease in GFARXpression in serutultured astrocytes compared to serdfree astrocyteSF mean =
1.16£0.70 vs SC = 0.88.08 P = 0.093 N =5). (D and E) Western blotting foudold higher GFAP
expression in serwfnee astrocytes compared to sertrultured astrocytes after normalisation to
GAPDH expressio8K = 129.£7.0vs SC = 694#18.6,P = 0.0G; N = 3. Statistical analysis was
completed using unpairedtésts,data representsnean and standard deviatignly upper bar present
on RTgPCR due to lower range falling belowlfjages were takenf human primary astrocytes at
passage &t 20x magnification wittscalebars representing 50m.

While GFAP is well established as an astrocyte marker, there are astrocyte
populatiorsin the healthy brain that do not express GFAP at detectable |€Wsdz
and Lang, 1998; Cahoy et al., 20@8)rther, inspection ofhe GFAPstained ICC
images indicated variable expression of GFAP across populations offsesuand
serum cultured astrocyte@-igure 311). From a simple subjective classification of
GFARpositive cells (cleaBFARtaining) compared to total numbers of cells{co
staining with Factin label phalloidin)a significant 6-fold decrease in the percentage
of GFAPcells was identified in serutultured astrocytegompared to serunfree
astrocytegSF mean = 4%+ 113 vs SC = 8%+ 2.1,P=0.0004N =4; Figure 3

11B. In fact, the percentage of GFATells was surprisingly low in the serum
cultured cells withan average obnly 8% of cells showing GFAP expression compared
to ~50% in the serunfree astrocytesThis would suggest the increase in GFAP
expressiorin serumfree human primary astrocytes could be due to an increase in
the number of GFAPositive astrocytes within the cultures.
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Figure3-11 ¢ The percentage of GFABbsitive cellsis higher inserumfree human primaryastrocytes
compared to serurrcultures (A-D) Representative ICC images of seffiiee and serurtultured human
astrocytes stained with ant6FAP, phalloidin and DARYhite arrows highlight GFAfRegative cellgA
and B) The percentage of GPAegativecells were counted usirighalloidinto distinguish cell{E)An
unpaired ttest showed a significant decrease in the percentage of @bBsiRvecells when astrocytes
were cultured in serurnompared to serurfree astrocyte¢SF mean = 49.5% +3¥s SC=8% + 2.1, P
=0.0004; N=4)lmages were taken at 20x magnification with tleale bar represaing 100 pum. Error
bars represent mean and standard deviation.

352 3pnmny A@bOA OfeE intl seiimculdr&dhOrhan

primary astrocytes
S100 A a -dpecificdlicluni binding protein, often elevated in
neurodegeneration and brain injury, that is also commonly used as a marker of
astrocytegRothermundt et al., 2008) a dzOK f A { SxprBsSidrisofen{ M n n i
associated with reactive astrocytes, butypicallyexpressed in different populations
of astrocytesé.g.some GFAR S G A @S | & i NP (Seined &t alS E LINE & &
2007). Tocompare{ M nprdtein expression iur human primaryastrocyte
culturesto GFAP expressipgerumfree and serurrculturedastrocytes were co
stained with ant{ mn ni  LGFAP ahtiffodidFigure3-12, AF0 ® {prorein i
expression displayed differetdcalisationwithin the cell compared to GFAP, with
highest expression found in the nucleus. The majority of cells exhibited both GFAP
YR {mnni SELINS-&ee artl geruiryilturechsirécytes SuNazY
f S@gSta 27T { wvenemlsootSdivedNISGEAREALNe call§Figure3-12E
andF, white arrows.
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Figure3-12 - S100 and GFARo-expression irserumfree and serumcultured human primary
astrocytes (A-F)Represetative images of serudree and seruntulturedhuman primaryastrocytes
showsGFARnd S100 expressioroverlaps. Whilst GFAP was limited to cytoplasmic staining in early
passagegbefore P7){ m numas expressed throughout the ¢eliith muchhigher expression in the
nucleusgthan inthe cytoplasmSomeserumfreel 8 G N2 0@ 1Sa | f 42 Redplisibne f2¢ SO
despiteno GFARexpressiorfwhite arrows B). (G) S100 protein expressiomeasured using ICC staining
showed a decreasing trend in seramitured astrocytes compared to the serfiree condition, however
it was notstatisticallysignificant (SF mean = 52%623.4 vs SC = 63621, P = 0.126; N = 4H) RF
gPCR analysis fourdsignificant decrease in S10§eneexpression in serwultured cells compared to
serumfree astrocyte¢SF mearm 1.0l £0.18 vs SC = 08 £ 0.08,P< 0.0001 N=5). Statistical analysis
was completed usingnpaired ttests with error bars representing mean and standard deviatinages
were taken at 20x magnification with scale bar representi6@um.

'yfA1S DC!'t LINBGSAY |yFrfe@araszs AYYdz/26f 2007
antibody due to the antibodbpeingpre-diluted by the supplieto be optimalfor
immunofluorescenceTherefore, to investigate changes{imn ni LINR G SA Yy SELN
between serurdree and serurO dzf 1 dzZNB R KdzYly LINAYI NB | &dN
intensity was measured through IQ&gure3-12G. Efforts were made to redudaias

by selecting areas fd ™M nanalysis whilst viewingnti-EAATZo-staining in a

different channel (.,eg KSy {mnni &G+ A)yYfAwhan i ¢ ILANRYI2SIA yOA & A ¢
expressiorshowed a decreasing trend serunicultured astrocytes compared to

serumfree astrocyteshoweverit was found to not bestatisticallysignificant(SF

mean = 529.&523.4 vs SC = 63t52.1, P = 0.126; N 94This is likely due to the
variabilityobserved between replicatéa the serumfree conditin. To investigate

{ Mmnni 38y SRIGECRKNIIGsEas Soyhletedn the serurdfree and

serumcultured astrocytegFigure3-12H). AA A Ay A FAOF yi RMAONBI &S Ay
expressiorwas identifiedin serumcultured astrocytes compared to serufree
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culturessupporting thedecreasingrend observedn S100 protein expressiorfSF
mean=1.01 £ 0.8 vs SC = 08 0.(8, P <0.000% N = 5.

3.5.3 EAATZ2 expression in serunfree and serumcultured human

primary astrocytes
A marker of astrocytéunctionis the glutamate transporter EAAT2 (GLih rodents)
which is responsible for 90% of synaptic glutamate clearéinelre and Danbolt,
1998) Loss of EAAT?2 is often observed in reactivity and neurodegenerative disease
leading to reduced glutamate uptake and excitotoxi¢Rwgjarillo et al., 2019Yo
investigatewhetherour serumcultured astrocytesnay havereduced glutamate
uptakecompared to the serunfree astrocytesEAAT2 expression was analysed using
ICCRTqPCR andnmunablotting. ICC analysislentified EAAT Zxpression
throughout the celin both serumfree and serurrcultured astrocyteswith low
expressiorin the nuclei(Figure3-13, AandB). Interestingly, RFgPCR analysis found
a significant decrease BAAT2ZJeneexpression irserumcultured astrocytes
compared to seruriree astrocytefSF mean = 101+ 0.61 vs SC 8.008+ 0.009,P =
0.033;N =5 Figure3-13C). However, viilst a difference was observed when
comparinggeneexpressionthere wasno difference in the protein expressiaf
EAATDetween serurdree and serurrcultured astrocytesfter immunoblotting(SF
mean =7/38+5.1vs SC =798+12.1,P = 0.2; Figure3-13, DandE).
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Figure3-13 - EAAT2 expression serumfree and serurculturedhuman primaryastrocytes EAAT2
was detected in both serwfiree and seruntultured astrocytesising(A-B) ICC(Q RTqPCR an¢D and
B immunablotting. (O A significant decreasa EAAT2)eneexpressionwvas foundn serumcultured
cellscompared to serurfree astrocytegSFmean = 108+ 0.4vs SC = 0.@2: 0.007, P = 0.006; N = 5.
(Dand B No difference was observed during western blotting between the condéfters
normalisation to GAPD{F mean = 78+ 5.1vs SC = 78+ 12.1,P = 0.8). Statistical analysis was
completed usinginpaired ttests with error bars representing the mean and standard deviation.
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3.6 Othermarkers of astrocyte reactivity

The expression dBFAP, S100and EAAT2 ereinvestigatedn the human primary
astrocytes in detaibecause they areommonrly used to characteriseastrocyte
phenotypes However, apreviouslydiscussedseesectionl.3), thereare no optimal
astrocyte markergor reactiwe or quiesceh statessothere is a need to explore
multiple markersvhen understanding astrocyte phenotypésscartin et al., 2021;
Jurga et al., 2021RFqPCR analysis was completedmare novel astrocyte markers
in the serumfree and serunculturedhuman primaryastrocytes NDRG2xpression
a marker for mature nomeactive astrocyted,TGAGCD49f, a proposedmarker of
astrocytes regardless of phenotype, ame interleukinsiL10andIL1 , both of
whichare released during inflammatiomvere chosa to investigate astrocyte
reactivity (FIlugge et al., 2014, Barbar et al., 20240j)ree housekeeping genes were
usedfor normalisationafter finding no differencén their expressioetween
conditions GAPDH, B2M andactin Supplementary figur@).

No significanexpressiordifferences were found in any of the genes of interest,
however a decreasing trend was observed in NDRG2 expreassierumcultured
compared to seruniree astrocytegP =0.0905;N =5; Figure3-14). An increasing
trend was observed in the expression ofllLand IL3 in the serumcultured
astrocytescompared to the serunfree astrocyteshowever this was nditatistically
significant (ILL0, P = 0.19; IL-L, P = 0.25N = 5. This would suggest that the
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astrocytesn our modelhave a mixed inflammatory respon@eoth anti
inflammatory and inflammatory cytokines) in response to serum

Figure3-14 ¢ Gene expression comparisons
betweenserumfree and serurrcultured

human primaryastrocytes.No significant
differences were identified aft@ FqPCR
analysis ofA) NDRG2, (B) CD49f, (€)dland
(D) ILY after normalisation to three
K2dzaS$1SSLMAy3a 38SySazx D!t51 X
actin. Error bars represent mean angper
standard deviation with statistical testing
completed using unpairedtésts(N=5) Fold
changes werealculated based upon the mean
Ct values for seruffree astrocytes.



3.7 Reactivityof serumfree human primary astrocytes

In response to different stimuli

3.7.1 Changes in morphologyf serum-free human primary astrocytes
after acute (24 h) cytokine or FBSreatment
A key aspect of quiescent astrocytes is their ability to react to harmful stimuli,
resulting in a phenotypic change in the celished reactivity). With the seruniree
human primary astrocytegotentially showinga quiescent phenotype, it was
hypothesised that the astrocytes would change phenotype to better resemble the
serumO dzf (i dzNB R Bumaw pisrhr@strbogtés When treated with a
combination of cytokines (IE1 TNF and Clqpreviously shown to induce
inflammatory reactivityin other studieqLiddelow et al., 2017; Barbar et al., 2020)
Serumfree human primaryastrocytes were cultured for a minimum of 14 days
before the cells were treatetbr 24 hwith either the cytokine cocktail (Il1at 3
ng/ml, TNF at 30 ng/ml and C1q at 400 nghhor 2% FBSo determine ifshort
term exposure oserum could induce the sameflammatoryreactivityaslongterm
chronicculture Gerum-cultured astrocytes, see sections Z8d 3.5.

Reactive morphology wasbserved in thanajority ofastrocytes within the2% FBS
treated condition usindpoth brightfield microscopylive cell imagingand
fluorescentmicroscopyafter ICC staining with arRGFAP antibodgFigure3-15, A-F).
Astrocytes thatvere treated with 2% FBBad a significantlyhigher area/perimeter
ratio than untreated cellsindicative ofhypertrophic cell bodiesyhichbetter
resemblel serumculturedastrocytemorphology(Untreatedmean =3.62 +1.15vs
FBS=5.24+0.61, P=0.017; N = 6;Figure3-15G). Astrocytes treated with the
cytokine cocktail hda more subtle morpholdgal change than th%FBS treated
conditionwith only an increasing trend observed in area/perimeter ratiotfeated
mean = 3.8 +1.16 vs Cytokine = 40r+ 2.08, P=0.28; N = 6.

With a decrease in GFAP expresgioeviouslyobserved in serurtulturedhuman
primaryastrocytes (sesection3.5.1), GFAP expression was analysetheserum
free astrocytes treated witleither the cytokinecocktail or2% FB®r 24 hto
determine whether their GFAP expressieas more comparabléo serumfree or
serumculturedhuman primaryastrocytes. No difference was found in GFAP
expression in either of the treated conditionempared to the untreated control,
suggesting they armore similar to serurdree astrocytesafter a 24 htreatment
(Figure3-15H-1). Measurements were normalised to the untreated control for each
replicate in an effort to reduce the variation between replicates.
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Figure3-15 ¢ Serum-free human primaryastrocytesdisplay changes in morphologyut not GFAP
expressiorafter treatment with either a cytokine cocktaibr 2% FB$or 24 h (A-C)Representative
brightfield imageof serumfree human primary astrocytedter 24h treatment with either a cytokine
cocktailpreviously shown to elicit an inflammatory phenotyfieh , TNF and C1§, or 2% FBID-F)
Representative images sérumfree astrocytes stained with anteFAP antibody to measure GFAP
expression after 24 cytokine or2% FBS treatmen{G)A significantincrease irthe area/perimeter ratio
was observed iserumfree astrocytesreated with 29BSUntreated mean = 3.621.16 vs FBS 5.24
+0.61, P = 0004, N =6). No significant increase was observed whstrocyteswere treated with
cytokineshowever an increasing trend is obsergatreated mean = 3.621.16 vs Cytokine = 4.7
2.08, P =0.167, N = §. No difference in GFAP expression was observed (i)eefining thepercentage
of GFAP positive cglhor (1) the intensity of GFA&xpressiorin the cell{N = 5) Due tohigh variability
between biological replicates, GFAP expression was normalised to the untreatedinczanadi replicate
(H). Scale bars represent 1@én, with brightfield imagesaken at 10x magnification (&) and
fluorescenimages taken at 20x magnificationfB).Datarepresens mean and standard deviation with
oneway ANOVAests used to calculate statistical significancd)G

To determine whether th4 h cytokine or 2% FB8ated serumfree astrocytes
had a reactive transcriptomeene expression of astrocyte markers (GF4P0 ,
EAAT2CDA49f and NDRG2) and inflammatory markersi(JLLIL10 and TN were
investigated using RGPCR. As abovsgrumifree astrocytesvere treated for 24
with eitherthe cytokine cocktail 02% FBS before RNA was isolated from the cells
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and processed for RJPCRThree housekeeper genes were selected (GARDIh,
and B2M) for normalisation.

To determinewhether the housekeeping genes were suitable for normalisation, the
Ct values were compared acrassnditions to identify any chang&s the genes
induced by the cytokine or FBS treatme(fggure3-16). Both GAPDH and Actin
expressiorremained consistent across the conditions with a differencelob <

cycles On the other hand, B2Mxpressiorwas found to vary b3 cycles between

the untreated condition and the cytokine conditigdifference = 3.57and was

found to be significantly differer® =0.006 N =8). Therefore, only GAPDH aadtin
expression were used to normalidee genes of interesflhe difference between the
untreated and2%FBS treated condition was found to b&eycle suggesting2M
canbe used in future RGPCR whenoytokine treatment is not used.
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Figure3-16 - Raw Ct values o6APDH, Actin and B2k determine suitability as housekeeping genes
for RFqPCRof human primary astrocytes treated for 24 with cytokines or 2% FBEt values of (A)
GAPDH, (B) Actin and (C) B2M were compaceassuntreated, cytokine and 2% FBS treatedditions

to determine whether their expression remain consist&®PDH and Actin both have syclevariation
across all three conditions (GAPDH24, Actin = 23), but B2M had a difference »R cyclesvhen
comparing untreated and cytokirteeated astrocytes suggesting it is not suitable as a housekeeping
gene(B2M = 3.57P =0.006). Statistical analysis was completading a Onavay ANOVA followed by a
¢dzl S@ Q& Ydzf A LI Efor Bags Yepileskid riean/afdstand&rdidéviation with annotations
displaying the mean value (N8}

After normalisation to the mean of the twsuitablehousekeeping genes, GAPDH
and Actina fold change was calculated using the mean of the untreated condition
for each genef interest Figure3-17). No significant differences were identified in
any of the astrocyte markeuggesting 24 is notsufficientfor transcriptional
changes to have occurretb complimentthoseobservedin serumculturedhuman
primaryastrocytes (see sectiadh5). On the other hand, pranflammatory markers
ILZ and TNF expression were found to significantly increase after cytokine
treatment compared to the untreated contrpsupportingpreviousstudiesthat show
the cytokinecocktailinduces an inflammatory response in the astrocytgsli P =
0.008; TNF P = 0.0095Liddelowet al., 2017; Barbar et al., 2020; Guttenplan et al.,
2020) No difference between thentreated and FB8eated astrocytes were found
in these markersNo change in expression was observed in the-mfiikmmatory
marker IL10.
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Figure3-17 - RFqPCR analysis of astrocyte markers and inflammatory cytokines in sefrem
astrocytes treated with either 2% FBS or cytokines for 2Genes of interest were normalised to
housekeeping genes GAPDH and Aetirdl then a fold change calculated using the mean of the
untreated(serumfree) condition.(A-E)No significant differences were found in any of the astrocyte
markersafter statistical analysisProinflammatory markergF)IL1 and (G)TNF were found to
significantly increase in the cytokimeated condition but not th&BSreated condition(ILH untreated
vs cytokineP =0.0081; TN untreated vs cytokine, PG:0095) (H) No difference was found in the anti
inflammatory marker IL1(5tatistical analysis was carried out using a @ ANOVA followed by
¢dzl S8 Qa Ydz A LIFG ADR N=RIFONB an@ G/ B 3.3 @li@ré wede removed using
Rh! ¢ Qa Y S KBdirepresent mesti:anddpperstandard deviation with annotations
depicting the mean value.

~03~



3.7.2 Serum concentrationaffects reactive human primary astrocyte
morphology
The results so far suggest that 2% FBS induces changes in the phendiypeaof
primaryastrocytes that recapitulate prmflammatory reactivity. WitH0% FBS also
commonly used for astrocyt@ vitro cultures, we examinedwhether these
phenotypicchanges were dosdependent.Serum-free human primaryastrocytes
were treated witheither 2% or 10% FBS for B4vith morphologicakchanges
assessed usingrightfield imagingand ICC.

Distinct morphological changes were evident in the brightfield images takén 24
after FBS treatmerst(Figure3-18). Reactive phenotypesere seen in bothof the FBS
treated conditions with astrocyteshaving hypertrophic bodiegneasured by the
area/perimeter ratig. A significant difference in the area/perimeter ratio can be
seenin astrocytes treated witt2% FBSntreatedmean = 3.1%0.44vs2% =5.07+
0.23,P = 0.004) and 10% FB&(treatedmean =3.15+ 0.44vs10% =5.89 +0.30, P
<0.000]) compared to the untreated controA significanincrease in hypertrophy
can be seen in the 10% Fi&tment compared to the 2%reatment (P = 0.@5)
suggesting FRiBduced reactivity is dosdependent

Untreated

g

2% FBS
IN
1

Arealperimeter ratio
T

10% FBS

Figure3-18 ¢ 24 h treatment with higher concentrations of FB@0%)cause a greater morphological
changein serumfree human primaryastrocytesthan 2% FBSA-C)Representative ightfieldimages
of serumfree human primaryastrocytes after treatment for 2B with either 2% FBS or 10% HESr)
Serumfree astrocytes stained with arBFARantibodyand phalloidinafter 24h treatment with either
2% or 10% FBS. (G) Morphglagalysis using brightfield images shows a significant increase in
area/perimeter ratio afte24 h treatment with 2% FB®Jatreated mean = 3.150.44 vs 2% = 5.0¢
0.23, P = 0.0¥) and 10% FB&Jtreated mean = 3.150.44 vs 10% = 38 0.30, P<0.000). A
significan differencebetween 2% and 10%BS treatmentidicatesa doseresponsdo FBSP = 0.@5).
Significance was calculated usingreg @ ! bh+! FT2ff26SR o0& ¢dzZl SeQa Ydz 4.
Error bars represent mean asthndard deviatiof{N = 4) Scale bars represent 1pén with brightfield
images taken at 10x magnification and fluorescent images taken at 20x magnification.
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3.7.3 Serum concentration does not affedihe expressionof astrocyte
markers
With morphological changes observedserumfree human primary astrocytester
treatment with 2% and 10% FBS 24 hr, it was hypothesised thdt0% FBS
treatment may elicit dranscriptional changé the astrocytego replicate the
changes observed when astrocytes are cultured in serum (see s@&HoAstrocyte
markers GFARnd S100 were selected due to thpreviouschanges observed in
serumculturedastrocytescompared to serurfree astrocytes Amore novel
astrocyte markerCD49fwas also measuretb investigate itsuitabilityas a marker
of astrocytesExpression ohiflammatory cytokinesL1 and TNF g &l$aB
investigatedalongsidecaspasel expressionvhichmatures preinflammatoryL [ m i
(Molla et al., 202Q)

The Ct values d8APDH, B2M and 18re initially compared to determine their
suitability as housekeeping genes for the current experinfBigure3-19). Both

GAPDH and B2M were identified as reliable housekeeping gétrethe difference
between the untreated and FB8eated conditionsbeing <2 Ct value§GAPDH =

1.86, B2M #.35).0n the other hand, 18s was found to have high variation between
replicates andhe difference betweerthe conditionswas>2 Ct valueg2.48).
Therefore,18swas deemed not to be a reliable housekeeping gene and was

excluded from analysis. Instead, the mean of GAPDH and B2M was used to normalise
genes of interest.

A GAPDH B B2M C 18s
30— 301 25=
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Figure3-19¢ Raw @ values of GAPDH, B2Mnd 18sto determine suitability as housekeeping genes
for RFqPCRof human primary astrocytes treated for 2dwith 2% or 10% FB<Ct values of (A) GAPDH
and (B) B2M did not valyetween conditions (difference i2<Ct valuesand therefore ould be used for
normalisation othe genesof interest. (C) 18s viad between conditions with a difference 248
betweenthe untreated(serumfree)and 10% FBS condition. There was alsodhnigdriation between

the replicatecompared tathe otherhousekeepingenes Errorbars show mean and standard deviation
with annotations displaying the mea®t valug(N = 5)

With two reliable housekeeping genes identified -§HCR was completed for the
remaining genes of interest with fold change calculatethg the mean of the
untreated condition i(e. serumfree astrocytesFigure3-20). No significant
differences were identified in any of the genes of interdikely due to the variability
between replicatesThe variability can belearlyseen within the untreated condition

....95....



for each genewhichwould be expected taloselycentre aroundl (baselinefold
changefor untreated conditionsdotted ling.
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Figure3-20 ¢ No transcriptional differences iastrocyte markers and prénflammatory cytokinesin
serumfree human primaryastrocytesafter treatment with either 2% orl0% FB®r 24 h (A) GFAP
expressiorshows a decreasing trend after treatment with 10% FBS but due to high variation betw
biologicalrepeats, this difference was not significaRt£0.336). (B)S100 expression shows a
decreasing tred but was not significan®% P 9.718; 10% P = 0.748)o significant differences were
found in (C) CD49D) IL1 = 06 9ar (FYCagpdsk Normalisation was completed using the mear
the untreated conditiorior each gene of interesBtatistical analysis was completading a mixed
effectsanalysi¥ 2 f t 2SR o0& ¢ dzl S& Qa (N¥BjzAnictatioh GisplEya rdait visliie:
and error bars represembean and upper standard deviation.

3.7.4 Cytokines produced by astrocyteschangein the presence ofserum
The analysis so far suggest®©genouserum causes a reactive phenotyipdhuman
primaryastrocytes with serunfree cultures maintaininga quiescentphenotype
With a change in phenotype observathangesn the secretome ofhe serumfree
and serumculturedastrocyteswere predicted giventhe astrocyte secretome Isa
criticalrole in the communication between cglh the CNSA cytokine array
containing antibodies for a range of growth factgesp-inflammatory and anti
inflammatory cytokinesvas completed using conditioned media from ba#rum
free and serurrcultured human primary astrocyteSrum-culturedastrocyteswere
incubatedin FBSree astrocyte medium for 78 to remove anypotential
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contaminationfrom the FBStself. Figure 35 had previously showeidcubation with
serumfree media did not alter the phenotype of the sertgultured astrocyte®ver
this time frame

Serumfree astrocyte conditioned medium had more cytokines present (23/105)
than the seruraculturedastrocyte conditioned medium (7/10Fjigure3-21). Four
cytokines were found in both conditions with SERBINhaving a similar expression
in both. IGFBP2 and Osteopontiad higher expression levalsthe serumfree
astrocyte conditioned medijavhilst MCR1 had a higher level of expression in the
serumculturedconditioned media. MGR is an inflammatory cytokine which
enhances the expression of other inflammatory factors and attracts inflammatory
cells(Singh et al., 2021hitinase3 like-1 is also highly expressed in the serum
culturedastrocytes with no expression observed in the seifiee astrocytes. This
cytokine is primarily expressed by astrocytes and is increased in the neurotoxic
reactive phenotype seen in inflammation and dise&Sennolly et al., 2023; Song et
al., 2024)

D
A Serum-free (SF) ” SF SC
: 2 3 5 Y ) IGFBP2 (14, 5) 195.02| 141.19
LA d e 1 c o™ e MCP-1 (16, 6) 35.55 125.82
% 5 oo gy Osteopontin (18, 7) 192.59] 125.82
= T - SERPIN-E1 (21, 9) 207.92] 212.88
16 17 /Angiogensin (2) 100.55
: 20 e BDNF (3) 32.43
“éi > 26 e _— Compliment factor D (5) 36.47
3? Cystatin C (6) 73.77
DKK-1 (7) 200.44
Emmprin (8) 81.73
B serum-cultured (SC) ENA-78 (9) 47.67
T} 7 e Endoglin (10) 39.39
oo oo FGF2(11) 177.86
GDF-15(12) 187.69
b GRO-a (13) 56.35
AL IL-8 (15) 188.72
oo MIF (17) 57.36]
PDGF-AA (19) 30.25
i Pentraxin 3 (20) 107.04
Thrombospondin-1 (22) 143.68
C SF SC uPAR (23) 158.77
REF 1(1,1) 212.73 209.56] xii;ﬁa(}z& 2238
REF 2 (4, 2) 204.69 210.60| — . - -
REF 3 (25, 10) 20182 207.83 Chitinase-3 like-1 (3) 199.32
EGF (4 212.32
TFF3 (¢ 58.85

Figure3-21 - Serum-ree astrocytes have a more diverse secretome than sewutiured astrocytes.(A)
Serumfree astrocytes have momytokinespresent in their conditioned media with 23/168cretory
proteinsdetected compared t¢B)serumculturedastrocytes which only detected 7/1q&)Reference spol
were used as a contrdD)Values represent mean intensity acrdsgplicatesfor each cytokingN = 1) Four
proteinswere detected in both conditions (IGFBP2, MCBsteopontin and SERFEN) with SERPIEL
having similar expression across both conditions. IGFBP2 and Osteopontin had higher expression ir
serumfree astrocyteconditionedmedium, but MCP1 wasmorehighly expressed in the serwenltured
conditionedmedum. Immunoblottingwas capturedvith a 10 min exposure using enhanced ECL.
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3.8 Discussion

3.8.1 Summary

In this chaptey serumfree culture of human primary astrocytes was characterised
and found to recapitulateuiescentin vivophenotypic traitsvhen assessing
morphology andheir molecular and genetic phenotypbsing this model, the effect
of serumon human primary astrocytesas also investigatedith a distinct, reactive
phenotype observedfter culture in serumwith reducedexpression okeyastrocyte
genes During optimisation of theerumculturedmodel, the effect of passage
number on the morpholog andtranscriptome waslsoinvestigatedwith a distinct
change in phenotype observed after passag€&hérefore all future work completed
using the seruntultured human primary astrocyteshould be completed before
passage Tideally between passages6}as a better comparator to the seruinee
astrocyte cultures.

With the serumfree human primaryastrocytesdisplayingguiescent features, their
ability to react to stimuli, includingBSwas investigatedAstrocytes showed
reactivephenotypes upon cytokine areBSreatmentsand were also shown to have
a dosedependent response t&BSInterestingly, the acute response of serum
(serumfree astrocytes treated witlrBSor 24 h) differed tothe chronic response
(serumcultured astrocytepsuggesting different mechanisrage occurring and
potentially recapitulate a hdthy reactive respons@cute)compared to a
pathological responsgchronic) In the serurcultured astrocytes, an increase in
nuclear size and a reduction a$trocyteprotein and gene expressiofie. GFAP and
S100) suggests a potentialljature or senescenphenotype.

Finally, the effect of serum on the secretomithe astrocytes was explored using a
cytokine array. Much like the mutezkpressiorof astrocyte genes iseruntcultured
astrocytesfewer cytokines were detecteth serumcultured astrocyte conditioned
medium Whilst more cytokines would bexpectedto be released from reactive
astrocytes due to thie role ininflammaion, many of the cytokines detected in
serumfree astrocytes werdéound to be important growth factorand cytokines
involved in homeostatic processes. Of thasghly expresseth the serumcultured
astrocytesMCP1 and chitinas8 like-1 are potent inflammatory cytokines
suggesting serum does cause a reactive, inflammatory phenotype.

3.8.2 Optimisation of a suitableserum-free medium for quiescent human
primary astrocyte culture

In this work, srum-free medium has beeoonfirmed to be abléo maintain the

human primary astrocytes i quiescent, restingtatein line withprevious studies

of serumfree rodent primary astrocytecultures(Foo et al., 2011; Zhang et al., 2016;

Prah et al., 20190ur findings indicate that serufnee human primaryastrocytes

closelyresemble the morphology af vivohumanastrocyteswith long thin

processes and a small cell bodis morphology was observed in all of the serum

free media compositiongestedwith the bestconditionfound to beDMEM medium

with G5 supplement. Amitation of this work is the lack of quantitative comparisons

completed at this early optimisation stag&/hilst it is unlikely that morphological

analysis would have shown a differermetween serumfree media conditionavhich
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wasnot observed through visual inspectionability assaysuch as resazurin or MTT
could have been completeth produce a quantitative comparisaf astrocyte
viability. Alongside the quiescent morphology and good viability obseméle
DMEM G5 mediumG5 supplement waalsochosen due to itsistrocytefocused
composition. G5 supplemerbmposition iglearly documented unlike supplements
such as AG& B27 supplementmaking the supplement ideal for future analysis
involving conditioned mediand theADEVsAddition ofother molecules could have
been rialled, howeverthe aim for this work was to optimise a simple, reproducible
human astrocyte culturgvhich was successful without the addition of further
molecules

3.8.3 Morphological analysisidentifies distinct phenotypesin serum-free
and serum-cultured human primary astrocytes
In contrastto serumfree human primary astrocyteultures serumcultured
astrocytes displag fibroblastic morphology witbbservablehypertrophythat has
also beershownin other studies such &rah et al (2019)sing rodent cellsas well
asenlarged nucleiMorphological analysis was completed to quantify the
hypertrophy, howeverwith such a large differende overall morphologypbserved
between serurAree and serurrcultured astrocytes, the correct analysiseded to
be identified to show the true differende hypertrophybetween the conditions. In
Prah et al2019),where a similar comparison was completedll area and the
number of processes were analysed using a SNFiplighilst attempts were made
to replicate thisin the current work morphology analysis was completed using
brightfield imagedo avoidissues witHCCstainingsuch as ensurinthe entirety of
the cellis stained or artifacts caused by the ICC procébe fine processe®bserved
in serumfree astrocytesvere often damaged/folded during IC®&or example, GFAP
stains the cell body and larger processes but often does not stain fineggesand
as shown in this work, GFA$not highly expressed all astrocytesHowever,using
brightfield imagesthe plugin did not always detect the entirety of the cell their
processes due to a lack of contrast with the background.

There is also an issue with defigastrocyte processes. In particular, the serum
cultured astrocytes often had bipolarmorphologybut it is not always clearhere a
process beging orderto start the measurementdn Prah et a{2019) the
measurement started from the nuclei, howeweith serumcultured astrocytes
having a hypertrophic cell body, tlaetualprocesses of the astrocytes woufdfact
be muchshorter than describedising this methodFor this reasorgalongside the
issues with measuring brightfield imagesing plugns,number or length of
processes were not measured in the current study. Future work could attempt to
measure differences in processgsinglive cell staining (such as membrane dyes),
which would avoid angamage caused by the ICC process and allow automation of
the measuremenby plugins such as SNT

Instead, cell areand perimetenwvere measured by manually tracing the astrocytes in
FlJkoftware Given the diversity in astrocyte morphology ahe length of some
astrocyte processes, particulaitythe serumfree astrocytecultures the
area/perimeter ratio was thought to be the mostitable measurement. This would
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account for an increase in area caused by long proceasseltherefore the
measurement would better reflect cellular hypertrophy, rather than overall cell size.
Thismeasurement alsgonfirmed the observations seen during visual inspectiod
therefore was used for the remainder of the work completed.

3.8.4 Serum causes changes in proliferation and nuclear sipé human
primary astrocytes
Serumfree human primaryastrocytes displayed no proliferatiaghroughout their
culturewith passaging not required’his supports observations madevivo with
mature astrocytegound not to proliferate unless in a reactive sta€olodner et al.,
2005; Sofroniew and Vinters, 201@ther studies have found thatBEEGF promotes
astrocyteproliferation, but this was not found in this study when includedtie NB
and DMEM B27 cultureduring serurafree optimisation(Foo et al., 2011;
Puschmann et al., 2014; Prah et al., 20T8)s may be due to the low concentration
usedin these medigand HB-EGFwvas not tested in th©MEMG5 media Further
work could investigate whether HBGF would encourage proliferation, however
with mature astrocytes having limited proliferation abilities, the seriree model
used in this study is more representativeifvivoastrocytes

On the other hand, seruraultured astrocytes readily proliferated, particularly at low
passageseminiscent of reactive astrocyteShe proliferation rate slowed with
increasing passage number alongside other differesces as increasing nuclear
size and reduced GFAP expressibuclear size isften used as a measure of
senescencer maturationsoalongside the reduced proliferatiome may suggest

that either the increasing passage numhbmrprolonged exposure to FRAuses a
senescent phenotypin the later passageditsui and Schneider, 1976; Heckenbach
et al., 2022; Huang et al., 2022ellular senescence in the serwultured astrocytes
was not explored further in this work, howeviewestigation into senescent markers
could be completed in the futurénstead,serumcultured astrocytes werémited to
passage 7 to avoithe senescent phenotype&hichcomplementsother studies that
have used thsamehuman primary astrocyte@Baxter et al., 2021)

3.8.5 Cytokinetreatment did not elicit a clear reactive response in
serum-free human primary astrocytes
A cytokine cocktail of TNFILT and Clg isommonly usedo induce an
inflammatory reactive phenotype in astrocytésddelow et al., 2017; Guttenplan et
al., 2020; Zziff et al., 2022 this work,a morphology change was not observed
when serumfree human primaryastrocytes were treated with the cytokines for 24
hours, in contrast to treatmentwvith 2% FBSOn the other handsignificant increases
in the gene expressionf IL1 and TNF were observedafter cytokine treatment
suggestingytokines mayausea reactive phenotyp@ the astrocytesThe inclusion
of the cytokine treatment in this work was to compare terumphenotype to a
well-documented1(phenotype(Zamanian et al., 2012; Liddelow et al., 2017)
higher concentration of cytokireamay elicit a stronger response leading to
morphological changes as well as greater transcriptional chamgeshis was
beyond the scope of this workuture work couldhe effect ofhypoxatreatmenton
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human primary astrocyteshich hagreviouslybeen established as inducihgy” W! H Q
protective phenotype(Zamanian et al., 2012)

3.8.6 Serumfree human primary astrocytes have a dosalependent
responseto FBS
Whilst 2% FBS was used throughout this workserumcultured astrocyte culture
due to this concentration being recommendbd the supplier of the astrocyteg4 h
treatmentwith 10% FBS was shown to induce a more reactive phenahgre2%
treatment, indicatinga dosedependent increaserhis has implications for studies
that use high concentrations of FBS for astrocyte culture such%®d05% FBS
concentrationgfor example, 10% FBS was used withiah et al (2019) Lower
concentrations of FBS were not tested in the current waukit would be interesting
to determine at what concentration reactivity is observed.

Interestingly serumfree astrocytegreated with 2% FBRad a different
transcripional response thaserumcultured astrocytes despitthe concentration of
FBS remaining the samehis would suggest there is an acated chronic response
to serumwhich may reflect a healthy reactive responsedted) and a pathological
response (altured). Whilstnot completed in thevork, omics analysis of botRBS
treated andserumculturedhuman primaryastrocytesn comparison to the serum
free astrocytes would higight how different these phenotypes arbut also allow a
better comparison to diseasassociated astrocytes.

3.8.7 Transcriptional differencesbetween serumfree and serum
cultured human primary astrocytes
Surprisinglywhenhuman primaryastrocytes were cultured in 2% F&8rum
cultured), GFAP expression was significantly lower than sefrem astrocytesvhen
comparingboth protein and RNA expression, in contrast with previewask
comparingserumfree and serumcultured rodentprimaryastrocytegRoybon et al.,
2013; Prah et al., 2019BFAP is considered the galthndard astrocyte markeand
is welldocumentedto increase imeactive astrocytegJurga et al., 2021; Kim et al.,
2023) However, GFAP is not exclusiveastrocytereactivity with higler
concentrations identified in particular regions of the brain as well as during
development(Roybon et al., 2013; Escartin et al., 2019, 201fact, repetitive
trauma was shown to decrease GFéMpressiorin mouse braingEscartin et al.,
2019)

GFAP expressiads alsonot found in all astrocyteswith distinctpopulations
expressing other markers such as S10falz and Lang, 1998; Jurga et al., 2021)
Here we show thabnly 50% of serunfree and10% of serurculturedhuman
primaryastrocytes express high levels of GFRits differencen GFARositive
populationsmaybegin toexplain the increased expression of GhABerumfree
astrocytesas it may suggest higher GFAP expression is due to GieAépositive
cells instead oindividualastrocytes expressing more GFARisalsoshows the
necessity of using multiple markers to assess astrocyte phenotgptesad of
focusingsolelyon GFAP expressigBiscartin et al., 2021; Jurga et al., 2021)
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Notably, the expression aftther well-knownastrocyticgenes(suchag m n n | YR
EAAT2)vere at least fivefold higher in serunfree human primaryastrocytes

compared to seruntultured astrocytesThis may suggeshat serumcultured
astrocytespreferentially focus orthe production ofproteins involved in cellular
proliferation instead of more specific astrocyte markénscontrast, when serum

free human primaryastrocytes were treated with 2% FBS for 2uis, GFAP was

shown to increase, supporting evidence that GFAP expression increases in reactivity.
This highlights the importance of understanding acute and chronic readtivity
astrocytes.

3.8.8 Overall limitations of the work

One of the greatest challenges withvitro astrocyteculture is their immaturity with
most modelausingembryonic and immaturastrocytes. The human primary
astrocytes used in this work are of foetal origin and therefoiiélikely behave
differently to mature astrocytesNeurodegenerative disease occurs in the ageing
brainwith age being the highest risk factor for spontaneoesirodegenerative
disease. Thereforaising immature models does not accurately represent these aged
astrocytes Studies are wding to induce a more mature phenotype but there is
currently nowidely usedmethod to age these cel(Roybon et al., 2013; Savchenko
et al., 2019; Hergenreder et al., 202%p overcome this issue, any findings should be
confirmed inin vivomodels orin aged human tissue postmortem.

Another issue that was identified throughout this work was the rejuability
between replicates, particularly in RIPCR datd.arge variation was observed in
many of the studiedjkely masking differenceglentified between conditions. To
overcome thisthe sample sizeof the studies were increased to reduce type 1 and
type 2 errors Another way to overcome this was to undertake similar experiments
using different techniquet ensure consistency. For example, ICC staining allows
semiquantitative measrement ofprotein expressionout can be subject to bias and
issues withtechnical variationTherefore, western blotting was also completed
where possibléo confirm anydifferences in protein expression. Both RNA and
protein expression were measura¢hich alsovalidated anyfindings, however it is
important to note that many postranslational modificationand pathways occur,
meaning RNA expression does not always match protein exprgddamis and
Mattick, 2014; Wang et al., 2014)his was observed in this study when measuring
EAAT2 expressipindicating the importance of a multi approach analysis

The cytokine array completed at the end of this chapter suffers from low sample size
with only one replicate completed due to cost issuestead, this experiment was
completed as a preliminary, exploratory analysis of astrocyte secretion with future
work aiming tofurther investigate astrocyte secreitis (ADEVs were the focus of the
currentthesisbut many other proteins/RNA are secreted alongside)

3.8.9 Conclusions
Serum causes a reactive phenotype in human primary astrocytes which supports
previous findings found in rat primary astrocy{@ah et al., 2019 his chapter
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details a serufree human astrocyteulture which can survive for up to 4 weeks,

and that displag many features of quiescent astrocytes with the ability to react to
inflammatory stimuli. Whilst serudfree astrocytes are more difficult to work with

due to a lack of proliferation, future work needs to move towards sefrea

cultures when studying quiesnt astrocytefunction due to the permanent reactive

changes induced by serutmstead, his work has demonstrated a use for serum

cultures when studying teOG A @S 2 NJ WRA &SI aSRQ lFaidNrOeidSa

The next chpter of this work continues to profile the serufree and serum

cultured astrocytes but instead focuses on larger scale, unbiased omics anaiggis
RNAsequencing and mass spectromethhis will allow the identification of
differentially expressed genes/proteins as well as differences in cellular pathways.
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Chapter 4 £ffects of serumexposure
on the transcriptome and proteome
of human primary astrocytes

4.1 Introduction

4.1.1 The importance of multromics analysis

The aim of the previouthesischapter was taharactersethe phenotypes of
commercialy availablehuman primary astrocyteshen cultured in both serudree

and serumcontainingmedia, to establisha modelof seruminduced reactivity
However, themolecularcharacterisation was completed using a candidate approach
where genes and proteins of interest were selected based upon previous literature
such asGFAP and EAATEhis approach is very useful when investigating specific
pathwaysor targetswithin cells but this only visualises changes in a few select
genegproteins and therefore does noprovidedetailedinformation on the overall
molecularphenotype of astrocytesimmunoblotting and IC@lsorely on the

availability of suitable antibodieand only permit relativejuantificationof protein
expressionso it is difficult toreliablycompareexpressiorbetweendifferent

proteins Whilst several markers were explored in the previous chaptés, i
unrealistic to investigate a large number of targets using these methnds

therefore different methods must be applie analyse the totality of genes and
proteins within the human primary astrocytes

In order to investigate changes in whalellularpathwaysas well as quantify

differences irgene and proteirexpressioramongst many target®micsbased

analysis is requiredds shown in the previous chapter, it is important to compare

both gene and protein expression as not all changes in gene expression will correlate
with protein expression due to postanscriptionalregulatorymechanismsuch as
nonsensemediated decayGreenbaum et al., 2003Forglobalgene expression

analysis, RNAequencingvasperformed to identify changes in the transcriptome of
serumculturedastrocytescompared to the serurfree astrocytesin parallel,

protein mass spectrometryvasthen used tocharacterisgprotein expressiorin both
serunmtfree and serurnrcultured astrocytes

4.1.2 RNAssequencing

RNAsequencing uses highroughput, nextgenerationsequencing methods to
provide quantitative snapshotof the celltranscriptome(Wang et al., 2009; Kukurba
and Montgomery, 2015Providing quantification of the misidentified withinthe
astrocyte RN/ Y Sa@sumptionsan be made as to which pathways amiched
within the cellsandthus enables theharacterigtion ofthe molecularphenotypein
human primaryastrocytes As well agproviding details of mMRNA transcripRNA
sequencing caalsobe applied tanvestigate small RNA such as miBNRN/A and
ribosomal profilingHolley and Topkara, 2011; Abbott et al., 2014)thiswork, only
MRNA was investigateglith the analysigocused on proteincoding genedy using
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polyA selectiorto enrichfor mMRNA PolyAselection enriches mRNAs well asion-
coding RNA#hat havepolyAtails whilst reducingribosomal RNAs (80% of total RNA)
andpre-mRNASsn the samplgChen et al., 2020)

4.1.3 Mass spectrometry

Liquid chromatographwith tandem mass spectrometr. GMS/MS)allows the
unbiasedidentification of large numbers of proteins withinsample, her@roviding

a detailed picture of the astrocyte proteome, without the need to rely on antibody
quality or target selectionUnlike RNAequencing, quantication istraditionally

more challengingvith mass spectrometry due ta variety of factorsin order to
detect proteins using mass spectrometry, proteins are fragmented into smaller
more manageabl@eptidesbefore sequencealetectionwhich are therused to
identify the original proteinThis fragmentation process will nbe the same for
each protein with some proteinsroducingfar more peptide fragments than others,
which could easily be interpreted as more abundtr#n proteins with fewer
fragments On the other handsome forms of mass speotmetry analysissuch as
sequential windowacquisition of theoretical mass (SWATHHye been developed in
recent years to makeelative quantificatiorbetween samplepossible.

In this work, two forms oprotein mass spectrometr{conventionaLGMS/MS and
SWATHMS) will be conpleted to identify differences in the proteonseof serurdafree
and serumcultured human primary astrocyteBoth forms of mass spectrometnge
labelree, datarindependent acquisition methods faroduce acatalogueof proteins
detectedin the samplesOtherdata-dependentforms of mass spectrometigan be
completedbut require a list of targetto identify and quantify

ConventionaLGMS/MS use$ragmentation(tryptic digestion and then physical
fragmentation of peptides in a collisions ¢édi identify peptide sequencesf

proteins within a samplewhich can then be mapped to speciharentproteins.
However between runs, the analysis may dedicate different time windows to
peptide sequening, resulting in data that is at best only segquintitative. In

contrast, SWATHMSusesanalysisvindows of a fixed size to identifjfl peptides
within frame andwill spendthe sane time identifying each peptide within the
window. This improves the accuracy and reproducibility of the analysis compared to
conventionaLGMS/MS. This method also allows relative quantification between
samplesas all peptides are documented equallyring analysis. However, due to the
method of fragmentation, it is difficult to compare expression of different proteins
as some proteins will more easily fragment than others, leadirigdeeased
detection.

4.1.4 Aims of the chapter

This chapter aims tfurther characterisg¢he phenotype ofserumfree and serum
culturedhuman primary astrocytegsing an unbiased mulamics approach
Transcriptomic datavill be collected using RN#equencingand proteomic data
collectedusing two types of mass spectrometry analys@ventionaLGMS/MS
and SWATHS). Comparisonswill be madeto previously publishe® 2 Y Hatage®®
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of quiescent and reactive astrocytgsdetermine thevalidity of thesefindings Only
once the astrocyte models are fully characterised carrtABEVs bavestigated
and comparedo these whole cell referencdsee tapter 5).

4.2 RNAsequencing analysis of serufree and serum

cultured human primaryastrocytes
With transcriptional changeis candidate genesbservedbetween serurdfree and
serumculturedhuman primaryastrocytes using RJPCR in the previous chaptér,
waspredicted thatbroadertranscriptional changes would be obserygdtentially
distinguishinghe astrocytes into quiescent and reactive phenotypElserefore, RNA
was isolated fronfour biological replicates of botberumfree and seruncultured
human primary astrocytes befofRNAsequencing was completdry NovogengUK)
to identify changes in th@rotein-codingtranscriptome(mRNA) Briefly,data was
mapped to the reference genomelémo sapies) and gene expression quantified to
obtain FPKM values for each gene identifisele sectior?.3.4for more detailof RNA
sequencing analygis

4.2.1 Overall distribution of the samples

Aprincipal component analysis (PG#gsfirst completedon the zFPKM valudsom

the RNA sequencingataobtained from fourbiologicalreplicates of serunriree and
serumculturedhuman primaryastrocytes to determine the similarity between
samplesA clear distinction was identified betwedime serumfree and serum

cultured astrocytes with 8.1% of thevariationdescribed by the firgprincipal
component PC1fFigure 41). The four biological replicates from each condition were
tightly clusteredshowing little variation between the samplessmallvariation from

the main clustersvasseen in sample 8 and sample 1 foe serumfree and serum
cultured astrocytes respectivelgpwever this differace isexaggerated by the PCA
with only 6.1% of tk variationdescribed by thiprincipalcomponent(PC2)

Therefore, we can conclude that major differences in the transcriptome are observed
whenhuman primaryastrocytes are cultured in seruoompared to seruniree

culture.

~106~



PC2(6.1%)
° 3
w
gt
‘. (%) 'I'
S

-150 -100 -50 0 50 100 150
PC1(85.1%)
Figure4-1 - Principal component analysishows clear separation imRNAexpressiorbetweenserum
free and serurrcultured astrocytereplicates PCA shows a distinct difference between the
transcriptomes of serurfree (blue) and seruroultured astrocytes (green) wiBb.1% ofvariation
described by this principal component (PCh)ly 6.1% athe variationwasdescribed by the second

principal component whicaccounts fowvariations betweerthe biological replicates. Biological
replicates were tightly clustereglithin each conditiofN=4)

To identify which genes weraost responsible for tis differencebetween serum
free andserumcultured astrocytesa partial least squares discriminant analysis (PLS
DA)was completedOf thetop 20 genes identifieduring this analysiSRGNKRT19,
GPRC5AGFBPIMMP, TRPC&nd DSRwere highlyexpressedn serumcultured
astrocytesand CHL1PPYSL%RIK3A2M,PMP2 LMO,Clorf6IMLC1{ mnni Z
SORCSPTPRZEPARCLAnd ATP1B2vere more highlyexpressedn serumfree
astrocyteg(Figured-2). Interestingly the observationfor S100 supportsRFgPCR
dataobtainedin chapter3 where a significantdifferencein S100 geneexpression
wasfound betweenserumfree and serumcultured astrocytegseeFigure3-12G).
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Figure4-2 ¢ Partial least squares discriminant analysidentified the 20 most influential genes on the
separation of serurdree and serurrcultured astrocyte transcriptomesOf the 20 genes identified31
genes were found to be highly expressed in the sdramastrocytesnd 7 identified as highly

expressed in serwtultured astrocytesRed indicates high expression and blue, low expression in each
of the biological repeats (SC = seronftured, SF = serufree; N=4. Both samples and genes were
clustered based on similarity using hierarchical clustering.
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Due to thepolyAenrichmentcompleted during theRNAsequending, the majority of
RNA detected was identified asrresponding t@rotein-coding genesThese
protein-codinggenes were then filtered talentify RNA that was present in multiple
biologicalreplicatesto increase confidence in theRNA that was detected for each
condition (Figure4-3). The majority of RNA detected was identified in all 4 replicates
(> 80%xsuggesting high similarity between the replicatesilyprotein-codingRNA
identifiedin at least 2 replicates (i.e. 50%replicateswereincluded in downstream
analyss.
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Figure4-3 - The majority of proteincodingmRN/As wereidentified in all 4 replicate®f serumfree
and serumcultured human primary astrocyteRroteincodingmRNAwas filtered based upon the
number of biological replicates that eastRNA was identifieth. The majority omRNA was
identified in all 4 replicatewith less than 20% of the data found in 3 replicates or Msse unique
mRNA wereidentified in the serunfree conditionwith 7.35% ototal MRNAdetectednot being
identified in any of theserumcultured samplef?ercentages were calculated using th&al number
of RNA detected across both serfn@e and seruntultured conditions.

After removal oimRNAwhich were not detected in 2 or more of the biological
replicates,11,273protein-codinggeneswere identified in the serurdree astrocytes
and 10,107protein-codinggenes identified in the serusultured astrocyteqFigure
4-4). Of these geneg630were identified in both conditioné82%of total gene$
suggesting similanRN/A areexpressed in the astrocytewith differencesbetween
conditionslikelydue todifferential expression of these gend3f those exclusively
identified in each conditioril643uniguemRNA were exclusivelydentified in the
serumfree astrocytes andt77identified in the serurrculturedastrocytes.

Serum-free
(HE) S T Figure4-4 - The majority of protein
y . Y codingmRN/As wereidentified in both
/ '\\ serumfree and serurcultured
4 \ astrocytes.A total of11,750protein-
A \  codingmRNAwereidentified in the
// \ \ RNAsequencing of the astrocytes with
[ ‘\ | the majority identified in both conditions
| 1643 9630 | 417 } (9630 82%) 1643mRNAsvere
\ ' | identified exclusively in the serdinee
\‘-\ / / astrocytes andi77genes exclusilgin
“‘\ / /' the serumculturedastrocytes.

~108~



4.2.2 Differentially expressed genesn serum-free and serumcultured
human primary astrocytes
Whilst the analysis aéxclwsively detected mRNAcan identify key genes involved in
eachastrocytephenotype, this mostlgescribeggenes that are expressed at low
levek (low readcounts)t is more likely that transcriptional changes between
phenotypes will occur through the upregulation or downregulation of genes, rather
than cells expressingewCnMRNA To investigataifferential expressiomcross both
astrocyteconditions, statistical analysis was completed on fiv@tein-coding RNA
identified within the samplesGenes withk2-fold increase in either condition were
identified as differentially expressed. Due to the high number of differentially
expressed genes across the conditica$alse discovery rat@-DRp value)was
calculated to reduce the number of false positives.

Using a cubff of <1%FDR6134genes were identified as differentially expressed
with 3602found to bemore expresseth the serumfree astrocytes an®532found
to more expresseth the serumculturedastrocytegFigure4-5, A and B. This means
more genes were downregulateitd serumcultured astrocyteslnterestingly AQP4a
homeostatic gene in astrocytewas foundo be very highly expressed in sertdfree
astrocytes compared to serugultured, with the gene found to be th&™ most
differentially expressed gene in serdnee astrocytegFigure4-5C)
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C Serum-free D Serum-cultured
Gene SF SC | log2FC | Qvalue Gene SF sc log2FC | Qvalue
KCNJ10 878.23  0.62] 10.54 0.00001 [SRGN 3.34 24667.47| -12.86] 0.00028|
IADCYAP1R1| 1358.77| 0.87| 10.58| 0.00868 [KRT19 123 110473  -9.80| 0.00020
GDF10 1060.43 0.57| 10.81) 0.00001 [GPRCS5A 12.19]  9494.66| -9.60,  0.00005
SORCS1 2291.92 1.19 10.92| 0.00317| [|IGFBP1 1.83 1167.93  -9.29 0.00003|
KLHDC8A | 3578.33) 1.71] 10.98 0.00029| [MYPN 1.06 592.53)  -9.16) 0.00004
IAQP4 3000.91  1.40| 10.99 0.00058 [MMP1 433 2374.72]  -9.10| 0.00010
CRB2 2442.74)  1.19] 11.01] 0.00058 [ECSCR 0.41 200.321  -8.92] 0.00000
GAD1 3109.48 1.53| 11.04] 0.00147| [/GFBP4 244.13 102002.57 -8.71  0.00020
MAPK4 2270.87| 0.96] 11.32] 0.00355 |FLT1 2.50 915.89)  -8.53 0.00020
SCN1A 3337.51 0.57| 12.46] 0.00017| [ALPL 30.11] 10987.73)  -8.51 0.00002

Figure4-5 - Differential expressiorof protein-coding genesn serumfree and serurrcultured
astrocytes.(A) Number of genesignificantly upregulated in serufmree and serunrtultured astrocytes
with a fold changei?. (B) Volcano plot dll proteincoding genes identified in at leadat biological
repeats of both conditions. Genes found within the red regiosigréficantlyupregulated in serum
cultured astrocytes and genes found within the green regiorsigraficantlyupregulated in serunfree
astrocytes(C)The 10 most differentially expressed getleat are upregulatedn serumfree astrocytes.
(D) The 10 most differentially expressed genes that are upregulated in-satwred astrocytesvalues
within the SKserumfree)and SEserumcultured)columns represerdaveragezFKRM valuesfrom the
four biological replicatesSignificance was calculated using multiple t tests and correctdayfartwe
stepapproach(Q value; Benjamini et al., 2006)
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Other ®mmon astrocyte markerglistedin Table 11) were highlighted in theRNA
sequencing datain order to probe changes between human primary astrocyte
phenotypesThis also allowedalidation of thefindings by R'PCR completed
during Chapter 3 (see sectioBband 3.6). The majority of astrocyte markers were
found to be upregulated in serwifnee astrocytesompared to seruncultured
astrocytes with oni\CD44andVIMremaining consistent between conditionfeirther
supportingevidence ofa global reductionn astrocyte markers in the serunultured
astrocytesafter 2 weeks in serum cultur@able 41). OnlyCXN43 (a gap junction
protein)was found to increase in serunultured astrocytepotentially suggesting
increased adherence between cells. These findings aismcompared toRFgPCR
datapublishedby Prahet al. (2019)comparingserumfree and serunrcultured (10%
FBSJyodent primaryastrocytes Most astrocyte markers followed the same trend as
those measuredh the Prahstudywith the exception ofGFARand AQP4(shown by
red arrowsin Table 41, direction of arrovg indicatesthe direction ofexpression
describedf cultured in serum The RNAequencing also matched opreviousRF
gPCR datdescribed in chapter 3 (sectioBs5and 3.6), however with a greater
difference observed between conditiondsiring the RNA sequencinghis may be
due to the lower variability betweehiologicalreplicatesin the RNAsequencing
compared to the RGPCR

Inflammatory markers were also analysed based upon thgfROR data dahe Prah
studyas well as our own. IHland IL6 were found to be significantly upregulated in
serumcultured astrocytes suggestirtgey havea more inflammatoryreactivelike
phenotype, confirming RGPCR evidengd@able4-1). TNF and LCN2 were not
identified in the RNAequencing analysis and IL10 was only found in sdree
astrocytes at a low expression.
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Table4-1 - Expression of astrocyte and inflammatory markers in serfn@e and serurrcultured
astrocytesin comparisonto RTqPCR data fronPrah et al.(2019) and RTPCR analysis completed in
Chapter 3 Of theastrocyte markers described in Tablé,he majoritywere upregulated in seruffree
astrocyteswith only CD44 and VIk&mainingconsistenbetween conditionsOf those measured in Prah
et al (2019), most follow the same trefgreen arrows) with the exception of GFAP and AQP4 (Red
arrows) Inflammatory markers IL-IL and 11-6 werefound to be upregulated in the seruecnltured
astrocytes suggesting an inflammatory phenotype, which matched findings within the PrahRstudy.
gPCR results completed in chaaexrere confirmed by the RNs&quencingnalysiswith significance
found to be higher in RN#equencinghan in RTIgPCRDirection of arrows indicates the direction of
expression change identified after culture in seruithin the Prah study andur previousRFgPCRiata.

Gene |Serum-free | Serum-cultured | Log2(FC) Qvalue |Prahetal, 2019 RT-gPCR
GFAP 48829.738 392.238| 6.9606 0.000026| t Significant, P <0.01] ‘Significantpzoloogg
5100B 3512.853 5.691 9.3547 0.000142| l’ Not significant] ‘Siﬂniﬁcantp<0_0001
IALDH1L1 124.949 9.459 3.7543 0.000804 No change] Not measured|
EAAT1 22821.510 502.619| 5.5060 0.00004 2 l’ Not significant] Not measured|
EAAT2 2115.837 39.988 5.7412 0.00019] l’ Significant, P <0.01] .’ Significant, P = 0.006)
GS 10374.045 3983.426 1.3810 0.000145] l’ significant, P < 0.05| Not measured|
CD44 14450.047 17316.748 -0.2611 0.093089 Not measured Not measured|
NDRG2 405.330 17.597 4.5217 0.007735 Not measured " Not significant]
CDA49f 4172.112 786.268 2.4077|  0.000094 Not measured o Not significant]
AQPA 3000.906 1.399 10.9932| 0.00058| & Not significant Not measured
CXN-43 12116.513 34473.837 -1.5085 0.000084 t significant, P < 0.05 Not measured|
VIV 56785.661 67/571.300 -0.2509 0.241716 t Significant o< 0.05 Not measured|
IL1-B 0.634 12.398 43055 0.002145| B wotsigntiond B notsignificant]
IL6 7.008 29.249 -2.0618] 0.012537 t Significant, P <0.05 Not measured

4.2.3 Pathway analyss of differentially expressed genesn serum-free
and serum-cultured human primary astrocytes
With differentially expressed genes identifigghthway analysis was completed to
identify the biological pathwaysf human primary astrocytethat wereimpacted
following chronic serum exposurd®athway analysis was completed using klyeto
Encyclopaedia dkenes andsenomes KEGEdatabase A total of 23 pathways were
significantlyupregulatedin serumfree astrocytesompared to serunctultured
astrocytesncludingkey homeostatic functions such aalcium signalling, axon
guidance angsynapic pathways(i.e. GABAergic, glutamatergic and cholineygic
suggesting kefunctionsassociated witlgquiescent astrocyteare reducedn after
culture in serumFigure4-6A). Therewasalso a increasén specificmetabolic
pathwayssuch as alanine, aspartate and glutamate metabolisserumfree
guiescentastrocytes Alanine is involved in ammonia detoxification produced during
the glutamate/glutamine recycling process and therefore is vital for homeostatic
functionsin astrocyteqDadsetan et al., 2013; Voss et al., 2021)
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Figure4-6 ¢ KEGG athway analysis of seruriree andserum-cultured human primary astrocytes
suggess pathway differences iguiescent and reactive phenotypes, respectively) Serurdree
astrocytes were found to have 2Rjnificantlyupregulatedpathways with many pathways involved in
homeostatic functions or synapselatedfunctions suggestive of a quiescent phenotype. (B) Serum
cultured astrocytes were found to have ggnificantlyupregulated pathwaycluding a range of
neurodegenerative diseases, prot@rocessing pathways andflammatory pathways, suggestive of a
reactive phenotypePathways relevant to astrocyte biology weetagorised(see keyjo allow easier
visualisatiorof upregulatedpathways

In contrast, 46 pathways weggnificantlyupregulated in seruntultured astrocytes
(Figured-6B). Protein production and processing pathways were upregulated such as
ribosome pathways, protein processing in the endoplasmic reticuéurd the

proteasome pathway. There was also an increase in a range of metabolic pathways
such axidative phosphorylatiorthe TCA cycle, purine, pyrimidine and carbon
metabolism.Arange of disease pathwaygere also upregulated such as HIV
AYyFSOGAz2yY ftT KSAYSNDA RA&SI&AST. tI NJAyazy
Reactiveastrocytephenotypesare observedwithin thesediseasesuggesing the
currentastrocytesmay replicate thiseactive phenotype after serurculture. As well

as disease pathways, TNF and‘BBignalling were increased suggesting the serum
elicits an inflammatory phenotype. Cellular senescence was significantly upregulated
supporting nuclear size increaseempared to seruniree astrocytesbserved

during passaginfsee Figure -3).

4.2.4 Comparisonof serum-free and serumcultured astrocyte
phenotypestoD OAT EOE AA &strouyle pheiotped! ¢ 8
A simplified explanation of astrocyte reactivity wasposed by Liddelowt al.
(2017) to describe theange ofopposingfunctionsobserved in astrocytesee
section1.1.2.1for more details)®¥?! mMmQ I & 4 N2 O& (i favinghnNE RS & ONAR 6 S
inflammatoryphenotypel y R W! H Q ar¢ descibRdOvith{aSiidflammatory
functions. To identify whether the serugultured astrocytes better resemble the
Wi mQ phdhbtypé ans&t of 38 reactive markecommonly used talescribe
astrocyte reactivity were assess@eigured-7). Panreactive genes argenes that are
identified in reactive astrocytes regardless of phenotype and include common
astrocyte markers such &FARndVimentin(Vim) The majority othese markers
showed similar expression betweéme serumfree and serurrcultured astrocytes
with the exception ofGFARand CPwhich were highly upregulated in seruiree
astrocytegFigure4-7A). STEAP4, CXClat@l SERPINABere alsomore highly
expressed in the seruitee astrocytes however ttee genes were not highly
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expressedn either astrocyte cultured-ive dher markersincludingS1PRand
HSPB1ivere more highly expressed ihe serumcultured astrocytes suggesting a
more reactive phenotype compared to the serdree astrocytes.

h¥ GKS Mo WI mMQ AYyTFilIYYIFG2NE 3ISySaz ¢ 6SNB

serumcultured astrocytes compared to the serdinee astrocytesKigure4-7B). In

contrast, only 3 genes had higher expression in the seremastrocytes, further
confirming the more reactive phenotype of the serwmltured astrocytes. The

greatest difference between seruinee and serunrcultured astrocytes was
observedinthe H NBI OGA DS YINJSNAR S6AGK Ylye 27
highly expressed in serugultured astrocytesKigure4-7C). In contrast to previous

work using cytokine treatments or hypoxia models, the sexutiured astrocytes

had high expression of both A1 and A2 astrocyte markers suggesting a more complex
reactive phenotype than other astrocyte models using cytokinéaitiate

inflammation, or hypoxia to stimulate an A2 resporigamanian et al., 2012;

Liddelow et al., 2017a; Sancho et al., 2022; Ziff et al., 202® is more similar to a
disease phenotype where both inflammatory and a@nflammatory responses are
observed simultaneouskgiff et al., 2022)In summary, serursultured astrocytes

display a combination of characteristic A1 and A2 reactive transcriptomes in
comparison to serunfree astrocytes suggesting FBS elicits a complex reactive
phenotype, which is similar to the complex reactive respastsgerved in disease.
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Figure4-7 - Serumcultured astrocyte transcriptome resembles bot#! m Q
phenotypes defined by Liddelow et al (201{A) Many of the pameactive genes have similar

expression across both astrocyte cultures (e.g. TIMP1 and VIM) or were lowly expressed in the astrocyte
cultures (e.g. STEAP4 and SERPINA3). The majority of (B) Al and (C) A2 reactive astrocyte markers were
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upregulated in serurtultured astrocytes suggesting the serenitured astrocytes have a reactive
phenotype compared to the serufree astrocytesGreenindicates an upregulatiom serumcultured
astrocytesRedindicates an upregulation in serufree astrocytes. Numbers for sertfree (SF) and
serumcultured (SC) astrocytes indicate average zFKPM values. Theshendim transformed to

calculate log fold changesn comparison to the serwfnee astrocytes

4.3 Proteomic analysis bGMS/MSanalysis
It is clear from the RN#equencing analysis th#he serumfree and serurrcultured
astrocytetranscriptomes vary considerabhyhichis solelydue to differences
imparted byculture medium composition(given thecells originate from the same
vial). Whilst changes in RNA expression do not alwagalt ina corresponding
proteomic changedifferencesin the proteomes of the serurdree and serum
cultured astrocytesvould be expected given the magnitudedifferenceobserved
in the transcriptoms. Therefore, LBMS/MS wasompleted on20 pg of protein from
whole-cell lysates oferumfree and serurrculturedhuman primaryastrocytes
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4.3.1 Protein identification in serum-free and serumcultured human
primary astrocyte whole-cell lysates

LCMS/MS was completed by the Cambridgentre forProteomics (Cambridge, UK)

to producea list of proteindetectedwithin eachastrocytesample.For

identification, proteinswere required to have a minimum do peptides with a

peptide threshold of over 95%s well as protein threshold 0$99%for

identification.Manual filtering of the data for common contaminargie. keratin,

albumin) was completed, as well as for bovine proteins that were identified due to

the presence of serum in the seruoultured astrocyte medium.

Proteins were then filtered to identifshosepresent in multiplebiologicalreplicates
in orderto increase confidence in theroteinsthat were detected for each condition
(Figure4-8). More Yhissingyalues were identified in thproteomicLCMS/MS
replicatescompared to the RNAequencingeplicateswith only ~60% of serusfree
and ~20% of seruraultured astrocyte proteins identified in dlireereplicates
reflecting the stochastic nature of proteomic analy3ike serurdree astrocyte
replicateshad less variatiobetweensamplegshan the serurcultured astrocytes,
with serumcultured astrocytes having far fewer proteins identifiedwo or more
replicates.This is most likely due to technical variation between samples with serum
cultured astrocye samples analysed in different mass spectrometry (iues on
different occasions)unlike the serurdree astrocytes which were analysed in the
same mass spectrometry rubue to the nature of detectionf mass spectrometry
(proteins are fragmentetdefore identification), proteins are more likely to be mis
identified than in other methods such as RE&quencingTherefore, it is important
to include proteins found in multiple samples to increase the confidence that a
protein has beemenuinelyidentified. Thereforgonly proteins identifiedn two or
three replicates were included in downstream analysis.

1001

30 = Serum-free

= Serum-cultured
60—
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1m0 o o
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Total protein detected (%)

Figure4-8 - More proteins wereidentified in all three replicatesfrom the proteomic analysis aferum

free astrocytes compared to the serunultured astrocytesHigh variation between the biological
replicates is evident with large proportion of the total proteins identifigdot found in all 3 replicates
(>40% found in 2 or less replicatdserumfree astrocytes; > 80% found in 2 or less replicates of serum
cultured astrocytes)The serurfree astrocyte replicates have less variation than the seculiured
agrocyteswith 3-fold more proteins identified in all 3 replicates compared to the semuitared
astrocytes0 replicategepresentproteins that were only identified the opposite condition (i.e. a

protein identified in serunAfreereplicatesbut not seruracultured replicates would be identified as 0 in
the serumcultured condition)Percentages were calculated using the total numbegrofeinsdetected
across both serurree and seruntultured conditions.
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After removal of proteingletectedin onlyonereplicate for each conditionhere
was a significant difference in the number of unique proteins identified in sdraen
and serumcultured astrocytes with serusfree astrocytes found to have almost 2
fold more proteins Figure 49A; P = 0.04; N= 3).This differencaslikely a result of
the variation seen between samples with more proteins excluded in the serum
cultured astrocyteslue to their presence in only one replicatetotal of 1161
proteinswere identified acrosdoth astrocyte cell lysatewith 581 proteinscommon
to both conditions(50%) with 543proteinsunique to serurdfree astrocytes and 37
unique to serurrcultured astrocytegFigure 49B). These proteins presumably
represent a subsample of the most highly expressed astrocyte ipgterhich likely
contains tens of thousands of proteins in its entirety.
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Figure4-9 - Proteins identified in serurdfree and serurrcultured astrocytes by L-®IS/MS.(A)
Significantly moréndividualproteins were identified in each biological replicate of seftga astrocytes
compared to seruncultured astrocyte$P=0.049)Statistical analysis was completed using an unpaired
t-test with error bars representing mean and standard deviation (NB3)A total of 116proteins were
identifiedafter manual filtering with 581 proteins found tith conditions (50%).

4.3.2 Pathway analysisof human primary astrocyte proteomes

With a list of proteins identifiefor each conditiorn(serumfree andserumcultured
astrocyte3, KEGGathway analysis was completed for batbnditions For the
serumfree astrocytes, 134 enriched pathways were identiftednpared to 80
enriched pathways in the serugultured astrocytesOf theseenrichedpathways 76
were found in both conditiongdicating a similar proteombetweenthe cells in
contrast to the findings from RNgequencingNotably, the 11 most enriched
pathwaysat the proteome levelere the same in both conditior(Supplementary
figure 3).

4.3.3 Limitations of LGMS/MS analysis

One issue witlanalysis of proteomic data of this type svthe lack of quantitative
values for each of the proteins identifi€ddCMS/MSfavours proteinidentification
over quantification. By only investigating th@mplepresence or absence of a
protein, changes in protein expression will @eerlooked Likewise proteome
coverage can be relatively low using-MS/MS with only a small percentagetbé
overallpredictedproteomedetected(~20,000 proteinpredictedin cellg. In this
case, only ~1000 proteins were confidently detected and therefore chandessin
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abundantproteinswould likelybe missedHigh variation was seen between

replicates when comparintpe number of detectedproteins, particularly in the
serumcultured samplesvhichmay have been due to the samples being analysed at
different timesresulting intechnical variationgffecting the results.Whilst theLG
MS/MSdata provides an initial glimpse into the proteomes of the astrocytes, a more
detailed, quantitative analysis was requiredidetter compare the proteomesf the
astrocytes cultured witland without serum.

4.4 SequentiaWindow Acquisition of all Theoretical
MassSoectra (SWATHMS)

SWATHMS is anore powerful, data independent acquisition method of mass
spectrometry which generatzelative,quantitative valuesor detected proteins

with deeper proteome coveragdo improve upon the L-@IS/MS analysis, [ag of
protein from whole-cell lysates of serudAree and serurrcultured human primary
astrocyteswere analysed using SWAMS at Nottingham Trertniversity(NTU

Van Geest Cancer Research Centséth all biological repeats analysed at the same
time to reducetechnical variation

4.4.1 SWATH analysipipeline

Whilst more detailed descriptions of the methodology are available in the methods
(see section2.4.4.2and2.4.4.3, Figure4-10 shows a outline of the processing that
was completed to analyse tH&WATRFMSdata. In brief,peptide hits were mapped

to known proteins using th8vissrot database for identificationwWhilstcell lysate
sampleswere initially normalised by loading the same amount of proi@&ipg) for
analysis, a further normalisation steyas completedoy normalising the overall
traces between samplehisproduces a list of protesand their relative abundance
in each samplePeptide sequencesanmatchmultiple proteins(often closely related
proteing) so some protein hitsnaybe identified astwo or morepotential proteins,

for exampleWt a a m Y t Asahas@ lits could not be confidently attributedao
specific protein, thg were removed from the analysis

After PCA and missing data analysis, proteins that were only present in one biological
replicatewere removedas well acommon contaminants includingeratin and

albumin in the same way as the conventionallAS/MS analysigOnce a list of

proteins for each condition were identified, KEGG pathway analysis was completed
The list was also compared ¢mline databases of particular protein groups such as
metabolic proteinsand RNAbinding proteins to determine whether there is an
enrichment in certain groupof proteinsUnlike the LAMS/MS analysis, quantitative
analysidbetween samplesvas possibleLimma analysis was completed on proteins
that were identified in two or three replicates for both conditigidentifying
differentially expressed proteins between the serdiree and serunrcultured
astrocytes. KEGG pathway analysis was then completed on these differentially
expressed proteins to determiremy changes in whole molecular pathways.
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expressed proteins. Only
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Figure4-10- Analysis pipelinecompleted to analyse the SWATHS data from human primary
astrocytes.

4.4.2 Measuring similarity betweenthe proteomic samples

A PCA was completed on thelative abundance ofachprotein detectedin the

three replicates of seruniree astrocytes and serwtultured astrocytes to

determine the similarity between samplésompletedprior to removal of
contaminants and missing replicates but after removal of peptides linkeaote

than one protein Figure4-10). Asmalldistinction was identified between seruinee
and serumcultured astrocytes witl87.1%of the data described by the first principal
component (PCIFigure4-11). The second principal componestiows a difference

in one of the FBS replicategth PC2 accounting for 27.6% of theparation. The
replicates are not as tightly clustered as the RBE(analysis with replicates
showing a substantial amount of variation between sampléss suggestmore
replicates would be required fa more confident characterisation of the proteomes
between samplesDue to a lack oflearseparation between theonditions a PL®A
would not be predictivéor each conditiorandwastherefore not completed
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Figure4-11- Principal component analysis @iroteins identifiedin serumfree and serurrcultured
astrocytes PCA showsomeseparationbetween theproteomesof serumfree (blue) and seruroultured
astrocytes (greenhowever the difference is not as distinct as the PCA of the transcriptomes. PC1
accounts for 37.1% of the difference between groups and PC2 accounts #6(tpfabdata described =
64.7%) Proteins and their relative abundaneere used to identifpverallsimilarities and differences
between replicats as well as between sertgultured and seruriree human primary astrocytes

The number of missing values weatksoinvestigated to determine the similarity
between replicates stwell as taleterminethe number of proteins to be included for
further analysis. The serugultured replicates were similar with the majority of
proteinsidentified in allthree biological replicate§~84%) and very few proteins
found in only replicatel®%o;Figure4-12). In contrast, there was high variation in the
serumfree astrocyte replicates with the majority of proteientifiedin only 1, or 2
replicates As with the previoukGMS/MSanalysis, further analysis was completed
on the proteins that were identified itwo or morebiological replicates for serum
free and seruncultured astrocytes.
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Figure4-12 - More proteins wereidentified in all three biologicalreplicates in theproteomic analysis
of serumculturedastrocytes compared to the seruinee astrocytes.High variation between the
biological replicates is evideint the serurdfree astrocytesvith a large proportion of the total proteins
identified not identifiedin allthreereplicates (80% found irtwo or less replicates of serufree
astrocytes)In contrast, the sem-cultured astrocyteeplicateswere very similar with the majorityf
proteinsidentifiedin allthreebiological replicates8d%). O replicates represent proteins that were only
identified in theopposingcondition (i.e. a protein identified in serdfnee replicates, but not serum
cultured replicates would be identified as 0 in the senuftured condition).Percentages were
calculated using the total number of proteins detected across both skaerand seruntultured
conditions.
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When comparing the number of proteiidentified in the serumfree and serum
cultured human primary astrocytefar more proteins were identified in the serum
cultured astrocytes with little variation in the number of proteins between biological
replicates(Figure4-13A). In contrast, darge difference was observed in the number
of proteins identified in each of the biological repefdsthe serumfree condition
ranging from462 proteins to 4077 proteins. This difference is likely duandssue

with sample preparation and suggests further work should include morettinae
biologicalreplicateswith an effort to have similar numbers of proteins

identifications
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Figure4-13 ¢ Many unique proteinswereidentified in serumfree and serurrcultured astrocytes
through SWATH analysiéA) Number of unique proteins identified in each of the biological repeats.
Error bars represent meanstandard deviation (N=3{B) The majority of protein5.6%)were
identified in both serurfree and serurtulturedastrocytes with few unique proteins identified in
serumfree astrocyteskor inclusion, protein identification must be in at least 2 replicatéise same
condition.

To generate a list of proteins for each condition for qualitative analgsiteins that
were only present in one biological repeat were removed, leasitaal of 4376
proteins that were identified im@ biological repeatgFigure4-13B). The majority of
proteins wereidentified in serumcultured astrocytes with only 43 proteins found to
be unique to serundree astrocytesln contrast,55.8% ofall proteins werddentified

in both conditionswith 1900 proteins found to be unique to serucnltured
astrocytes.This is most likely due thie large difference in proteiidentification
numbersbetween serurdfree and serurrcultured astrocytes.

4.4.3 Qualitative analysisof serum-free and serumcultured astrocyte
proteomes
Whilst SWATH analysis allows for quantitative analigsgsstill important to
compare the presence and absence of proteins between samythsubsequent
guantitative analysisnly taking into account proteirigentifiedin both conditions
KEGG pathway analysis was completed on the prothatswereidentified
exclusively in either the seruiinee or serumcultured astrocytes to identify
pathways that may beemodelledupon serum exposure. No KEGG pathways were
significantlyenriched in the serunfree astrocytesand this is likely due to the small
numberof proteins that were analysealy 43uniquely identifiedproteins). In
contrast, 34 KEGG pathways were significantly enriched in the seuitared
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astrocyteuniquely identified proteinsincludingl3 of those identified though L-C
MS/MS such aRibosom® I YR W! Y& 2 (i NP LIRigu@4-14)} G S NI f

Figure4-14 ¢ The top 15 enricheKEGG

aall pathways identified inuniquely identified

e proteins inserumcultured astrocytes after
S 47 SWATH analysi#\ total of 34 enriched

_]8’ pathways were identified with 13 pathways

2- also identified in the L®IS/MS analysi of
” l-l-l]-l]-ll the complete seruncultured proteome
Or-r-TT1 T 71T T-T

4.4.4 Differentially expressedproteins

Thusfar, qualitative analysis of the astrocyte proteoinas notbeen able toanalyse
expression differencgin proteins identified in botlserumfree and seruncultured
astrocytes Unlike the previous CMS/MSanalysis, relative abundan¢across
sampleshf eachidentified protein wasmeasuredoy SWATHMS spectral counting,
allowing a quantitativeeomparisonTo identifydifferentially expressed proteins,
spectral counts (poshormalisation) of each identifiegrotein were input into
StatsPrasoftware to calculate a fold chandpetween conditionsand an adjusted
significancg€Padj) Twomethods ofadjusting the stringency of the analysis &ne
altering the allowance for missing values (NA vabrd)y altering the coefficient of
variation(CV)hreshold.The NA value is theumber of missing values allowed
across replicatefor protein inclusionFor example, to include proteins found)@/3
replicates per conditioifaccounting for the stochastic nature of peaimics) less
than 333%o0f the replicates can be missing values (therefdfevalue = 048

rounded to 0.4for analysi} By reducing the NA value, less proteins will be included
and therefore the analysisill be more stringent.The CV value will exclude proteins
that have a variancef more than the set criteria. A CV value0db will only include
proteins that have a variance below 50% across all replicates.

To identify themost appropriatecriteriato analyse wholeell lysate samples

range ofNA and CV values weeenpiricallytested (Table4-2). Two NA values were
trialled, with 0.4includingproteins found i replicates and 0.&xcludingproteins
found in all3 biological replicatesThree different CV values were trialled
representing 30%, 50% and 100% variance criteriaavithlue of 1 including all
proteinsdespite the variance observed between replicatEise Padjusted valuavas
calculated during a Limma analyssng the BenjamirAHochberg procedurevhich
accounts for the number of proteins analystedreduce false positives. By increasing
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the number of proteins analysed, the threshold for the adjustedhRie increases
and therefore likely results in falseegatives.

Table4-2 - Differentially expressed proteins in serwfnee and serurrcultured astrocytes identified

using Limma analysis with different NA and CV criteffa determine thenost appropriatecriteria for

the proteomic analysis, different NA (missing values) and CV (variance) values were trialled on the
samples. The NA valibased upon the number of replicateserethe protein was present (0.4 = 2/3
samples, 0.2 = 3/3 samples). The CV value is the threshold for the coefficient of variation. Any proteins
above this level of variation between replicates were removed from the anaysi®.@ = only proteins

with <30% variance).-Palues were calculated using a Limma test withaRies adjuted using the
BenjaminiHochberg procedure. Green highlight indicatesdtiteria selected for further analysis.

NA (Missing | CV Total P<0.05 | Padj<0.05
values) (Variance) Proteins

0.4 0.3 1082 178 26

0.4 0.5 1760 272

0.4 1 2387 268

0.2 0.3 50 18 18

0.2 0.5 126 27 15

0.2 1 300 31 0

It wasdeterminedthat a NA value of 0.4.€.% replicates required) and a variance
of 0.3 (variance ofi80% across biological replicate#&s most suitable fowhole-cell
lysatecomparisos (Table 42, green highlight) This allowed a largeroportion of

the proteins detected to be included in thanalysis butvas strict enough to yield
differentially expressed protein#n total, 26 proteins had a-&djusted value below
0.05, and of these proteing]l 26were also found to have a fold change abave5
(common criteria for proteomic analysiSigure4-15; proteins listed irmore detail in
section 4.5.

To determine whether these proteins were relateadEGG pathway analysias
completed on the 2@roteins upregulated in serusfree astrocytes lfighlighted in
red inFigured-15), revealngan enrichment in glutathione metabolis/RRM2B,
GCLM and GSTM2; FDR = 8)0Blutathione metabolism ia homeostatic function
of astrocytes to preventoxicity in both neighbouring astrocytes anduronesfrom
reactive oygen species (ROS) and oxidative strassvell as suppilyg neurores
with cysteine which is required for neuronal glutathione metabol{@ringen et al.,
2015) Therefore this pathwaywould be expectedih homeostatic, quiescent
astrocytes. No enrichment was found between the 6 proteins upregulatethe
serumcultured astrocyteghighlighted ingreen inFigure4-15; proteins listed in
more detail in section 4)%ut thisis likelydue to thelow number of proteins
analysed.
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2.5 . . Figure4-15¢ 26 dfferentially expressed
. : : proteins were identifiedbetween serurfree
: : and serumcultured astrocytes26
2.0 : : differentially expressegroteinswere
~ : : identified using a Limma analysisth 20
? 1.5 o cemey : o upregulated in serurfree astrocytes, and 6
& e ST U SO upregulated in serurtultured astrocytes
- : : Proteins highlighted in red are upregulated in
S 1.0 : : serumdree astrocytes and those highlighted in
= : : green are upregulated in seruoultured
0.54 astrocytesCriteria for significance was a P
adjusted value of 0.05l(0g10 = 1.30) and a
¢ : fold changeof more thant1.5 (Log2 = 0.58).
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4.4.5 Comparison of onventional LGMS/MSand SWATHMSto describe

the astrocyte proteome
The main difference betwednoth mass spectrometrgnalyses is the quantitative
potential of the SWATH analysis. Whilst qualitative analysis produces an overview of
the proteins in the sample, it is difficult to identify enrichment between samples
without measuringprotein abundance The differentially expressed genes identified
within section4.4.4would simply appear as presem both samplesn qualitative
analysisput SWATH analysidsoidentifies expression differences within the
samples.

More proteins were identified during the SWATH analysis adrodsconditions

with SWATH analysis identifying-fe2d more proteinin the serumfree astrocytes

and 7-fold morein the serumcultured astrocyteshan conventbnal LEMS/MS
(Table4-3). Thisis likelydue toimprovedsample preparatiorandall samples being
analysed at the same timgith SWATH analys{sompletedlater in the projec}, in
contrast to the LAMS/MS There was high similarityetween the mass spec
techniques with>85% of theproteins identified by convention&dCMS/MSalso
identified within the SWATH analysis. With more proteins consistently identified in
the samples, SWATH analysisvides deeper proteome coveragéilst using less
sample than conventional H@S/MS

Table4-3 ¢ High similarityin the proteins identifiedby LEMS/MS and SWATH analysaster manual
filtering. More proteins were identifiedy SWATH analysithan by L&S/MS particularly in the serum
cultured conditionThe proteins identified were very similar with >85%@¥1S/MSproteinsalso
identifiedin the SWATH analysiumber of proteins were calculated after manual filtering for proteins
identified in two or more biological replicates as well as filtering for common contaminants.

LCMS/MS | SWATH Similarity
Serumfree 1124 2476 85.5%
Serumcultured | 618 4333 94.0%
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4.5 Comparison of RNA sequencing and Mass
spectrometry techniques to describe astrocyte
phenotype

Both RNAequencingandmass spectrometrare very powerful techniques for
producing anon-targetedcharacterisation of RNA and protein expression
respectivelylt is difficult to directly compare thexpressiorof the two ¥mics
techniquesgiven that not alprotein-codingRNA will balirectly translatedinto

protein, with posttranscriptionalregulation tightlycontrollinggene expressian
However, generarends in expression should be similar between RNA and protein

RNAsequencingrovided a very detailedharacterisatiorof the mRNA expression in
the astrocytes with over 15,00frotein-codingRNA detected in at least 2 of the
biologicalreplicatesfor both serumfree and serurrcultured human primary
astrocyteqTable 44). On the other hand, far feweargetswere identifiedin
SWATHMSwith only 2476 proteins detected in serufree astrocytesand 4333
proteins detected in the serurultured astrocytesDespite far fewer unique
identifiers, there was high similarityetween the proteins identified and the
correspondingnRNA(>95%0f SWATHproteins also identified as mMRNA)

Table4-4 ¢ High similarity betweerprotein-codingRNA andcorrespondingprotein identified during
RNAsequencingand SWATH mass spectrometry, respectivEigr more uniquenRNA was detected
during RM\ sequencingvith more than 15,000 protein coding geridentified in each of the conditions.
The majority oproteins identifiedn SWATHMS were also detected as mMRNA in RNA sequerx9sg4
of proteing.

RNASEQ | SWATH | % SWATH proteins identifie
as MRNAn RNAsequencing
Serumfree 17,052 2476 96.5%
Serumcultured | 15,531 4333 97.5%

With the majority of the proteins identified in both RN&quencindas mRNA) and
SWATHKMS the 26 differentially expressegroteinsidentified during SWATMS
analysisvere compared against the Rdaquencingnalysis to compare overall
expressiortrendsbetween serurdree and serurrcultured astrocytesOf the 26
proteins, 23 were identified in the RNsquencingnalysiswvith 15 also found to be
differentially expresseih the RNAequencingLog2(FC)>1 and Q value beldWw5,
Table 45). Only 3 proteinsvere amongstthe top 20differentially expressed mRNA
(SPTBNL1, D&Ird JUB with most ofthe otherdifferentially expressegroteins found
to be much loweranking in the differentially expressed mRNAge direction of
changewas also compared to determine whether tb#ferences between serum
free and serurrcultured astrocytes were consistent. Of the 23 protetenitified as
MRNA in the RNgequencingnalysis, 18 followed the same trefice both
upregulated or both downregulatediighlighted in greenyvith 9 of these also
differentially expresseth both analyse<Of the 6 proteins that did not follow the
same trend highlightedin orange) DSP had the greatest difference with .&8-fold
increase identified iserumcultured astrocytes identified in the RNs&quencing
analysis, in contrast to a £f8ld decrease found in SWATH analysis.
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Table 45 - Comparison of differentially expressed proteins identified in SWATH analysis, with the
corresponding mRNA identified in RNs&quencinganalysis.Themajority of the26 differentially
expressed proteingdentified during SWATH analysisre also identified as mMRNA during RNA
sequencin@nalysig23/26). However, only 3 of these were identified within the top 20 most
differentially expressed gen@sth the majority being much lower ranked in the Réé4uencing
analysis Of the 23 proteins also identified in the Rd&guencing18 werefound to follow a similar
trend between serunfree and seruntultured astrocytes (highlighted in greghose that did not are
highlighted in orange Numbers written in italicelentifies norsignificant results in the RNs&quencing
analysis I(og2(FC¥1 or Q value0.05 were not significantpoth Padj and Q value represent adjusted P
values,howeverwere calculated using different techniqu@asitive log2(FC) values represant
upregulation in seruntultured astrocytes, and a negative log2(FC) represents a downregulation in
serumecultured astrocytes.

SWATH analysis RNA-SEQ analysis

Log2(FC) |Rank (Padj) |Log2(FQ)  |Rank (Q value)
EPHX1 -2.57 1 -2.54 4320
EPSS8 1.68 2 2.80 463
JUP 2,12 3 1.21 19
CMBL -1.95 4 -1.05 2607,
DCN -2.65 5 3.83 240
DDAH2 -1.52 6 -1.07 2650
GSTM2 -1.38 7 -1.53 332
MACROH2A2 -1.97 8 X X s]
NAGLU -2.00 9 -0.17 128
RRM2B -1.66 10 -0.85 5247,
ALCAM 1.72 11 2.39 600
ASAH1 -1.70 12 -0.74 2668
CYRIA -1.97 13 X X
DSP -1.77 14 7.79 18
PHPT1 -1.54 15 -0.12 13879
PLIN2 -1.66 16 0.99 5113
SERBP1 1.53 17 0.92 960
LMCD1 -1.29 18 -1.43 3200
PTGFRN -1.45 19 -0.85 19
GCLM -1.25 20 -0.07 148:51:11
ARL6IP1 -1.27 21 -1.20 2850
CPQ -1.70 2 0.34 8871]
TMEM214 1.50 23 1.39 1460
CON1 1.52 24 X X
GPNMB -3.80 25 -1.79 3637
SPTBN1 1.23 26 -1.62 11

4.6 Discussion

4.6.1 Summary

Thischapter aimed to produce an unbiased muthics analysifor both serumfree
and serumculturedhuman primaryastrocytesto compkementthe targeted
characterisatiorof astrocyte phenotypeompleted inchapter 3 RNAsequencing
produced a thorough characterisation of the protaiading genes within the
astrocytesand whilst there was krge numbeiof overlapping geneshe
transcriptomes of the astrocytes were shown to be distinctly different after culture
with and without serumA total of 6134 genes wershown to be differentially
expressedetween the astrocyteswith expression of known astrocyte markers
matching previouRFqPCRharacterisatiorby Prah et al. (2019yith the excepton
of GFARInd AQP4expressionps well aghe RFgPCRanalysiccompleted in Chapter
3. Pathway analysis of the astrocytasthe mMRNA leveduggests thserumiree
astrocytes have a more quiescent phenotype with homeostatic pathways
upregulated such as axon guidanaadsynapseassociated pathwaysuch as the
glutamatergic and GABAergic synapses. Sarultured astrocytes had an
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upregulation inribosomal pathways as well as inflammatory pathways such as the
TNF and the NFB signalling pathways.

Two types of mass spectrometry were completeditmerstand theproteome of the
serumfree and serurrcultured human primargastrocyteswhich were traditional LC
MS/MS and SWATH analydisaditional L&MS/MS only allowed qualitative data
analysis with only a small number of proteins identifie80Q0¢ 1200 proteins).
SWATH analysis produced a more comprehensive protge2&00¢ 4400 proteins)
and alsameasured relative abundance so quantitative comparisons could be made
between samples. Therefore, for furiwork, SWATH analysis should be prioritised
for proteomic research where possible.

Despite a more detailed proteome analysis, relatively few differences were identified
between theserumfree and serurrculturedastrocytes when comparing the
proteome, with only 23 differentially expressedoteinsidentified. In comparison to
the RNAsequencinganalysisSWATHMSanalysis was far lesketailed,but this

partially reflect differences between RNA and protein expression in cells as well as
differencesensitivities betweerthe techniques. Overalthe majority of protein
identified using SWATH analysiasalso found withinthe RNAsequencingas mRNA
(>95%)suggesting théechniques are complimentary when investigating astrocyte
phenotype The combination of these comparisons highlightsuakieof a multi

omics approach compared tese ofa single techniquéo fully appreciate the
differences between condition®Vhilst RNAsequencingshows a very detailed
transcriptome, not all of these mRNA will be translated iptotein and therefore

may not accurately refledhe proteome of the cells.

4.6.2 Consistency between biological replicates

The RNAsequencing analysgovided anin-depth characterisation of th@strocyte
protein-codingtranscriptome Thedatawasvery consistent amongst samples with
tight clustering observed in the PCA analysisoth the serurdree and serum

cultured replicates, with a clear distinction between ttenditions. Two samples

(one serurdafree and one serunrtultured) appear to benore variable than the other
samples in the PCA, however this is due to the nature of PCAs with differences often
exaggeratedy the principal components. 85% of the data was described by the first
componentwhichclearlydistinguishathe conditiors (seeFigure4-1). Therefore, the
second principal component has sought to idenéifyy further differencesvhich
onlyaccounts foi6.1% of the data. However, by plotting onto a 2D graph, the
principal components appear to have the same weight and therefoeewo

samples appear to be different from the other rizples.

The tight clusteringf the RNAsequencingeplicatesisin contrast to the SWATH
analysisvhere there wasigh varidion between replicateswith the serumfree
replicates ranging from62- 4077 proteinddentified per sample There was a much
smaller difference between the serunulturedreplicates, which led te-2-fold more
proteins found intwo or threereplicates for the seruncultured condition $F 2476
vsSC #333).A similarvariationwas observed within the LRIS/MS analysis with
only 618 proteins identified itwo or three replicate®f the serumcultured
condition comparedd 1124 proteins in the serusdree condition.
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Initially, this was thought to be due to technical variation in theM&MS analysis
because theserumculturedsamples were not analysed at the same tirklwever,
efforts were made to avoithis technical variation in the SWATH analysis with all
samples analysed at the same tinkestead, this variation likelgesults from the

mass spectrometry preparation and methodology itself. To overcome this issue,
more replicates should be completéok future mass spectrometry so outliers can be
identified, and moe proteins willbeincludedin the final analysis (i.e. present in
more than one replicate}or RNAequencingfour replicatesappearto be an
appropriate number of samples to distinguish conditions aadfidently identifesa
large population omRNA within the samples.

4.6.3 RNAsequencing analysis

In the RNAsequencingnalysis, there was a high number of differentially expressed
protein-coding geneslespiteusing theadjusted Pvalue(Q value}o reduce the
number of falsgositives(6134 differentially expressed genehis highnumber
may indicate that the thresholds for significance were too leniérading to true
differencesbeing maskedbetween the astrocyteby false positivedn the current
work, genes were identified as significantly different if they hag@ salue <0.0%and

a fold change above. ZThisthreshold wasecommendedy Novogene fotheir RNA
sequencingnalysisbut with such a small variance between samples, a stricter
threshold may be more suitabfer this data In contrast, different threshold criteria
weretrialled when analysinghe SWATH datahich showed the importance of
fitting the threshold to the data.

The differences observed between conditiomi® supported by previous research
with the samedifferences observed through RJPCRChapter 3) andimilar
differences found in Prah et al. (201%he exceptions wer&FARNd AQP4Avhere
the opposite trend was observed their analysisAs discussed in ChapterGFAP
expressiorwas unexpectantly higher in serufree astrocytesompared to serum
cultured astrocytesHoweveralmostall generalastrocyte markers investigated were
found tohave higher expression in the serdmee astrocyteswhich supports the
theory that serumcultured astrocytesnay be focued on producing proteins
required for proliferation and reactivityinsteal. In contrast, when investigating
genes associated with different types of reactivity (inflammatory and anti
inflammatory) serumcultured astrocytes were found to havégher expression of
both Al and A2 reactive markers suggesting a complex reactive respionita to
that observed in diseagiff et al., 2022)This shows that FBS culture elicits a
reactive phenotype that can be uséal model the complex, reactive response often
seen in disease

Whilst the RNAsequencing has produced a thorough analysis of preteiting
genesexpressed in the astrocytes, other forms of RNA have important roles within
the cells which were not analysed. For example, miRNAs tightly control protein
expression byinding to MRNA, leading to a reduction in protein expresdtiRNAs
have been shown to be dysregulatedneurodegenerativaliseaseand therefore, an
RNAsequencingvhich focused osmall RNAsuch asniRNAswould beuseful in
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further characterising the astrocgs(Goodall et al., 2013; Lafourcade et al., 2016;
Bai et al., 2021; Marton et al., 2023)

4.6.4 ConventionalLGMS/MS vs SWATH analysiwhen comparing the
proteome of serumfree and serumcultured astrocytes
Two types of L&IS/MS were completed during this wook the serurafree and
serumculturedhuman primaryastrocytes TheconventionalLGMS/MS only allowed
gualitative analysisf the astrocye proteomes unlike SWAT#Sanalysis which
determinedrelative abundance between the samples, allowipmntitative
comparisors between conditionsQualitative analysis important when comparing
the conditions as thilkely showsthe greatest difference between cellwhere
expression is very different between conditiofig. presence vs absence)
Quantitative analysis identifies changespirotein expressionput proteinsmust be
expressed in both conditiorend variance must be below the threshold selectiéds
also difficult to compare the abundance of different proteins withss spectrometry
analysisso quantitative comparisons are only pitde between samplegather than
between proteinsThis is because the protein values amgmalised so they are
relative between samples for each protein rather than theilationto other
proteins. Also tde identified, the proteins are fragmented to produce different
peptide fragments that can be detected. Fragments that are unique to a particular
protein can then be used to identify the presence of that protélowever, based
upon the protein sequenceyroteins will fragment differently with somerpteins
fragmenting more than other8ecause of this fragmentation approach, it is difficult
to establish that a particular protein is more abundant than another

It isthereforeimportant to compare both presence and absence (qualitative), as well
as differentially expressegroteins(quantitative).Interestingly despite different
samples bein@nalysedusingthe two techniquesa similar proteome was identified

in both analyss $1owing a consistency between timeass spectrometry analyses

Due to the consistency betwedachniques, the increased number of proteins
identified and the quantitative nature of SWATH analy\SWATH analysisill be

used for futureproteomic analysifstead ofconventionalLCMS/MS.

4.6.5 Importance of a multromics analysis

RNAsequencingnalysis may appear to provide a more thorougiderstanding of
the astrocyte phenotypes, with3.5fold moreprotein-coding genes identified
compared to proteins identified iIBWATH analysiandmany more differentially
expressed genes identified between conditions. Howewés,important to consider
both the transcriptome and the proteome when completing a thorough
characterisationas many regulatory processes occur between the transcription of
the mRNA and th&anslationinto protein, such as miRNA bindingading tomRNA
degradation

Alternatively, other lessised types of8mics analysisxist that could be used to
characterise the astrocytes such as metabolomics (analysis of metabolites) or
lipidomics (analysis of lipiddh the RNAequencingpathway analysis, metabolic
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pathways were differentially expressed between the astrocytes suggesting
differences would bédentified between the conditions in metabolomic analysis.
Lipidomics would also be particularly interesting when comparing#tecytesand
their EVs, witfEVs beindjpid membranebound particlesCharacterising astrocyie
derived EV$ADEVSsWill be the main focus athapter 5 of this thesiwith a
particularfocus on using SWATMS to identifyprotein cargo within the ADEVSs.

4.6.6 Other limitations of the work within this chapter

As described previously, an increase in the samplevgizgd benefit the current
analysis, leading to more confident conclusions from the ddtavever, it would

also be beneficial to includather conditions that were trialled in the previous
chapter. For example, analysis of the cytokireated astrocytes wouldllow a

direct comparison between previous RE&guencingvork completed by other
groups on primary astrocytdtiddelow et al., 2017; Barbar et al., 2020; Hasel et al.,
2021; Ziff et al., 2022)his would alsallow a better comparison of the FBS and
cytokine treatmentgo determine how similar the reactive phenotypes are between
the two types of treatmentsAcute and chronic treatments could also be compared if
FBStreated astrocytes were also analyskedcausen the previous chapter,
differences were observed between sertoultured and FB8eated astrocytes.
Whilst these conditions woulgdield interesting comparisons in astrocyte reactive
phenotypes, the current work was limited funding aml therefore was only able to
focus on a comparison between serdnee and serunrcultured astrocytesvith a
limited sample size

4.6.7 Conclusions

In this chapter, a unbiasedcharacterisation of the astrocyte transcriptome and
proteome was completetb investigate the effect of serum dmuman primary
astrocytesln combination with themore targeted characterisation completed in
chapter 3 we have demonstrated that human primary astrocylese a quiescent
phenotype in seruriree culture which changes tareactivelike phenotype upon
exposure to serumWith quiescent and reactivastrocyte cultures established, the
EVs can be explored to investigate differences leetwreactive and quiescent
ADEVsThese ADEVs will also be compared to bdarived EVs (BDEVS) from both
healthy and diseased brain tissteedeterminetheir relevance teendogenous
humanEVs as well afisease EVs, and whether ADE#S be use@s aunique
measure of brain health.
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Chapter 5:Investigating the
characteristics and functions of
human astrocyte-derived
extracellular vesicles

5.1 Introduction

5.1.1 The importance ofunderstanding extracellular vesicles

The previousesultschaptershaveshown the effect of serum on humaorimary
astrocyte phenotyps, with FBSxposure rapidlgausingchangeghat resembles
reactiveremodelling The cytokine assay in Chapter 3 has also revehiggerum
exposurecancause changes in the secretome of the astrocytes, with astrocytes
cultured in serum releasing inflammatory cytokir(®CR1 and Chitinas@ like1)
and far fewer supportivgrowth factors(such as IGFBP2, FGF2 and-G&)FThe rest
of this thesis will investigatien greater detaihow reactivty changes the secretome
of humanprimaryastrocytes and in particular, their extracellular vesi¢E¥s)

EVshave been shown telicit positivechanges imeighbouring cells in many studies
and thereforeare being trialled atherapeutics(Duong et al., 2023Both

mesenchymal and neuralesn-cell derived EVs hademonstratedbeneficial effecs
when appliedo the CNS$including enhanced tissue repair and prevention of
neuronal deatMahdavipouret al., 2020; Apodaca et al., 2021; Ga€Cantreras

and Thakor, 2021 However, therapeutic effects have not oblgenobserved using
stem-cell derived EV/dut also with ADEMRanijit et al., 2018; Leggio et al., 2022)

1 59+a FNB 27F LJ NI A Odzf I Kdyrblgsin SeNBrialisuppodzS G2 G|
and protection. ADEVs contasapportivemolecules such as growth factors (FGFs or
PDGFs) or neurotrophic factors (BDNF or CNTF) that will protect and promote
neuronal surviva{Linnerbauer and Rothhammer, 2026urther research needs to

be conducted on the potential therapeutic aspect of ADEVs on neighbouring cells to
decide how best to utilise them as a thermpgictool.

As well as potential therapeutic use, ADEVs may represeant@uewindow into
understanding astrocytphenotypesand by identifying changes in reactive ADEV,
they may present as unique markers of brain heaithich can be monitored within
the blood circulationAstrocyte reactivity is a goatdeasue ofbrain healthwith
reactivity observedn almost allneurodegeneration buis very difficult toquantify
accuratelywith current technologyn vivo(Pekny and Pekna, 2014; Escartin et al.,
2019; Brandebura et al., 20238y measuring changesrieactiveADEVsvithin the
blood or CSHorain health ould be monitorednon-invasivelyallowing earlier
diagnoss of neurological disease and therefoagiministerpreventative treatment
earlier. For exampleQ A N dzf | GRAY ks BednhhiBn§fi@d upregulatedn the
plasma ofdementiapatientsup to 10 years before diagnogiSuo et al., 2024)

We hypothesise thaADEVcontents will relect the phenotypeof astrocytes at the
time of release and thereforehere will be changes in the content of EVs released
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betweenthe reactive serunculturedastrocytes, and the quiescent sertinee
astrocytes.To investigate thisa thorough characterisation of ADBEsEM both
guiescent and reactive astrocyteseds tobe performed Any changegan thenbe
confirmed inbrain-derived EVs (BDEVs) frbmmanneurodegenerativeaissue(ALS
and! f T K S dise&d&dMdetermine whetherfindings from thehuman primary
astrocytescan be translated

5.1.2 Current knowledge ofADEVs

EV research is still a relatively new field of research so current knowledge on ADEVs
isincomplete However, within the past few years, there has been a flurry of interest
focusingon the role ofADEVs$n a range of diseaseas well as investigatirtie
functionaleffects of ADEV®n other celltypes(Goetzl et al., 2016; Patel and Weaver,
2021; Sun et al., 2022; Varcianna et al., 2019; Winston et al., 2089y of these
studies havecaveats associated withther in vitro cell culturethat have been
highlightedpreviously in this thesjsvith many studies utilising rodemellsand FBS

for in vitro culture (Chaudhuri et al., 2020; Sun et al., 2022; You et al., 2020)ate,
little is known abouthe cargoof human quiescent ADEWhich isneededas a

baseline forstudyingchanges inducedpon reactive remodelling

There have been recent advances in understanding ADEVs in heurodegenerative
diseases, with a focus on how ADEVs might facilitate the spread of these diseases in
the brain As described in sectidh3.3 many studies have showhat EVs facilitate

the transport of pathological proteins to healthy celdrad et al., 2014; Westergard

SG ft®dX wamcT 21Fy3 SG tdX wamTtT {F NRFNJ {/
Gonzalez et al., 2020; Vandendriessche et al., 202@ktill unclearwhy cells

package pathological proteins into EVs and whether trasist detrimental or

protective mechanism. By preventing the release of EVs contaimésg

pathological proteins, there may be greater neuronal loss due tdothikel-up of

these toxic proteinsvithin the cells On the other handpreventing EV release may

also halt disease transmissibetween cellsslowing disease progression.

As well as disease transmission, EVs could also be involvedrauhaoxic
secretionby reactive astrocytes iALSLiddelow et al., 2017; Guttenplan et al., 2020;
Kushwaha et al., 2021Recent research has identified key components of this
toxicity as the excessive release of inorganic polyphosphate (PolyP) anchiaing
saturated lipidgGuttenplan et al., 2021; Arredondo et al., 202RplyP was found to
be associated with vesicles that were secreted into the extracellular pacgelova

et al., 2018; Arredondo et al., 2022)ith EVs formed using a lipid bilayer, these
long-chain saturated lipids may also be present in the EV membranes and the lipid
rafts found within EV membrangsuggesting EMbBemselves (as opposed to just
their cargo)may form a key component of this toxicity. ADEVs have also been linked
to astrocytetoxicity through thetransport ofalternativemiRNAs that are
subsequentlydelivered to neuromes (Varcianna et al., 2019By investigating ADEVs
from reactive astrocytes, other factoessociated withhis toxicity may be identified
which would lead tahe discovery of novehrgets for therapeuticlevelopment If

EVs are involved in thisxicity, therapeutics could target EV releadfeom reactive
astrocytes to reduce toxicity and improve neuronal survival in disease.
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5.1.3 A multi-targeted approach srequired for the study of EVs

One of the major challenges with EV researdhés nanoparticle naturewhich
requiresany measurements or analysesbe very sensitive. They are also released
from cellsalongside many other particles resulting in preparations \pittential
contaminants such as lipoproteiffsee proteinsor free RNA To ensurany
observedfeatures oreffects are due to EVs rather than these othefisaates,
extensive controls and characterisation aeguired To maintain and improve the
quality of EV research, BEV guidelines were produced through the consensus of
manyresearchersvithin the EV fieldLotvall et al., 2014; Thést al., 2018; Welsh et
al., 2024) These guidelines are updated regularly to encompass new knowledge and
technologies that have been applied to EVs with the latest guidefinbBshed
earlierthis year(Welsh et al., 2024)

Current MISEV guidelines discuss eight main topics which are nomenclature, sample
collection and preprocessing, EV separation and concentration, EV characterisation,
techniquespecific reporting considerations, EV release and uptiaketional

studies andn vivoEV analysiéNelsh et al., 2024Many of theseguidelines focus on

the inclusion of relevantontrols and whashould bereported when publishing EV
research For examplegne key issue with EV researtdr models based on

mammalian ell cultureis the contamination of FB&rived EVs, witkFBSommonly

used in many cell culture methods. To mitigate this, researchers can either complete
serumstarvation (used in this work) or use-fgpleted FBS created through
ultracentrifugation of the FBS before addition to media. Guidelines suggesing

an unconditioned media control during experiments as well as detailing the exact
culture conditions in the methodology. Guidelines also discuss the potential issues
with both methods such as changing cellular behaviour with serum starvation-or EV
depleted FBSThis allows more open discussions in the field ultimately improving the
transparency and therefore quality of EV publications.

Afurther important consideration fothe techniques used fdeVisolation and
characterisation is the downstream analysis that will be complefeat example, for
proteomic analysis that will be completed in this warkinimal contaminations
important and therefore serurremovalis needed(i.e. astrocytes arénitially

cultured in serum, themplaced into serurdree mediumfor collection), rather than

culture conditionswith E\(depleted FBSSize exclusion chromatography (SEC) was
also selected as the isolation techniqnstead of ultracentrifugatiomo reducefree-
protein contaminationand preserve the integrity of the EYor later functional
studies(Benedikter et al., 2017; Lobb and Méller, 2017; Mol et al., 2017; Takov et al.,
2019; Kaddour et al., 2021)

5.1.4 Aims of this chapter

This chapter aims to characterise ADEWYm both reactive and quiescent human
primary astrocyte cultureanalysedn the previous chapte. TheADEVwill then be
compared toBDEVs isolated from healthy or dise@sain tissusto determine their
relevance tcendogenous humai&Vsand whetherreactive ADE¢argooverlaps with
BDE\Wtargoobservedn diseaseA range of techniques will be used to characterise
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the EVs including TEM, NTA amdtein mass spectrometry with efforts made to
conform to the latest MISEV guidelind® investigate functionality in the EVs,
reactive ADEVs (serunultured) will be applied to quiescent astrocyte cultures
(serumfree) to determine if ADEMsn elicitchanges to quiescent astrocyte
phenotypes

5.2 Isolation and visual confirmation oEVs from

cultured astrocytesand human tissus

5.2.1 Optimisation of ADEV isolation from serurdree and serum
cultured astrocytes
Serumfree cultureof human primary astrocytesllowsthe continuous collection of
conditioned mediim without the need to remove contaminamB&Sderived EV&rom
the medum. However, due to the lack of proliferation, cell numiegelimited
meaning multiple collections were required to harvssfficientEVs fodownstream
analysis. Previous work with ngmmoliferative cells within our group had fourtat
4x 6well plates (~48 ml media, 1.%8.0° cells/cnt seeding density) of primary
mouse neurors were reguiredto collectsufficientEVs per individugdreparationto
observe functional effecten recipient cellandfor sufficientcharacterisatiorof the
EV9MesquitaRibeiro et al., 2021)Nith the rate of EV release predicted to be
similar between neuroes andnon-proliferativeastrocytes compared to other cell
types the same approach was used as a basis for EV isolation in the-Berum
humanastrocyte culture. The seruifinee astrocytes had been shown to survive for
up to 4 weeksn chapter 3so media was collected frodx 6-well plate of astrocytes
over the course of 2 weeks (4x collections resulting in ~48 ml conditioned media,
seeding densityvas lower at-1.6x 10* cells/cn? due totheir larger sizg

Serum culturd astrocytegequired a different method of collection due to the
presence of FB8erived EVs that would eisolate with the ADEV&ther researchers
have used Edepleted FBS to culture cellsthre presence oferum whilst reducing
contamination. However, this approacloesnot completely remove FB&erived
EVs, and the removal of EVs from BBl&altersthe growth of cells compared to
non-EVidepleted serum(Aswad et al., 2016; Lehrich et al., 2018; Urzi et al., 2022)
Therefore, serummemovalwas completed on seruraulturedastrocytesfor 72 hours
to collect ADEV@hilst avoidng contamination of FB8erived EVsAs shown in
section3.3.3 the reactive phenotype observed in sertmltured cells remains
during seruraremoval with little cell death and therefore was suitable for ADEV
isolation(Figure3-5, repeated below aBigure5-1). Given that serum induces
proliferation and therefore more cells weravailable per experimentix T75 flasks
were used~48ml conditioned medisgeeding density of4 x 10*cells/cn? resulting
in ~1.3x 10° cells/cnt at collection). Cells did not attachidfitially seeded in FBBee
astrocyte media, thus cells were seededharmalastrocyte medidor 24 hours
before serumremovalfor 72 hourg(cultured in astrocyte medium without FBS)
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Figure5-1 - Serumremovaldoes not change
Z C reactive astrocyte morphology, with astrocytes
surviving for up to 5 days without serum
(repeat of Figure3-5). Representative
brightfield image of serurcultured astrocytes
after 1 day (A) and 5 days (&)serum removal
showed no change imeactivemorphology. (C)
Area/perimeterwas similar to previous serum
culturedlevels, with an increase in ratio after 4
5 dayslmages were taken at 10x magnification
Day 1 Day 4/5 with scale bar representing 106h. Statistical
significance was calculated using ampaired t
testwith error bars showing mean and standard
deviation.

Arealperimeter ratio

After collection oF~48ml conditioned media from either seruinee or serum
cultured astrocytesADEVs were isolated using ultrafiltration followed by .SEC
Ultrafiltration was required prior to SBEE concentratethe large volume of
conditioned medium48 ml in this work) to a suitable volume required for the gV
columns (50Qul of concentrated conditioned mediumgEC was preferential over
ultracentrifugation to isolate the E\tRie to the gentle nature of the isolation and
the increased purity of the EV fractions compared to ultracentrifugafitve gEV
70nm columns (lzon, France) used to isolate thed¥ slesigned to produce ~2.9 ml
of void fraction (PBBuffer that was already in the column as the sample aadded
to the column), followed by three fractions BV enriched fractionsand then a
series obmaller? ¥ NS S Q  LINR T SraxihiseryielhDtlirde £Y fadtions
were utilised for downstream applications.

5.2.2 Isolation of tissue-derived BDEVs

BDEVs were isolated frofrontal lobe brain tissue donated frorpeople whowere
diagnosedvith ADor ALS alongsidage and sexnatched controls for both diseases
(Supplementary tabl&-6). Two sets of control tissue were requirdde to the
difference in age between the AD and ALS patiéterage ages of patients: ALS =
59, ALECtrl = 60, Alz = 79, Alz Ctrl 9.88DEVs were isolated using a previously
published techniquédollowed by SEQHuang et al., 2020For ease of comparison

with ADEVs, BDEVSs isolated from AD tissue will be abbreviated to Alz BDEVs, and
BDEVs isolated from ALS tissue will be abbreviated to ALS BDEVSs.

5.2.3 TEM analysis of ADEV and BDHKActions confirms the presence of
extracellular vesicles

To confirm the presence of ADEVs within isolated sampledirst sought to

visualise ADEVBue to the nanoparticle size of EVs, electron microscopyrigntly

the only microscopic method that is sensitive enough to visualise Esgsmission

electronmicroscopy( TEM)wascompletedusinga concentratedcombination ofthe

three EVenrichedfractions. EVs were fixed with 3% glutaraldehyde and negatively

stained with 2% uranyl acetate to allow visualisatfbigure5-2). Classical cup

shaped vesicle@niddle is concavedyere observed in both preparationsdicatinga
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successful EV isolation. No observable differences sudgectivelyidentified
betweenserumfree and serum cultured ADEV®wever,it is difficult todetermine
true EVmorphology and size due to tteetificial changes caused by tpeeparation
of the samples such as the eghaped morphology. EVs are typically vesicoar
they collapse undethe vacuunrequired for TEMcreating the cugshaped
morphology(Rikkert et al., 2019; Emelyanov et al., 2020)

A Serum-free B Serum-cultured

Figure5-2 - ADEVswvere visiblein EV fractionsfter isolation from both serumfree and serum
culturedhuman primaryastrocyteconditioned media Representative image ¢A)serumfree ADEVs
and (B) seruntultured ADEV<Classical cuphaped morphologicentre of the EV is concavedn be
observed due to the vacuum conditions of the TEM. A zoomed ismaggewn in the top right of each
image forclearermorpholodcal observationimages were taken &30 magnification with scale bars
representing 500 nr(N = 3)

TEMshowedthat the ADEVs were not highly concentrated within tBe0pl
fractions,with only a few ADEVSs visible within a single imeg&irming the need to
concentratethe EVdefore usein other techniquesuch as western blotting or mass
spectrometry In contrast frontal lobeBDEVs wertar more abundanfrom the
tissuesamplegwhich were notsubsequentiyconcentrated due to their predicted
abundance)with the typical cupshaped morphologwlsoobserved(Figure5-3). No
visualdifference wasioted between control and disead@DEV$&ut comparisons are
difficult due to theatrtificial morphology.

Figure5-3 - Brain-derived EVsvere successfullisolated from frontal lobe tissue of control, AD and
ALS patients(A-Q Representative image of (égntrol BDEV{B)AIzBDEVs and (C) ALS BDEVs
Classical cuphaped morphology can be observed due to the vacuum conditions of theNOEM.
differences weraotedbetween conditiondmages were taken &lt1,000x magnification with scale bars
representing200 nm (N =1).
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5.3 Analysis of EV size and concentration

To measure the size amyerallconcentration of ADEMsith EMfenriched fractions
two techniques were availabllowing a quantitative analysis that can directly
compareserumifree and serurrcultured ADEV.S herefore, mnoparticle tracking
analysis (NTAsompleted using th&etaviev®) and super resolution microscopy
(direct stochastic optical reconstruction microscopd TORM) werialled, with the
resultscomparedto determine which technique should be continued for EV
guantification

5.3.1 Direct stochastic optical reconstruction microscopy (dSTORM)
analysis of ADEVs
DSTORM analysis uses a mathematical approach to calculate the size and
concentration ofparticleswithin a sampleFor EV analysis lipophilic,fluorescent
dye is used to stain the EV membrane whgthen activated by thetochastic
flickering motion of suitable laser® A ®S® 20 aSNIWSR .Mhsaldst Ay Ay 3
preciselocalisationof the individuafluorophores as not all particles will be active at
the same timeBy using fluorescence, only particles with a lipid membrane will be
analysed, excluding any contaminants such as free protein.

OnlyEVfraction 2(1/3" of total EV fractionswas measured for eachDEVsample

with EVfraction 2 expected to have the highest concentration of EVs based upon the
Yl y dzF I Ol dzNB Nan the lZ0d¢k@dluini luded t@ igokate the EVs. The
mediandiameterof the particles as well as th@article concentratiorwere

calculated to characterise the EVs. The size distribution was then calculated by
summingdata forthe particles counted across the four images taken for each
condition.

Thediameterof the particlesvas not significantly different between conditions,
however the serurfree ADEV$ad alargertrend indiameter than seruncultured
ADEV¢$SF mean = 8186.9nm vs SC mean = 7&2.4nm,P=0.11; Figure5-4A).
There was a significant difference in the number of partialghin each samplaype
with serumfree ADEV$aving6-timesmore particles than seruraulturedsamples
(P=0.005 Figure5-4B). The dfference in the number gparticlesislikelydue to
differences in the collection methods for each condition rather than differences in
release rate of EMgith largedifferences in cell numbegix 6well vs 4x T75 flasks)
and collection timg72h vs2 weekspetween the serurdfree and serurrcultured
conditions A better method for normalisation is required between the collection
methodsto determine ifthereis a true differencen size and particle number
between the conditions.
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Figure5-4 - DSTORM analysidentified a difference in particleoncentrationbetweenserumfree and
serumcultured ADEV,sbut not average size(A)Nosignificantdifferencein sizewas detected between
serumfree and seruntultured ADEVESF mean 81.3+£6.9nmvs SC mean#L.2+2.4nm; P =0.11).
(B)There was a significant difference in t@ncentrationof ADEVs witl 6-fold increase irparticle
numberdetectedin serumfree ADEVs compared to seramturedADEVsSF mean =.2x10 vs SC
mean = 3.4 x1Qarticles/ml;P=0.005. (C) Size distribution showgpaak at ~65 nm for both conditions
but alsoa second peak in the seruonltured ADEVs at ~45 nm. More particles were counted in the
serumecultured condition despite fewer ADEVs in the sample overall, but this is due tefemgum
samples requiring a 1:10 dilution.-)16 averaging snapshstaken prior to dSTORM imaging shows
the fluorescence labelling of the particleg)serumfree and (E¥erum-cultured ADEVStatistical
analysis was completed using an unpairdd$ a4 G 6 A G K | N=28) @0l bad NSO G A 2 v
mean and standard deviation.

The number of particles counted across fdiifferent fields of viewfor each
biological replicatevas used to plothe size distribution of particles. peak at ~65
nmwas observedor both samplesbut in the serumfree sampes,a much narrower
peak was observed compared to the sergnftured sampes, possiblglue to a
whichto a smaller size range in the sertwoultured ADEVE-igure5-4C).

5.3.2 Zetaview analysis of ADEVs

NTAuses light scattering and Brownian motion to measure size distribution of
particles in solution. Using the Zetavigwhe median size, concentration and size
distribution is calculated without the need tdter the EMractions(e.g. no lipophilic
dyes are neededSamples are simply diluted in PBS to achieve a concentration of
particles within theoptimal measurable range of the machine. A medionly

control was included to determine ampntribution of particlesy the nonr
conditioned media. This involved a combination of rtmmditioned G5 media and
astrocyte medium which was processed alongsideateocyteconditioned media.
Due to the ease of sample preparatiand measurementall three EV fractions were
analyseder biological replicate

~137~



The median size dhethree EV fractions was calculated for both seriir@e and
serumculturedADEVs and compared using a tway ANOVA. No difference was
found between the fractions within each condition£P.29;Figure5-5A). However,
the two-way ANOVA revealed a significant decrease in the overall median size of
serumcultured ADEVs compared to serdiree ADEV,slespite no significance
detected in the individual fractions when analysed using[d Rt { U & Ydzf G A LX S
comparisons tesfP=0.036). When the median size tfie fractionswere combined

(i.e. one value foall three fraction, serumfree particleswere significantly larger

than serumcultured particlexonfirming the results of the twavay ANOVASF

mean =151.4+19.0nmvs SC mean£30.6+4.4nm, P = 0.006; N #9; data not
shown) In summarywhen using NTA to measure particle size, there is a significant
decrease in diameter of seruoultured ADEVs compared to serdrae ADEVS.

When measuring particle concentrationp significant difference was observed
between serurdree and serumcultured ADEVs despite the differences in
methodology for collecting both ADEV® ( differentnumber of celband time

period for collectionfigure5-5B). There was a smailifferencein the number of
particles calculated between fractions, but this was siattisticallysignificant using a
two-way ANOVA (B0.16). The norconditioned media control had a similar particle
size to the EV fractions however it had >190M0l fewer particles showing that the
majority of the particles were released from the astrocytes and thus there were not
significantcontaminantspresent inthe media.This melia controlunderwentthe

same processing (ultrafiltration and SE€Ythe conditioned medidure PBS was
found to have a concentration of 1x41(° particles ml suggestindpoth PBS and the
non-conditioned media contrdhad very little influence on the particle number and
size in the EV fractior{snedia only 1.3 x 16 particles/ml)
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Figure5-5- NTA analysis of ADEV fractions from serfi@e and seruracultured human primary
astrocytes (A) Mediarsize ofparticlesis consistent between EV fracticasd is similar to particles
found withinthe media only control. However, a significaittedifference was observdzttween
serumfree and seruntultured conditionsvith serumfree particles having an average sizeld6.4 nm
across the three fractionspmpared tal32.6 nm irserumculturedfractions(P =0.036). (B)Particle
concentration found witin the three EV fractions of sertfmee and seruntultured sampleshows a
decreasing trenémongst the E¥factions,but thiswas not statistically significant. No differenice
concentrationrwas observed betweehe serumfree and seruntultured conditionshowever there was
>1000fold fewer particles in the media only control than either ADEV cond8tatistical significance
was measured using a Tweaay ANOV/Aollowed by~ N R miltiplé comparisons test. Error bars show
mean and standard deviatiaiN = 3).
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With a difference in median size observed between seftee and serurrcultured
ADEY, size distributiorplotswere created tccompare the distribution of particle
sizes found within the sample$here was an overall shift in particle size with a
uniform decrease observed in tlserum culturedADEVgFigure5-6A). Much like the
median size of the particles, there was no difference in size distribution between
fractions within each conditiofFigure5-6B and C)There were differences in the
number of particles countetbr eachfraction, but thisisdue to the methodology
used to count the particles as tampledilutionswere not accounted fowhen
calculating thesize distribution EV3 fraction was often diluted 86ld compared to
EV1 and EV2 fractions whidguired adilution of 100-fold to reach an optimal
measurement rangeln some cases, EV1 fraction was diluted-20¢@ and therefore
less particles were present during counting compared to EV2 angr&(®&ing in
less traces being included for size distributaoralysisOverall, size distribution
shows a global shift in th&ize of seruntultured ADEVSs compared to serdree
ADEVs
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Figure5-6 - Size ditribution of particles identifieda shiftin serumcultured ADEV fractionsompared
to serumfree ADEV fractiongA) Serumcultured ADEYfactionshavemore,small particles detected
(<100nm)with an overall shifto the leftcompared to serurfree ADEVs. (B and EY fractions have
the same size distribution of particles with pelk$ween(B)120-170 nm for serunrfree and(C)100-
150nm for seruraculturedADEVS.

5.3.3 Comparison ofdSTORM and Zetaview techniquesr analysing

ADEV size and concentration
5.3.3.1 Size of ADEVs
Both NTA and dSTORM allow quantitative characterisation of particle size and
concentration in the samples but produce different res\(able 51, comparson
usingEV fraction 2 NTAndicateda larger median sizénan dSTORM for both
conditions with a significantlecrease in size erumcultured ADEVsIsing NTA but
not dASTORM analysis, despite same trend observedrhissize differencéetween
NTA and dSTORMIlikely due to the different methods that are used to calculate the
size of the particles.
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Table 51 - Comparison of size and concentration of EV fraction 2 using NTA and dSTORM analysis.
NTAand dSTORM analysis shdifferent results for both size and concentration of ADEVs produced
from serumculturedand serurdfree astrocytes. Fraction EV2 was used for comparison due to this being
the only fraction analysed during dSTORM analigita shows mean and standard deviatiovith

values corrected for any dilution required foeasurement

Serumfree ADEVs Serumcultured ADEVs
NTA dSTORM NTA dSTORM
Median size (nm)| 146.1+0.5 81.3+6.9 131.6£3.5 71.2+2.4
Concentration 3.12 x16'+ | 2.0x10+3.3 3.47 x10' + 3.4x16+
(P/ml) 2.42x10' x10P 1.33 x16¢ 1.6x10°

The Zetavie®uses polystyrene beads to calibrate the machan¢he start of every
session often leading tasmallvariations between imaging sessions. The EVs also
remain in solution during imagirgp it isdifficult to focus precisely orall the

particles in the field of view. Together, this is likely to overestimate the size of the
particles in solution. On the other hand, dSTORM uses mathematics based upon the
clustering of the fluorescence to calculate the size of the particles. Titielpa also
settle onto theglass slide used to image the sample resulting in mostly stationary
particles being analysed. Alongside the automatic focusing used throughout the
experiment, focusing is much easier using dASTORM and therefore would produce
more accurate size calculatiortdowever, given that dSTORM uses fluorescence
stainingof lipid membranesanda mathemati@al approactto calculate the size of the
particles, this method is likely undeepresenting the size of the particles. The true
size of the ADEVs is likely betwebege two values.

5.3.3.2 Concentration of particles

The concentration of the particles varies considerably between the two techniques
with NTA detecting-1000fold more particles than the dSTORM analy$eble 51;
comparison of EV fraction).2A significant decrease in particle concentration was
observed in theserumcultured ADEVsising dSTORM, but no difference was
observed through NTA analysBSTORM utilises a lipophilic dye to stain the EVs and
therefore will only detect lipiebased particles, such as EVs or liposomes, that have
incorporated the dyeHowever, this relies on all EVs itadkup the dye equallywith
particles with less than fiveneasurementexcluded from analysis. The lasers also
photobleach the sample resulting in far fewer hits as the experiment continues.
Simply by searching for an area and taking the widefield image, some hits are already
lost and therefore would not be included in thealysis. Therefore, dASTORM is likely
to underestimate the number of EVs in the samglecontrast, the NTA is more

likely to overestimate particlenumber as it will also measure other n&V particles
that co-isolate with EVs, as seen in then-conditioned mediumand PB®nly

controls.

5.3.3.3 Sample preparation and ease of use

ZetaviewRsample preparation isasierwith samples simply requiring a PBS dilution
before injecton into the machine, compared to dSTORM which requires sample
incubation with a lipophilic dye followed by slide preparati&rcess dye also needs
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to beremoved so the dye needs to be addeefore SECThe Zetavie®is alsomuch
easierto use with automated postapture processing, unlikddlSTORMvhich

requires extensiv@ostcaptureprocessing. Therefore, there is leranual

alteration to the raw data using NTA reducing any processing erroraddastage
of dASTORMver NTAs the use of fluorescence to identify spbpulations of EVs
that can be tagged using fluorescent antibodies. For example, if GFAP was found to
be a good ADEV marker, GFAPEY could be identified in CSF or blood samples.
This could be used alongside another fluorescent anfégsfr co-localisation
studies. Whilst the Zetavie®is capable of measuring fluorescence and could be
used to identify sulpopulations, dSTORM allows better resolution and better
separation of EV clusters resulting in more accuratéocalisation of markers.
Within this current work, fluorescent markerseve not used so the benefit of
dSTORM is outweighed by the speed and ease of use for quantifyinds Abdvided
by the Zetaview(see Table & for summary)

Table5-2 ¢ Technical amparisonsummarybetween dSTORM and NTA techniques for the quantification
of EVconcentrationand size

dSTORM NTA (Zetavie®)
Automatic focusingwith EVssettlingon | Difficult to focus on EVs with particles
the glassmicroscopeslide (i.e. mostly | remaining in solution
stationaryso easier to maintain focyis
Requires fluorescerabelling of EVso | Detectsall particlesusing Brownian
will only measure a subset of particles motion (PBSonly control still has a high
(more specificbutwill likely miss EV | particle count of x18particles/ml)
particles with limited staining
Requires extensive preparation of No modification to E¥tactions with
samples, with incorporation of samples simply requiring a dilutidm
dye/antibodyinto EV isolation as well | PBSrior to analysis
as microscope slide set jpse of
spacers required for microscope sljde
Manual image capture witBvidenceof | Automatic image capturef 11
photobleachingvhilst movingaround | positions, which are then averaged

the sample (therefore leading to post-capture

underestimation of particle

concentration)

Long image capture timg@-10 min) Short capture time (~2 miwyith only
with each image madadm the 11 positions combined for a final resul

compression of 5000 framdsnage
capture is completed using a video)
Extensive, manual postapture Automatic postcaptureprocessing
processingvhich requires optimisation
of inclusionthreshold criteria

5.3.3.4 Conclusions

Overall, the Zetavie®wascheapereasy to use and provided data that was easier to
interpretin comparison to dSTORMable 52). Fluorescentonjugated antibodies
were not usedn the currentprojectwith the work focusing onunbiasedcargo
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characterisation rather than specific markers. ADEVs were isolated from a
monoculture of astrocytes and therefore the8®EVs do not need to be separated
from EVgeleased by other cell typeghich would be important when usingore
complex samples such Bkod or CSF. Whilst the Zetavi@may result in over
estimationsof size and concentration, the work in this thesis is focused on
comparing conditions and thereforabsolute measurements are less importaénan

the consistency between the measurementgioe samples. Therefore, NTA using
the Zetaviev®will be used for the remainder of the work presented in this thesis. To
ensure consistency between samples, samples will be analysed during the same
imaging sessiowhere possibléo remove technical variability.

5.3.4 ADEVswere isolating in earlier fractions than expectedusing
generation 2 IZON columns
Due toimprovementsin the manufacturing processeneration 2IZONcolumns
were used to isolat€EVsin subsequentvork, instead ofthe original columns used
for ADE\Eharacterisation. For generation 2 columns, thanufacturer suggests that
E\swill elute inthe firstthree 400l fractions(EV1- EV3 total 1200ul instead of the
original 50Qul fractions, total 1500 plafter the 2.9 mPBSyoid. The manufacturer
alsoindicatesthat the middle EV fraction (EV2) should have the highest
concentration of EVs. This was not observed insulisequenNTA using the
generation 2 columnwith EV1 fraction havinthe highest concentration of particles
suggesting the EVs are eluting earlier than expe@ederved inFigure5-5B).
Therefore, the final 40Q1l fraction of thePBSroid was also collected and measured
using the Zetavie®(SEC fractions 2.5 mIPBS/oid followed bycollection ofa final
void fraction of 40Qul, 3x EV fractionand 2x Protein fractions, each of 400
Particle concentration found thdE\tsizedparticles were eluting earlier than
expected with many particles present in the last void fraction of the ADEVs (V1
Figureb-7A). There was no change in median size across any of the fractions
collected(Figure5-7B). This suggested that the final void fraction (V1) should be
used insubsequenexperiments alongsidthe other threeEV fractions
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Figure5-7 ¢ Using generation 2 IZON columns, BMare eluting earlierthan expectedfrom the
columnswith many particles identified within the final void fretion. (A)A large proportion o$erum
cultured ADEWarticleswere detected within the finad00pl of the void (Vfraction) suggesting EVs

were eluting earlier thaexpected(B) No difference in size was detected between any of the fractions.
Error bars represent mean and standard deviation of technical repeats for each fraction kestdd. (

V1 representthe final void fraction, EM3 represents the predicted EV fractidmsthe manufacturer of
the gEV columnand, P1 and P2 represent the predicted protein fractions.
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5.3.5 The effect of freezing on ADEV size amdncentration

Whilst optimal toutilise EVSor downstream analysisnmediately after isolation,

this is not always possibdnd the EVs requirstorage at80 °C. There have been
conflictingresults regarding the effect of freezing on EV integribythés was
investigated within theADEVgGelibter et al., 2022; Gorgens et al., 2022; Wright et
al., 2022) Particle size and concentration were measurachediatelyafter EV
isolation(fresh)andagain after a week of storage a80 °C(frozen) No difference in
particle concentration was found when freezing terified ADEVs fot week,
however there was decreasean the size of particled={gure5-8). A reduction in
particle size could be explained by the presence of larger EVs dividinguiftiple
smaller EVs during the freezing process. However, if this was true, an increase in the
particle concentration would be expected. Inste#étuis reductionin sizeis likelydue

to technical variation observed when using the Zetaview® for analysis. Bugatb
differences ircalibration with polystyrene beads and focusing before each image,
differences in median size can bbservedbetween differentsessionsFor example,
the average size may vary between 1B80nm during analysis, whereasanother
sessionthe average size may vary between 4ZDnm. This highlights the
importance ofcomparing samplewithin the sameanalyticalsession to reduce the
effect of technical variability. This is not possible when measuring the effect of
freezing due to thenature of the experiment
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Figure5-8 ¢ Freezinghuman primaryADEVs at80 °Cdoes not affect particle concentratiar(A) No
change irparticleconcentration was found aftemneweek of storage at80 °C (B) Median particle size
was found to decreabut this is likely due to technical variation of the Zeta®elrror bars represent
mean and standard deviation of technical repeattserumcultured ADEVEN = 1)

As well agt being advantageous to stockpile conditioned meditowing
experiments to be conductedn all biological replicates at the same tirfibereby
reducing technical variationgtoring conditioned media is necessary serumfree
conditioned media collectionsith media collected over two weeksom four
separate collectionsTherefore, the effect of freezing the conditioned media from
human primary astrocytes prior to EV isolation was also investigated to determine
how this effected the ADEV yieldonditioned media was collected from serum
cultured astrocytes after2 hours(using the serustemoval methodgand either
frozen at-80 °Cfor 1 week before isolationr isolated immediatelyNTA analysis
was then completed to compare size and concentrat@hthe EVs isolated from
fresh conditioned medium, EVs were either stored for 1 week &a¥ were frozen
at -80°C for 1 weelbefore reanalysis to confirm theesultsseen inFigureb-8.
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When investigating the effect of freezing conditioned medium on particle
concentration, very little difference was observed between fresh faozen
conditioned mediumFKigure5-9A). In fact, there was a small increase in particle
concentration after freezing the conditioned mediwsuggesting there may be 5@
budding of larger patrticles into smaller particlewever, there was a decrease in
particle concentration after freezthawingEVs isolated from fresh conditioned
mediumsuggesting freezing conditioned medium is preferabl&eezing isolated
EVs from fresh conditioned medium. Storaffeconditioned medi for 1 week at 4C
had no effect orparticle concentration. No difference in medium size was found
between any of the conditionsontrastingthe previous finding, confirming the
difference observed in Figure®was due tovariationsin the NTA analysi&igure
5-9B). Statistical analysis was not completed due to the limited biological repeats for
the experiment(N = 1) In summarythe size and concentration &DEVs appear to
be unaffected by storing conditioned media for 1 weeleither-80°Cor at 4°C. In
fact, it appears to b@referable than storing isolated EVs-80 °Cfor 1 week.
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Figure5-9 ¢ Storage ofastrocyte conditioned mediat either 4°Cor -80 °Cdoes notaffect ADEV
concentrationand is preferable to freez¢hawing isolated EVS(A) Freezing astrocyte conditioned
media hal limited effect on the particle concentration after EV isolat@ympared to fresh conditioned
medium.In fact, a reduction in particle concentration was obseine@Vsfter isolaion from fresh
mediumwhenfrozen for 1 weeland thawed (pink) compared to isolated EVs which were stored@t 4
(green). (B) No difference in the size of partialas detected between fresh and frozen astrocyte
conditioned medium. Error bars represent mean and standard deviation of the two technical repeats
completedusing serurrcultured ADEVEN = 1)

Future analysis will aim to measure patrticle size and concentration within the same
session when comparing conditiottsreduce the variation seen in the NT&fforts

will also be made to use fresh ADEVs for functional analysis to avoid any differences
due to storage however when required;onditioned media should be frozen prior to

EV isolationFreezing is less problematic when using ADEVs for proteomic analysis as
EVintegrity is not required. Proteins are stable wheazenand therefore freezing is
likely to benefit the samples by reducing the activity of proteases which would
degrade any proteins.
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5.3.6 Zetaview analysis ofcontrol and diseaseBDEVs

As arendogenousomparison to ADEVs, BDEVs isolated from control and disease
6! [ { FyR {1 m@ranfréndKobetissiedede alSanalysed usitlge
Zetavieviel NTAshowed no difference in the size of particles isolated from the
diseased tissue compared to the matched contréigre5-10Aand B. AzBDEVs
were larger than the ALBDEVshowever thigs likelydue to technical differences
between measurementénalysis completed during separate sessidiegiause the
size of BDEVs frothe Alz-controls werealsolarger than those of the Akébntrols
(1434+£0.4nmvs 13.6+0.1nm). To ensure true comparison adntrolvs disease
particle size, the disease BDEVs were analysed at the same time as their matched
controls.Size distribution plots from all BDEV samples show a similar pattern to
previous ADEV analysis suggesting sucakissilation of EVEFigure5-10C and D)

Similar concentrations of particles were observed across the ALS armbtt&
conditions ALS 21.55x10" + 1.06x10"3 vsALScontrol=1.65x103+1.13x10"
particledml per 100 mg;Figure5-10E). For Az BDEVS, similar concentrations were
also observed in the disease and matched conttt £2.31x10" +1.54x10 vsAlz
control =1.87x10 + 1.58x10" particles ml per 100mg Figure5-10P).
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Figure5-10- NTA analysis of BDEVs isolated from human control, Alzheintisisase and ALS tisssie
shows no differencén the size or concentration of BDEWstween conditions(A-B) No difference in
median size ofA) ALS and (B) Alz BDEVs compared torttagghed controls(GD) A similar size
distribution was observed between disease and their matched control BEEYblo difference in the
concentration of particles between disease and comBEVsStatistical analysis was completed using a
two-way ANOVA followed by NRY 1 U & Y dzf G A LIEr®r b&reraprdbeNtingad shd standadl i
demation (N = 4)

5.3.7 Comparisonof particle size and concentratiorbetween ADEVsand
BDEVs

Whilst it is difficult todirectly compare theconcentration ofADEVs and BDEVs due to

the different origins of EVs (cell cultuwstissue)and collection methodssome

comparisons can bmade between thesize of theEVs. Similar size distributions were

observed betweenrll EV samples, with median size ranging from ¢286nm

which is expectedising SEC isolatigable 53). Whilst a difference in size was

observed between quiescent (seruiree) and reactive (seruraultured) ADEVS, no
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difference was observed betweaontrol and disease BDEV&S0fold fewer
particles were found within cell culture EV fractiarsmpared to BDEV fractions
which is most likely due tthe number of cellsn culturebeingfar fewer than the
number of cells within the tissu@able 53; von Bartheld et al., 2016)

Table 53 - Comparison of the size and concentration of ADEVs and BDEVs usin@ZBfaxiewr).

Median size andheanparticle concentration were calculated using N@Aboth ADEVs and BDEV
fractions.For BDEVS, particle concentration was calculated per 100 mg of tissue to normalise between
sample§ADEVs N= 3, BDEVs N.=4)

Median size (nm)| Particle concentration (Particles/ml
Serumfree ADEVs 146.4 5.05 x 16t
Serumcultured ADEVs 132.6 3.58 x 16!
ALS BDEVs 126.2 1.55 x 16
ALS control BDEVs 125.6 1.65 x10%
Alz BDEVs 143.1 2.31 x 16°
Alz control BDEVs 1434 1.87 x 1&

5.4 Detectionof EMassociatedmarkersin ADEV and
BDEVs

At present, there are no establishediiversaimarkers of EVand in particular, no
markers to confidently distinguish between different styipes of EVsuch as
microvesicles and exosomdastead, MISEV guidelines recommend
immunodetection ofmultiple endosomal (exosome origiahd membrane markers
that are thought to be enriched withieVs as well as the absence mfoteins that
would not be expected within EVs such as Gajgiaratus or mitochondrial markers.
There are also issues witomparing protén expression due tmmanyEVsamples
having undetectable levels of protein using regular protein as&h as Bradford
or BCA assayajpd no wellestablished housekeeping proteins identifitea
normalisation

5.4.1 Western blotting of EV markerswithin ADEVs

Toinitially identifyEVfrelated proteins within the ADEWsur E\fassociatednarkers
(CD63, CD81, FLOT1 and AlBt® measured using immunoblotting aerumfree

and serumcultured ADEVsCDB63 and CB1are endosomal proteins associated with
exosomeswhereasFLOTXhNd ALIX are associated with the cell membrané

cytosol Calnexin expression was investigated as a negative EV marker to identify the
level ofcell debriscontamination in the samples. Calnexin is an endoplasmic
reticulum protein and therefore wuld not be expected within small EVSs.

Despiteextensiveoptimisation, not all markers were detected within the ADEVs
which is likely due to the sensitivity of the technique. Concentrating the EV fractions
usingfurther ultrafiltration didimproved signal when staining for calnexin, ALIX and
FLOTL but no signal was detected in CD&1CD63 despite detection within the cell
lysate(Figure5-11). Flowthrough from theprotein concentrators were also analysed
to confirm the EVs remained within the concentsait a smaller volumeCalnexin
displayed a strong signal suggesting EV fractions may caraaiacell debris. It is
difficult to compare expressiobetweenproteins(due to variations between
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antibodies)and between conditionthrough immunoblottinganda lack of
housekeeping proteins within the EVs
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Figure5-11 - Immunoblotting identifies someE\fassociated markers in serwfnee and serurrcultured
ADEVs(A-B) Protein bands were detected using (A)-aathexin (CANX) and (B) aAtilXantibodies in
both the serurdree and serurtultured ADEVSs after concentration (+ represents EV sariplgrotein
was detected in the flodhrough from the EV concentrators (represented)lmpnfirming EVs were
corcentrated by further ultrafiltration(C) CD63 an@)CD81 were not detected in concentraeEV
fractionsbut were present in cell lysate samplé®.FLOT1 was faintly detected in the both the
concentrated EV fraction and the protein fraction of sefume ADEVs (black arrows) but was not
detected in the serumulturedADEVsCell lysate (CL) contlverealso included to ensure a lack of
signal was due to the samples and not due to the technigitl the exception of CANX because the
signal intensity was too higio be dstinguishableEV fractions were combinersing further
ultrafiltration to increase EV concentration and therefore the concentration of protein within the sample.

5.4.2 Identification of EVprotein markers in ADEVs

Due to the many issuadentified with immunoblotting of EV sampleSWATH mass
spectrometry was completed to identify Ed¢sociated proteins within the samples.
SWATHKMS isfar more sensitive than immunoblottingith less reliance on antibody
quality, as well aproviding an nbiased relative quantificatiarFor SWATHS
analysis, purified ADEV fractions, V1, EV2 artevV3 were combined and
concentrated using further ultracentrifugatioto approximately 5qul. Samples were
then processed as describedsdection2.4.4.2alongside parent astrocyte whole cell
lysates (described in secti@nd). SWATHMS analysis wasompleted in thesame
way as the astrocyte cell lysates and will be described in more detail later in this
chapter 6eeFigure4-10for analysis pipelinesection5.5for full analysis of ADEV
proteome by SWATMS). In total 526 proteins were identified in more than two
replicates ofserumfree ADEVs and 300 proteins identified in the seicuttured
ADEVs.

Asalludedto previously, MISEV guidelim@troduces 5 categories of proteins to
investigate within EVs 1: Transmembrangroteins associated with
membrane/endosomes2: Cytosolic proteins 3: Non-EV ceisolates, 4:

Transmembrane, lipitboundsoluble proteins associated withtracellular
compartments other than membrasand endosomess: Secreted proteins

recovered with EVS he suggestion is to investigate at least one protein from each of
the categorieswith theimmunoblotting abovdsection5.4.1) alreadymeasuring
category 1 (CD63 and CD8&dgtegory 2 (ALIX and FLOT1) and category 4 (Calnexin).
Due to thelarge number of proteins detected within SWATH analysis, multiple
proteins from each category are possible to deteata thorough analysis can take
place(Figureb-12).
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Of the category 1 proteins identified, many were enriched within the ADEVs with the
exception of LAMPXD63 and CD&&ereidentified by SWATHMSIn the ADEVs
despite their absenci previous immunoblottindnighlighting theimproved

sensitivity of mass spectromet(iFigure5-12A). Category 2 proteins were also
identified within the ADEV/supporting evidence of E&hrichment in the fractions
However, in contrast to category 1 proteinBese proteins were alshighly

expressed in the cell lysatésigure5-12B). The difference in expression between
category 1 and 2 proteinis likely due to the ratio of cell membrane and cytoplasm
within EVs and cell lysates. EVs have a high membrane to cytoplasm ratio due to
their small sizgin comparison to cell lysates which will have a greater cytoplasm
area.Therefore,more cytosolic proteins will be expected in cell lysates than EVs in
respect to cell membrane proteins.

More category Jipoprotein markersvere identified within serurafree ADEVs
compared to seruntultured ADEVE-igure5-12C) APOB and APOE were not
detected within serurrcultured ADEVs despite high relative abundance in the serum
free ADEVSs. High levelsalthumin were detected in all samples which is a lilely
contaminantof the cell culture medium. Very low expression of category 4 proteins
within the ADEVs suggests that thiactions arefree of cell debris contaminastand
therefore the proteins detected are likely secreted by the cells or found within EVs
(Figure5-12D). Calnexin was not identified within the ADEVs desjaigntification by
immunoblotting.Secreted proteingcategory 5were found in high abundance

within ADEV samples with higher expression found in ADEVs than celldgagites
suggesting césolation with EV¢Figure5-12E).
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Figure5-12 ¢ Relative abundance of E&ssociated proteins (category 1 and 2) and eatlsociated

proteins (category &) identified within human ADEYV and their parent astrocyte lysate samplesng
SWATHMS. (A) Five of the six EAssociated membrane proteiidentifiedhad a higher abundance

than the parent cell lysate samples suggesting EV enrichment. (B) Cytosolic preteientified

within EVs as well as their parent cell lysates. (C) Lipoprotein markers were identified in th&reserum
ADEVs but often nah the serurrcultured ADEVs, with only APOAL and ALB expressed inadtured
ADEVs. (D) Organelle associated markers were rarely expressed in the ADEVs despite expression within
the parent cell lysates. (E) Secreted proteins were commmoletes wih ADEVs which were often

enriched in ADEV samples compared to cell lysate samples. Error bars represent mean and standard
deviation (N = 3). Protein abundance was relative across samples due to the nature of SWATH analysis
(arbitrary units)
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5.4.3 EVmarkers within BDEVs

With SWATH analygisoviding a more extensive characterisation of protein
expression compared to immunoblotting, BDEVs were also analbys88VATHIS
BDEVs were processed using the same methodology as the ADE\tstwitlen

1377 and 1617 protesidentified inat leastfour of the eightbiological replicates
analysedor each BDEV condition (full analysis described in sebt@nThe five
MISE\tategoriesvere alsoinvestigatedwith similar proteins identified to those
observed in the ADEVs (speeviousFigureb-12). A similar expressiobetween
controland diseas®DEVsvas identified across category 1 and 2 protgifigure

5-13A and B. TSG101 was not identified in the BDEVs so FLOT1 was used instead for
characterisation. ITGA2 was also not identified within at least 4 replicates for each of
the conditionsbut ITGA1 wagentified.

Category 3 lipoproteins and category 4 galrkers were identified within the BDEVs
suggesting some contamination with Igames and cell debr{§igure5-13C and D)
This iprobablydue to the destructivanature of thetechnique used to isolate the
EVs (mechanical chopping acwllagenase)which would likely lead tsomecell

debris The brain is also highly myelinatadd therefore has a much higher lipid
content Whilst SEGhould remove the majority of the cell debiisoth largerand
smaller than EV sizangé, debris of a similar size to the EVs wondturallyco-

isolate in the sample§.OMM20 was noidentified within the BDEVbut another
mitochondrial protein]MMT wasidentified. Very few secredd proteins were
identified in the samplesuggesting these proteins were separated from EVs during
isolationin contrast to the ADEV proteinSomeof the secreted proteingentified
within the ADEVS, such as FGRAybe found within the original cell culture

medium and therefore would not necessarily be abundant within human tissue.

Together with the TEM and NTiie mass spectrometry analysis suggests thds
can be isolated from bothuman primary astrocyte ceatulture medium (ADEVS) and
human tissue (BDEVSs). Similar saigsarticleswere identified within bothsets of
samples as well as similarorphology ande\associated proteinmdicating that the
ADEVs areomparable to those observeshdogenouslyWith high confidence that
the EMractions areindeedenriched with EVdurther analysiof the SWATHAS
datawascompletedon the ADEV and BDEV caggo
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Figure5-13- Relative abundance of E&ssociated proteins (category 1 and 2) and eadisociated
proteins (category &) identified within healthy and disease BDEVsing SWATHVS. (A) Category 1
and (B) category 2 proteins had a similelativeabundance across the 10 markers identified within
BDEV¢C) Lipoprotein markers were identified in BIBEVs but in low abundance with the exception of
albumin.(D)Some oganelle associated markers wedentified suggesting some cellular
contamination (E) Secreted proteins weret highly expressed in BDEVs with the exception of
LGALS3BIError bars represent mean and standard deviation 8N Brotein abundance was relative
across samples due to the nature of SWATH analysis.

5.5 SWATH analysis of ADEVs to understand the ADEV

proteome
For SWATHIS analysis,ancentrated grum-free and serurrcultured ADEV&Il EV
fractions as well as 404 voidfraction combinedwere analysed by SWATWSat
the same time athe parent astrocyte cell lysates, previously described in se@idn
(N = 3) As with parent cell lysates, peptides which mapped to more than one protein
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wereremoved,and the samples normalised using the total spectra. Unlike the cell
lysates, the ADEVs were not normalised to protgincentrationdue to the

undetectable protein levels on a standard BCA assay. However, as determined in
section5.3.2 no significant difference particle concentrationwas found between

the serumfree and serumcultured ADEVsuggesting protein concentration would

be comparableFinally, common contaminants albumin and keratin were removed
from the analysis (albumin was only included when investigating EV markers, above).

5.5.1 Comparingsimilarity between the proteomes of serum-free and
serum-cultured ADEYV biological replicates

A PCA was completed on the relative abundance of pretitained from three

replicates of serunfree and seruncultured ADEV$0 determine the similarity

between samplegcompleted prior to removal of contaminants and missing

replicates but after removal of peptides linked to more than one protein,Fgare

4-10for analysis pipeline)A small distinction was identified between serfiree and

serumcultured ADEVsvith 73% of the data described by the first principal

component (PQland the second principal compongi®C32 accounting for 8% of

the separation. The replicategere not clusterel showing a substantial amount of

variation between samples. This suggests more replicates would be required for a

more confident characterisation of the proteomes between samptesch like the

cell lysate comparisaiWith no clear difference betwaethe conditions, a PLSA

was not completed (normally identifies proteins which are most responsible for any

difference).

Serum-cultured
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Figure5-14 - PCAof ADE\proteinsindicates no distinct difference betweeserumfree and serurm
cultured ADEVproteomesby SWATHVIS. PCA showsomeseparationbetween theproteomesof
serumfree (blue) and seruraultured (greenADEVshowever thesamples are not tightly clustered
showing high variability between replicatd®C1 accounts f@3% of the difference between groups and
PC2 accounts fol5%o(total data described €8%)

The number of missing values were investigated to determine the similarity between
replicates as well as to identify the proportion of proteins to be included for further
analysiqFigure5-15). As with the previouSWATH cell lysasnalysigsee section

4.4), further analysis was completed on the proteins that were identifieat ileast
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two biological replicates for serufnee and serunrcultured ADEVsvhich included
35-40% ofidentified proteins
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Figure5-15 ¢ High variation betweerbiologicalreplicatesby SWATHVS, with the majority of

proteins only identified in either 1 or 2 biological replicates for both serfm@e and serurrcultured
ADEVsHigh variation between the biological replicates is eviderlhe serurdree and serurtultured
ADEVsvith a large proportion of the total proteins identifigabt found in all 3 replicates 8% found

in 2 or less replicated).replicates represent proteins that were only identified in the opposing condition
(i.e. a protein identified in serwuinee replicates, but not serweultured replicates wuld be identified as

0 in the serunctultured condition). Percentages were calculated using the total number of proteins
detected across both serufree and seruntultured conditions.

When comparing proteins identified withgach replicate, the serufiree and
serumcultured ADEV#adafairly consistent number of proteins within each
condition, and no differencbetween serumfree and serurrcultured ADEVs (SF
mean =580+ 267vs SC mean = 339 19proteins, P £.99,Figure5-16A). As
expectedthe number ofproteins identifiedwere much lower in ADEVs than parent
cell lysates with a significant difference identified between the seoutured
condition(P = 0.00).
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Figure5-16 ¢ Fewer proteinswvere identified by SWATHMSIin serumfree and serurrcultured ADEVs
compared to their parent cell lysate¢A) Number of unique proteins identified in each of the biological
repeats. (B) The majority of proteins (55.6%) were identifietitiple conditionsvith few unique
proteins identifiecexclusivelyn ADEVsError bars represent meanstandard deviatior{N=3).

Similar to the SWATFMISanalysis completed on the cell lysates in sectioh
proteins were excluded that were only present in one replicate of each sample to
improve confidence that the protein was identified correcifter applying this
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criteria, 526 proteins weradentified within the serumfree ADEVs compared to only
300 within theserumcultured ADEV,swith 264 proteins found in common between
the ADEVsHigure5-16B). There were few proteins that were exclusive to the serum
free or serumcultured conditions (ADEV and CL) suggesting the protedme
astrocytes and their ADEYses notchange after culturén serum.Interestingly, 16
proteins were identified within both ADEconditions but not in thastrocytecell
lysates, suggesting these proteins may be enriched within ADEYEe 54). STRING
analysis was completed on these proteins to determine their connectwity
subcellular locationOf the 16 proteins, 9 were highly connected (bold and italicised
in Table &) with 13 found to be associated with tléextracellular regioausing GO
compatment analysisOf the 13extracellulamproteins, 6 werealsoassociated with
cextracellular vesicléssupporting the hypothesis that these proteins are enriched in
ADEVSGC, PLG, APOAL1, ITIH4, IGSF8 and SDC1).

Table 54 ¢ 16 proteinswere identified within serumfree and serurrcultured ADEVbut not their
parent cell lysatesOf the 16 proteins identified, 9 were highly connected within the STRING analysis
(Italicised and in BoJ®STRING connectivity not shgwn

A1BG GC IGSF8 PLG
APOA1l HAPLN1 ITIH1 SDC1
CFI HAPLN3 ITIH3 SERINCS
EVA1A IGHG4 ITIH4 SSC5D

5.5.2 Qualitative analysisof the ADEV proteome

5.5.2.1 Pathway analysis

Whilsthalf of allADEV proteins wergentifiedin both serumfree and serum

cultured ADE\tonditions(264 proteins)262 proteins were unigue to serufnee

ADEVs and 36 were exclusive to the sexauttured ADEVE{gure5-16B).KEGG
pathway analysis was completed on these proteins to identify pathways that may be
over-representedwithin the ADEV.No pathwaysvere upregulated in thgroteins
exclusive to theserumcultured ADEVdikely due to the limited number of proteins.

On the other hand, 33 pathways were significantly upregulateitie unique serum

free ADEV protein@=igure5-17). These pathways were very similar to those

observed withirboth cell lysatesn sectiond.4.33 dzOK | & dawkod 2 AR ¥ FE
Y S| 0 2dudgésiing these pathways are only upregulated in s€remADEVs

due to theincreasechumber of proteins identified compared to the sererultured
ADEVs, and not because of the ADEV phenotype
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Figure5-17 - The 15 most significantly upregulateldEG@athways in ADEV proteinslentified
exclusively iPADEVSs purified fronserumfree cultures A total of 33KEG@athways werddentified as
significant amongst the 262 proteins found esively in serurfree ADEVS.

Pathway analysis wadsocompletedon all proteins identified within theserumfree
and serumcultured ADEVgin at least two replicatedp identify which pathways
were overrepresentedin EVs. In the seruiiiee ADEVS, 68 pathwaygre
upregulated compared to 50 pathways in the seraoitured ADEVdMany of these
pathways were identified in both ADEWS pathways)consistent withthe high
number of proteins found in both ADEV conditigRgure5-18).
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Figure5-18- Top 10 KEGG pathways upregulated in serfree and serurrculturedhuman primaryADEV
proteins. (A) Serurfree ADEVs had a total of 68 upregulatddGGathways (B) Seruntultured ADEVs had
50 upregulated pathwaysSimilar pathways were identified in both serfiree and seruncultured ADEV
proteomes suggesting littlgifferencein the ADEV proteomdsetween the conditions.

5.5.2.2 Vesiclepedia databasghows ADEV proteome is similar poeviously
published EV datasets

The Vesiclepedia databas@s created t@rovide a comprehensive list 8NA,

protein, lipid and metaboliteargaswithin EVs from both published and

~ 156~



unpublished studiegPathan et al., 2019However,when searchingpecificallyfor
CNSlatasetssuch as neuroes and astrocytesvery few datasets are included. In
fact, there isonly one studyncluded in the database fékDEVswith only one
protein identified(Nkpd1 inrat ADEV} Therefore ADE\proteins identified within
our dataset whichare alsonot present in the Vesiclepedia databaseuldbe CNS
specific proteins found in EVBhe majority of ADEV proteins wepeesentwithin the
Vesiclepedia databagérom analyses of other published EV datas@td)cating the
EV preparationf this studyare of agoodqualityand are similar tahose published
in other studieg526 proteins out of 562 ADEV proteifégure5-19). Seven proteins
were identified in botrserumfree and seruncultured ADEV conditions but had not
been previouslyecorded in Vesiclepedigigure5-19). However, of tlese seven
proteins, only QRICHR highly expressed in astrocyt@sdescribed in the human
protein atlas)suggestingnany ofthese proteins may simply be contaminants. For
example XP32 is involved ikeratinization and therefore is a likely contaminant from
skin cellsOther potential contaminants may have arisen fréme preparation steps
(environmental contaminationsuch as keratjnor carry overfrom previous samples
which were analysedsing the mass spectrometer

Serufi:fice // - oy y So'um—‘ciuturcd
(526) // (300)
// \\\
p /,, \ \ ‘\\
[ .2\ | ccN2 | EvAlA
‘\ N | H2ac21 | Haca
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12269

Figure5-19 ¢ The majority of erum-free and serurrcultured ADEV proteingere also presentwithin
the Vesiclepedia databas@he majority oproteins found within the ADEVs were previously found
within the Vesiclepedia databaseade up of previously published EV datas8&ven proteins were
identified withinboth ADEVthat were not in the database. Of the 27 proteins found in the sdrem
ADEVs, many were immunoglobulins and therefore likely represent contamination.

5.5.2.3 Comparison of ADEV proteomes to parent whole cell lysates

There are still many outstanding questions surrounding the loading of protein cargo
into EVs, and whether this process is selective. If proteins weresalattively

loaded for removal from the cell (secretory autophagy), the proteome of the EVs
would be drectly comparable to the parent cell lysates. The ADEV proteomes were
compared to the parent cell lysates to determine whether there was any protein
enrichment within the ADEMEigure5-20). 65 proteins were exclusive to the ADEV
samples, with 16 of these proteins found in both serfree and serurcultured
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ADEVproteomessuggesting EVs are not dirgeflectionsof the parent cells and
therefore selective loading likely occuas part of EV loading
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Figure5-20 - Qualitative differences irhuman primaryADEV and their parent cell lysate proteomeg
SWATHMS. (A) Serurfree ADEVs have 106 proteins that were not identifiediinor morereplicates
of the parent serunriree astrocytes compared to (B) seranitured ADEVs which had 37 proteins
exclusive to the EVs. (C) Comparison between samples taken from Fi§uceshow distribution of
proteins across the samples. Of the exclusively ADEV prfiteimmot found in the cell lysate9)6 were
found in both serm-free and serurtultured conditions.

It is difficult to quantitatively compare the ADEVs and cell lysates due to the
differences in complexity and protein concentration between an EVcatidProtein
concentrations within the EVs were too low to detect on a standard BCA assay and
therefore was not quantified before SWATH analysis. Whilst normalisation to spectra
was completed to allow quartétive comparisondetween samples, this is only
accurate when below-3-fold differences in protein concentration. Protein
concentration differences beteen cell and EV samples are likelyfald different

and therefore would not be accurately normalised.

5.5.2.4 Enrichmentof diseaseassociatedoroteins categorieswithin ADEVs

To identifywhether certainproteinégroupg 6 4 dzOK & YSGl-02f A0
associated proteinsyere enrichedwithin the ADEVsompared to the parent cells
ADEV proteins were compared to online databases of key proteinh#ivatbeen
associated with CNS diseases (and therefore readtivitgre expected to be

involved in cargo loadin@uch as RNAinding proteins or autophagy proteinkeidal
and Debnath, 2021 Autophagy proteins were investigated due to the shared
pathways between autophagy and EV secretion (see settihBfor more detalil

about secretory autophagy) as well as RNA binding proteins due to their suspected
role in RNA loading within E\&here protein databases were navailable gene
databases weretilised due toa similar nomenclature between gene and proteins.
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Parent cell lysatesere alsocomparedto the online datasetso determine
enrichmentwithin ADEVs

In order tocompare the ADEV groups their parent cell lysatefor enrichment
analysisthe number of proteins identified within the samples must be considered.
For example, the serutfiee astrocytes have ~#ld more proteins identifiedn the
cell lysates compared to the ADE¥=sd therefore, their ADEVSs would pesdicted

to have 4fold fewer proteins identified in the protein groups. If the ADEVs have
more proteins than expected, this suggests a possible enrichment of this protein
group. For the serurcultured ADEVS, there is a 46ld reduction inADE\protein
number compared to the pant celllysatesand a 1.5fold decrease compared to the
serumfree ADEVSs.

Mutant proteinsassociated with neurodegenerative diseabawve already been
identified within EVs suggesting EVs are involved in the transmission of disease
(Saman et al., 2012; Silverman et al., 2016; Sardar Sinha et al., PR4&¥fore ALS
and A T KA S Y S Nipkein datakiases wefatilisedto identify whetherany of
these diseas@ssociategroteinswould be enriched withimur ACEVSAbel et al.,
2012; Hu et al., 20177 multiple sclerosiprotein datasetwasalsocompared against
the ADEV sampless aninflammatory neurodegenerative disease without a clear
proteinopathy(Joy Shepard et al., 2018jnally, metabolic processes were
investigated to determin@vhether any evidence of possible functionality could be
found within the ADEVSs.

More ALSoroteins were identified within the ADEVs than expected compared to
their parent cells suggesting AlSsociated proteins are enriched in the ADEVs
(Table 55; expected proteins calculated based upon the number of parent cell
proteinsidentified andnormalised for the difference in the number of proteins
identified). This increase in diseasgsociated proteins was also foundih A K SA Y SN &
diseaseproteins supporting previous research showing the presence of disease
associategroteins within EV§lguchi et al., 2016; Sardar Sinha et al., 2018;
Silverman et al., 2019Yery fewmultiple sclerosisassociategroteins were
identified in any of the astrocyte samples suggesthmyreactive phenotype
observedin the serumcultured astrocytesnay not be the same as the
inflammatory,reactive phenotype seen in M¥his supports our previous findings
with different gene expressionbserved between FBi®&eated and cytokindreated
serumfree astrocytegsee sectiorB.7).
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Table5-5 - Protein subtypes identified in the ADEVs and their parent celsing online databases.

ADEYV proteins were compared to ithgarent cell lysates to identify potentially enriched protein groups.

The values described in the cell columns represent the number of pidaitifedin the cell lysateas

well as thenumber of proteins alsientifiedwithin their ADEVEn bracket$. By accounting for protein

number between the cell lysates and ADEVs, ADEV proteins were highligiteceased expressién

(green) ordecreased expressigforange) according to the expected number of proteins present if the
ADEVs were simply smaller copies of the parent cells. No highlight represents values that are very similar
to the expected number of proteins.

Protein Database SF K¢ Shared | SF K6 Shared
type ADEVs| ADEVs| (EV) cells cells | (CL)
ALS proteingd ALSoDAbel et al., 2012; 15 6 6 40 58 39

154 proteins) (13) (6)
I £ T KSA| Huetal., 2017430 genes) | 29 20 19 89 121 | 88
disease (26) (19)
Multiple Joy Shepard etal., 2019 | 5 2 2 9 (5) 19 9
sclerosis (95 genes) (2)
Autophagy | Human autophagy 18 14 12 59 98 59
proteins database (222 proteins) (17) (14)
RNA binding| RNAbinding protein 8 3 3 112 182 | 111
proteins Database Cook et al., 2011 (8) 3)

407 proteins)
Metabolic Mammalian metabolic 60 23 20 408 584 | 406
enzymes enzyme databaseJorcoran (59) (22)

et al., 20171647 proteins)

The expected number of autophagy proteins was found in the sédramADEVSs, but

an increase was foundithin the serumcultured ADEV¢Table 55). Alongside the
reduction in median size measured using the Zeta@deeFigure5-5), this may

suggest more exosomes are released due to increaserktoryautophagy and

therefore a greater proportion of autophagglated proteins were detected

compared to the serunfree ADEV§ eidal and Debnath, 2021)ess RBPs were

detected than expected for both ADEV conditions. The small number of RBPs may
reflect a mechanism where the RNA is loaded into the EVs and released by the RBPs
so the RBPs would not be actively loaded into the EVs. Another explanation may be
that a few; specificRBPs may be involvedthre active loading of RNA into EVs

Fewer metabolic enzymeasgere foundin the ADEV#han expectedf the EVcargo
simply reflectedoarent cell lysate¢Table 55). This is likely due tbewer metabolic
processes occurring within the ADERan the parent cellswith any metabolic
functionality likely to bdimited to a fewspecificprocessesThe metabolic need of an
EV is likely very limited compared to a norriuaictioningcell. On the other hand,
many of the glycolytic enzymes were observed within the ABHYgesting a
possibleprocess fo generating ATP within EVs, allowing them to function as
independent metabolic unitésee belowTable 56).

Tenessentialglycolysis enzymes alongside lactate dehydrogenaseifequired for
converting between pyruvate and lactate) wesearched fowithin the ADE\and
parent cell lysatsamples Table 56). Due to the specific nature of the search,
proteins were identified as present if found in any of theee biologicateplicates

for each conditionbutthose only present in one replicate were highlighted in blue
(i.e.would have been removed from general analysfd)10 glycolysis enzymes were
identified within at least oneaeplicateof the serumfree ADEVs suggesting the
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possibility of glycolysis occurring within EVs. Only 6 of the glycolysis enzymes were
identified in the serunrcultured ADEVs suggesting these EVs may be less
metabolically active and may be released for a different purpsseh asecretory
autophagy to expel proteinélternatively the difference between the glycolytic

enzyme number in the two ADEV conditions may simply be due to less proteins being
identified within the serurcultured ADEVSAs a comparison, all glycolytic enzymes
were identified withinat least two replicates of thparentcell lysatesBoth sub

types of LDH were identified within all of the sample=sjuired for theconversion

between pyruvate and lactajesuggesting this process may be active within ADEVs

Table5-6 - Glycolytic enzymeswere identified within ADEVs and their parent cell lysatesll glycolytic
proteins were identifiegvithin the serurAiree ADEVs suggesting the possibility of active glycolysis within
the EVs. Less glycolytic proteins were detected within the semliinred ADEVEhan serumfree ADEVS

but this may be due to fewer proteins identified oveRlbteins were classed as preseritiéntified

within any of the replicates, however if only present in one of the repliciieg werehighlighted in
blue.LDHwas also investigated due to ti8y T & ke r@ld in astrocyt@eurone metabolism.

Glycolytic enzymes SF EVs SCEVs SF CL SCCL
HK1/2/3 HK1 No HK1 HK1/2
GPI Yes No Yes Yes
PFKM/PFKL/PFKP | Yes (L+P No Yes (all 3)] Yes (all 3)
ALDOA/ALDOB/ALDO(Q Yes (A) Yes (A) Yes (A+C] Yes (A+C)
TPI1 Yes Yes Yes Yes
GAPDH Yes Yes Yes Yes
PGK1 Yes Yes Yes Yes
PGM1/2/3 Yes(1) No Yes (all 3)] Yes (all 3)
ENO1/ENO2/ENO3 Yes (1) Yes (1) Yes (1+2)] Yes (1+2)
PKM Yes Yes Yes Yes
LDHA/LDHB Yes (A+B) Yes (A+B)| Yes (A+B) Yes (A+B)

5.5.3 Differentially expressed proteins between serurdAree and serum
cultured human primary ADEVs

SWATHKMSallows quantitative analysis to be completed to investigatetein

expression differences between the samples. Significance was set at an adjusted P

value of <0.05 and a fold changk>+1.5as with the previous analysis completed on

the cell lysates (see previous sectibd.4). With far fewer proteins identifiecbverall

in the ADEV&ompared tothe parent cells, different thresholds for inclusion were

required with ADEV protein comparisobsnefitting froma less stringent analysis

than parent cell comparisor(dNA = 0.4, CV = 0.3Yhilstproteins were still required

to be present in at least two biological replicates (NA = Ogedifferent variances

were trialled(0.3, 0.5 and 1; CV value)identify the best condition for each of the

comparisongTable 57).
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Table5-7 ¢ Lowering the threshold forariance increased the number offterentially expressed
proteinsbetween serurafree and serurrcultured ADEVs identifiedy SWATHMS. To determine the

most appropriatecriteria forproteinexpressioranalysis, differenvariance thresholds (CV valuegre
trialled on the samples prior to statistical testifigrree different coefficient of variatiorvalues (CV

value) were trialledvith any proteins above this level of variation were removed from the analysis (E.g.
0.3 = only proteins with <30% variarmtween replicates As with previous cell lysate analysisdtion
4.4.4.) poteins were required to be present in at least two biological repliqgdtés= 0.4)P-values were
calculated using a Limma test with thevB®lues adjusted using the Benjamiiochberg procedured CV
value of 0.5 (<50% variancajalysed the highest number of proteii@® proteins) with 17 of these

found to be differentially expresseding Padj < 0.05.

NA (Missing values) | CV (Variance)| Total Proteins | P<0.05| Padj<0.05
0.4 0.3 19 7 6

0.4 0.5 65 28 17

0.4 1 210 18 0

With avariety of EV sulypes expected within the EV samples (e.g. exosomes,
microvesicles), a higher variance was expected betwdeB\biological replicates

than between cell lysates. The highest number of significant, differentially expressed
ADEMroteins were found with a CV of 0(850% variance between replicates)

these values were chosen for further analysis of the Al&Sfsroteins reached
threshold criteria 0264 proteinsdentified in both serurdree and serurrcultured
ADEVsTable 57).

Of these65 proteins, 28 were found to be differentially expressed aftemma
analysiswith 17 proteins stilldifferentiallyexpressed after the palue was adjusted
(Figure5-21A). Of the 17 differentially expressed protein8,were found to be
upregulated in the serursultured ADEVs anfl upregulated in serunfree ADEVsS
(Figure5-21B, left and right, respectivelypTRING analysis was completed on the
differentially expressegroteins to identify any connections between these proteins.
No KEGG pathways were identified within thw® groups ofdifferentially expressed
proteins(upregulated irserumfree and serunrcultured ADEVEindicating that there

is not a particular pathway that is upregulated in either of the conditions.

A . HAC1 _ ' ALPL 8 Serumfree | Serumcultured
L : : ALPL H4C1
4] e v/ CAsP14 SLC20A2
';E a °‘ TSPAN4 LDHB
=1 L : SLC7A5 SERPINC1
9 2- g § GOLGA3 TUBA4A
- 1_.‘ ......... , ................. CTNNB1 PEN1
: : RRAS H2AC21
0 T : Y : T LYZ GNAI3
Log2(FC) LTF

Figure5-21 - Differentially expressedgbroteinsidentified in serumfree and serurrcultured ADEV$y
SWATHMS. (A)Of the 65 proteins analysed, 17 were found to be differentially expressed afdud®
adjustment.9 were found to be upregulated in sertaultured ADEVs (Green) and 8 were upregulated in
serumfree ADEVs (Reglisted in B. Dotted lines represent the thresholds for significance (Padj <0.05,

Fold change <1.5). Blue dots represent proteins that were included in the analysis but were not found to
be significant. B) H4C1 and ALPL were maptegulatedin the serurdree and seruntultured ADEVS,
respectively.
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5.6 SWATHMSanalysis of BDEVs

Thehuman primary astrocyte culturassed in this worlare limited bythe
monoculturestylewhich lacks the influence of neighbouring cell types such as
neurones and microgliaMicroglia are known thave a major role in inducing
astrocyte reactivity through the secretion of cytokireesd therefore the in vitro
FBSnduced reactivityused in this worknay not truly reflecendogenous astrocyte
biology(Pascual et al., 2012; Liddelow et al., 2017; Shinozaki et al., 2017; Joshi et al.,
2019; Xia et al., 2022y he astrocytes are also foetal cedlgich likely limits the

model when used to study neurodegenerative diseagigh ageing being the

greatest risk factor for many of these diseagidsu et al., 2019; Azam et al., 2021)
Therefore, b compare tle relevance of the ADEV analysietmogenoushiuman

EVs, BDE\solatedfrom both healthy (comparison fé¢ lj dzA SserOndfgal Q
ADEVs) and diseassmparison fol? N5 | geiumréifued ADEVdjontal-lobe

brain tissue were analysed using SWATH analysisto thevariation seen between
three biological replicatesvithin the ADEV analysisightbiologicalreplicates for
eachBDE\tondition were analysed to allow feample variabilityand to improve

the quality of the analysiS.he same analysis pipeline used to analyse the astrocyte
cell lysates and ADEVs was used to analyse the BB&8/sectior®.4.1).

5.6.1 Principal component analysisof control and disease BDEY

analysed using SWATHMS
A PCA was completed on the relative abundance of protein obtaineddemin of
the BDE\bampleq8 biological replicates per conditiotg determine the similarity
between samplegFigure5-22). No distinction was identifiebbetween the conditions
despite81.8% of the data being described by two principal compon@isl =
63.3% PC2 = 18.5%]) he replicategor each conditiorare not clusteredndicating
the variationbetweenreplicatesis similar to the variation between conditions
PLSDA analysis was not completed due to more than 2 conditions being analysed as
well asno differences being observed between conditions.
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Figure5-22 - Principal component analysis of BDEVs shows no clear differendd® proteomes

betweencontrol and diseaseconditionsl a

4SS

tt +ta 0806858y

| by SWATH R
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MS. No clustering ofeplicates for each conditissuggests no clear differences were identified between
BDE\tonditionsdespite 81.8% of the data being described by two principal comporigdis< 63.3%,

PC2 =18.5%; N = 8).

5.6.2 Qualitative analysis of BDEV proteomesom control and disease
frontal lobe tissue by SWATHMS
With more replicates useith the SWATHUS analysisa different threshold was
needed for the number of replicates a protein must be present in to be identified
within a condition. The number of proteins that were present in more than 2, 4, 6
and in all 8 replicates of each BDEV condition were comparddteymine which
criteria to select for further analysigigure5-23). Across all conditions, the number
of proteins identified were similar with standard deviation increasing with the
stringency of the criteria. Due to the diverse nature of EV populations and the range
of parent cells that would release EVs in the tissamples, more relaxed criteria
were selected. This criterion included between 1389 and 1631 proteins identified for
each BDEV conditions with a standard deviation between conditions below 10% of
the mean Figure5-23A). This also included a high proportion of the total proteins
identified (between 6778% per condition). Therefore, all further analysis was
completedon proteins found in four or moreeplicatesfor each BDEV condition
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¥ replicates | x4 replicates | »p replicates | »@ replicates
ALS 1847 1483 1004 444
CtrkALS 1806 1389 966 465
AD 1889 1542 1174 726
CtrtAD 1934 1631 1258 728
Average 1869+ 48 1511+88 1101+£120 591+ 136
100+
S B ALS
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% 60d- - o __ | = Alz
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o |
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Number of replicates

Figure5-23 ¢ The number oproteins identified by SWATHS in multiple biological replicates across
different BDEV conditiongA) Theaverage number of proteins between the conditions was calculate
alongside the standard deviation to demonstrate the variation observed across the disease condi
high number of proteins were identifiedyd replicates with a low standard deviation between
conditions. (B) The highest proportion of proteins were identifieeBimeplicates demonstrating low
variation between biological replicates, with more than 50% of proteins identifigglri@plicates
(indicated by red box). O replicates repragamteins that were not identified in the specific BDEV
condition butwere identified in other BDEV conditions.

BDEV mteins identified infour or morereplicates for each condition were

compared to identify proteins unique to each conditidtigure5-24). The majority of

the EVproteins were found across multiple conditions with on¥@% of proteins

identified exclusively in one condition. When comparing disease conditions to their

matched controls, 18proteins were unique to ALS and 73 proteins uniquelo A
BDEV¢Figure5-24A and B, respectivelyK\EGG pathwagnalysis was completed on

the unique disease proteins that were identified in ALS B s ot in the

matched control¥to determine which pathways wermverrepresentedn the ALS

BDEV#¢i.e. more proteinsin a particular pathwawvithin the selected group of

proteinsthan would be expected from a random selection of proteifig)is

identified two significantly enriched pathwaysithin the ALS BDEV®¥ | dzy G Ay 32y Qa
RA&ASIad® dtylR Ma/S il 62t A OMetabolic ysfunétiarkes 0t I' n ®dn n
been described in ALS with impaired mitochondrial and glycolytic processes, as well
as other metabolic pathways such as lipid and RNA metab@bsappelmann et al.,
2014; Vandoorne et al., 2018; Lee et al., 2081KS Sy NA OKYSy G 2 F
diseaseassociated proteins the ALS BDEVs implies sinplathways are involved
across differenheurodegenerative diseaseKEGG pathwagnalysis was also
completed on the Alz BDEV proteins that were identified in the controtAlz BDEVs
butthis2 yf @ A RSY (A FasSignificdeitly énriclieS dmapreddeontrols
(P=0.045).

| dzy
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183 1289 88 73 1455 ﬁ 162

137 1335 193 62 1315 | 302

Figure5-24 - Comparison of BDEV proteins identifiegt SWATHMSin four or morereplicates for each
condition. Proteins identified ifA)ALS and (B) ABDEVsvere compared to their matched controls to
identifythe number ofliseasespecific proteingC)Disease BDEV proteins were also compared to id
potentially unique proteins attributed to a particular disead®) The control conditions were compare
to identify variation between the datasets wifiw differences expected between these gro(igs no
change due to disease

Proteinsidentified inBDEVssolatedfromé 2 K ! [ { | YR ! fiohtdd SA YSNR &
lobetissuewere also compared to identifgny EVprotein differencesbetween the
neurodegenerative diseasek37 proteins were found to be unique to the ALS BDEVs
compared to 193 unique within the Alz BDEMgre5-24C). There was still a large
amount of similarity between the samples with 1335 proteins found in both disease
groups.Finally, b compare the variation between the different control grouyps
proteins identified in each of theontrol BDEVsvere comparedFigure5-24D). As

the control BDEVs are isolated frohealthy tissuethe groups were expected to be
similar. Any differences would be due to technical differencesgerassociated
differencesthat would also likely affect the comparison between disegddesrage
agesof patients ALS $9, ALSCtrl = 60, Alz #9, Alz Ctrl = §8The majority of

proteins wereidentified in both control groups (95.5% contr8LS vs 83% control
AlzBDEYV proteins) suggesting any differences identified between condérerkie

to changes in disease. The contAlit group had the most proteins identified across

all the conditions so more unique proteins were expected in this condition and
explainswhy ~20% of proteins were not found in the contAllS condition.
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5.6.2.1 Comparison of BDEV proteins pyeviously published EV datasets using
the Vesiclepedia database

Toidentify the number of proteins identified within our BDEVSs that had been

previously reported in EY¢he BDEVs were compared to the Vesiclepedia database

(Figure5-25). More than 90% of BDEV proteins were identified within the

Vesiclepedia database suggesting high consistency with other pubbsigids. Of

the proteins that were not identified in the Vesiclepedia database, many were found

in both the disease conditions and the matched contrdlseseproteinswere

further analysedhrough STRING analysisdetermine whetherany ofthese

proteins are CNS proteins that may have been missed from the Vesiclepedia

databasegor whether these proteins represepbtential contaminants in the

samples.

ALS Cirl-ALS
(1377)

Alz
(1472) (1528)

110 131

157

1179

80

11379

Vésiclepedia
.127%5;

1324

65 N

11261

145

ALS

Ctrl-ALS

Alz

Ctrl-Alz

Vesiclepedia

1348 (90.9%)

1271(91.5%)

1403 (91.0%)

1483 (90.9%)

Figure5-25 ¢ The majority of BDEV proteins were identified within the Vesiclepedia databéad) Of

the proteins that were not identified within the Vesiclepedia databaise majoritywere found in both
disease and contr@DEVs(C) More than 90% of the proteins in all conditions were found within the
Vesiclepedialatabase. Numbers within the table represent the number of BDEV proteins found in the
Vesiclepedia database as well as the percentage of the overall proteins within the condition.

KEGG pathwagnalysis of the 110 ALS and control proteins found within
Vesiclepediadentified 8pathways as significantly upregulated, 4 of which were
neurodegenerative disease pathways | NJ Ayazy Qa RAaSlI asS:
disease and AL® <0.05Figureb-26A). Using GO analysis, 84 of these proteins were
associated with the CNssiggesihgthat a largeproportion of these proteins may be
found within EV$&ut are missing from the Vesiclepedia databaséuch like
astrocytesyery few proteins have been identified neuronal cells vtfiin the
databasehighlighting thatCNSlerivedEVs are notvell-represented within
Vesiclepedia
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Figure5-26 - Proteins identified in BDEVs by SWAWS that were not found within the Vesiclepedia

database are enriched in neurodegenerative disease pathwgfpd KEGG pathway analysis identified 8

enriched pathways in proteins found in both ALS andQ&riol BDEVs that were not documented in

the Vesiclepedia database. Four of these pathways weueodegenerative disease pathways

Ot I NJAyazyQa RA&SIAST | dzy G Ay A8 ényichedl pakthwaySwe@ S | [ { | Yy F
identified in proteingound within At and Alzzontrol BDEVs that were not found within the Vesiclepedia
databaseCA @¥S 2F (KS&AS LI GKgleda 6SNB ySdzZNERSISYySNI GAOS |
l dzyGAy3d2yQa RAASI ABhEmedNdagey RAaSIasSz !'[{ | yR

Other proteinsinclude ATPase subunits (such as ATP5F1C and ATP5PD) that form the
ATPase found within the mitochondria. Oxidative phosphorylation was upregulated

with other mitochondrial proteins such as MOO2 and TOMM20, identifie = 7.06

x107). The presence of these proteins highlighte possibility of mitovesicleg@ sub

type of EV containing mitochondrial proteirs)mitochondria being found within

the BDEVS 5 Q! @ﬂaj[, b@1, 2022; Liang et al., 2028ljitochondrial ATPase

subunits were also identifiedithin the ADEVs.

The nonVesiclepedia proteins identified in both the Alz BDEVs and the matched
control BDEVs also underwent KEGG pathway analfssdentified 13 enriched
pathways with 5 of the pathways associated with neurodegenerative diseases,
Ay Of dzZRAyYy 3 | 1 KS A(MdENIRER). Rke thSALS/Sntrbl priteins,[ {
GO analysis identified 93 of the proteins as associated with the CNS. When
comparing the nofVesiclepedia proteins, 96 were found to be in all 4 BDEV
conditions.

5.6.2.2 Glycolytic enzymeand transporters identifiedwithin BDEVS

With glycolytic enzymes found to be abundant in ADE¥esection5.5.2.3 Table 5

6), the 10 enzymes required for glycolysis walsoinvestigatedn the BDEVAII
glycolytic enzymes were identified within all BDEV conditions alongside both sub
units of lactate dehydrogenasé&dble 58). No difference was observed between the
four BDE\¢onditions when comparing different isoforms of the proteins such as
ALDOA or ALDOC. Whilst this result does not indicate whether all the enzymes are
present within an individual EV, it does suggest that EVs have the potential to be
metabolic units whicltan generate their own ATP as a source of energy. Other
molecules areequiredfor glycolysis to occur such as carbon substrates (i.e. glucose)
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and cofactors (i.e. NADH) but these were not possible to detect using the current
methodology

Table 58 - All enzymes required for glycolysis were identified SWATFMSwithin the BDEVs with no
differences observed betweeBDE\tonditions

Glycolytic enzymes ALS Ctrl-ALS AD Ctr-AD
HK1/2/3 HK1 HK1 HK1 HK1
GPI Yes Yes Yes Yes

PFKM/PFKL/PFKP | Yes (all 3)] Yes (all 3) | Yes (all 3)] Yes (all 3)
ALDOA/ALDOB/ALDO(Q Yes (A+C] Yes (A+C)| Yes (A+C] Yes (A+C)

TPI1 Yes Yes Yes Yes
GAPDH Yes Yes Yes Yes
PGK1 Yes Yes Yes Yes
PGM1/2/3 Yes (1) Yes (1) Yes (1) Yes (1)
ENO1/ENO2/ENO3 | Yes (all 3)] Yes (all 3) | Yes (alB) Yes (all 3)
PKM Yes Yes Yes Yes
LDHA/LDHB Yes (A+B)] Yes (A+B)| Yes (A+B)] Yes (A+B)

Active transporters such as ABCB1 and ABCG2, as well as subunits dfkhe Na
ATPase were identifiedithin the BDEVs which all require ATP to function. ABCB6
andsubunits of the NdK* ATPasevere also detected within the ADEVs suggesting
these are commonly found within EVs. With the presence of glycolytic enzymes
within the EVs, there is the possibility that EVs may generate ATP in order for these
transporters to be functional. Solute carrigansporters(SL6) such as SLC1A2
(EAAT?2) and SLC1A3 (EAATL1) were also present on thedBDgaAting that if an
electrochemical gradient were created through ATPases such as the" WaPase,
these transporters could aldme functional in EVSs.

5.6.3 Differentially expressed proteinsbetween healthy and disease
BDEVsdentified by SWATHMS
5.6.3.1 lIdentifying suitable threshold$or quantitative analysis
As with the previous SWATH analysis of ADEVSs, sultabkholds for quantitative
analysis were empirically determined by adjustihg missing value threshold (NA
value) and the variance threshold (CV valie®vioughresholds for ADEVs weset
at 0.4 NA and 0.5 Gvhichalsoappearedto also besuitablefor the BDEV,sand
therefore these thresholds were used for quantitative analySigpplementarylable
2). This still required the proteins to be identified in the majority of replictés8;
NA = 04) whilst also allowing some variability between sampk50% variance A
higher variability is expected within the BDEVs compared to cell ctdieniged EVs
due to the variability of disease progression within each disease conditien
biologicalvariability that occurs between humaand the technical variations in
tissue preservation
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5.6.3.2 Differentially expressed proteingetweencontrol and disease BDEVs
identified by SWATFMS
After selecting the criteria for inclusioproteins identified in ALS and ADEVs
were compared againgiroteins found withintheir matched control BDEVS to
identify significant differentially expressed proteif@upplementaryfable2). Onlyl
protein wasidentified asdifferentially expresseth each comparison after-falue
adjustment. In the ALS BDEVs, HPQ@Hippocalcidike protein 4)was found to be
significantlydownregulatedcompared to the control BDEM4PCAL4 is a calcium
binding protein which is highly expressed in excitatory interneufggaro et al.,
2020) Whilst not a welstudied protein, HPCAL4 is thought to be involved in the
inactivation of Cav2.1 channelPO(Myeloperoxidasewas found to béhe most
up-regulatedproteinin ALS BDE¥smpared to the matched control BDEYs} this
difference was not significant (Padj = 0.1dPO is an inflammatory, lysosomal
enzyme which promotes the production of reactive oxygen/nitrogen species
(ROS/RNS) as well as catalysing the production of hypochlorous acids (HOCI) which
are used to defend against invadingtipagens(Kargapolova et al., 2021 fact,
MPO has been shown previously touggregulatedin ALS brains with aggregated
SOD1 mutants thought to activate the MPO/HOCI pathway resulting in motor
neurore death(Peng et al., 2022; Xiong et al., 2028)the AzBDEVspnly GNB2
(Guanine nucleotidéinding proteinsubunt i 2) wassignificantlydownregulated
with no proteinsupregulated in the Alz BDEVGNB?2 is a-@rotein subunit which
has previously been associated with schizophrenic pathways and in particular, the
dopaminergic synapse pathwdlyiu et al., 2022)The protein is involved in
modulating neuronal signalling within the glutamatergic and dopaminergic
pathways.

A final comparison was completed to identify differentially expressed proteins

between the ALS and Alz BDEVs to determine if BDE\g®tmiallybe used to

differentiate between disease§igure5-27). 12 proteins were found to be

differentially expressed between the diseases wifli12 proteins upregulated in

the AzBDEVs compared tinly one (JCHAINImmunoglobulin J chajmup-regulated

in the ALS BDEVSTRING analysis did not identify gaghways or connections

between the proteinsTwo of the most upregulated proteins in the Alz BQEARST 1

YR a!h. 3> KIFI®S 0SSy akKz2gy (2 mitendadeNB 3dzf | (¢
with MACB utilised as potentiali K SNJ LISdzG A O GF NBSG F2NJ ! £ 1 KE
treatment (SchediAWeiss et al., 2017; Aladeokin et al., 2019; Park et al., 201.9)

fact, MAOBSs involved in GABA production in reactive astrocytes with aberrant

expression leading tmemory impairment This has led to MAOB expresshming

utilised as @ETbiomarker for reactive astrocytesinf T KSA YSNDRa RAaSHas
related dementiagJaisaaad et al., 2024)The other 9 proteins upregulated in Alz

BDEV#ad limited associated with f T K S dise&s& Df@ronly identified in large

gene expression studiasith little research conducted into their association with the
diseaseThe results identified when comparing disease BDEVs must be considered

with caution due to thaliseasedsamples not being agaatched unlike

comparisons between control and disease BDRS average age =531vs AD

age = 7% 14). The differences highlighted should be confirmedweigematched

tissue where possible and should be reproducible in future experiments.
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Figure5-27 - 12 differentially expressed proteingvere identified when comparing ALS BDEVs and A
BDE by SWATHIS. Thresholds for significance was set atP< 0.05 and fold change > 155.
adjusted values were transformed usih@g. Dotted lines represent thresholds for significade€HAIP
was found to be the only protein significantly upregulated in ALS BB#gY.sOn the other hand, 11
proteins were identified as significantipregulatedin the Alz BDEYwith PPT1 the most upregulated
any of the proteinsStatistical analysis was completed usiniinama test followeddy Rvalue adjustmen
using the Benjamirochberg proceduréroteins included in the analysis werexii8 biological repeat
and had a variance of below 50% = 8)

5.6.4 Cellspecificmarkers within BDEVs that ould be used toisolate
cell-specific BDEVs
5.6.4.1 Astrocytemarkers in BDEVs
A major issue with EV research is the lackatfspecific markers that have been
identified in EVs which can distinguish itheellular origin Almost all cellselease
EVs, with all CNS cells shown to releasetlidlsan pass through BBB into the blood
(Shi et al., 2019Reactive astrocyteare often observed in the early stages of
neurodegenerative disease and therefore, changes in ADEVs due to reactivity
present useful measurements of disease progresddgnisolating ADEVs from other
EVs, these changes will be easier to detect. As described in sé®jdhere is a
general lack of astrocytspecific markers which makes distinguishing ADEVs from
other EVs very difficulTherefore, a panel of cellular markers are likely required to
confidentlyidentify the origin ofselectEVs. To identify which neural markers are
present in EVgellspecific markersound commonly within the literaturéor
astrocytegTable 11), neurores, oligodendrocytes and microglia were investigated
within the BDEV proteins. Those with high expression within the BDEVS represent
markers that could be used to distinguish between neural EVs.

12/13 markers associated with astrocyt@séscussed ifable 1) were identified

across all 4 BDEV conditions with detection in at least 4 replicates for each condition
(Figure5-28). GFAP wasighlyexpressedwith the highestexpressiorfound within

the Az BDEVsHighGFAP expression is associated with neurodegenerative disease
and has been shown to be increased in the bloodfoffAK S A Y S NfatentsRA & S| & S
(Kim et al., 2023bHigh GFAP expression is also expected in ALS however this would
likely be detected within the spinal cord or the CSF where neurodegeneration is
evidentrather than in the frontal lobe of patienf@enninger et al., 2016; Verde et

al., 2023) GFAP would likely be higher in ALS patients that also have cognitive
decline and therefore would have reactivity in tirental lobe of thebrain. In this

study, none of the ALS patientemonstratedcognitive deficits at the time of death
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(Supplementary tabl&). GFAP expression EVss also high in the control conditions
suggesting this would be a useful markeA@EVshut not necessarily aseful

marker for neurodegeneration. GFAP increases with agebanduseage is the main
contributing factor for neurodegeneration, increases in GBA®1to agecould be
easily mistaketfior neuropathology(Nichols et al., 199310n the other hand,

research has shown it can be a good marker for predicting some dgease
particularly! f T KSA Y S pabients Rith dighlha § 2 I Rvouldiidwdénefit
from early intervention with new treatments such as Lecanemab and Donanemab
(Chatterjee etal., 202®) ¢ KSaS RNXz3a GFNHSG !jso 2 NBRdAzC
patientsbenefitmostfrom early interventionSims et al., 2023; van Dyck et al.,
2023)
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Figure5-28 ¢ Many astrocyte markersvere identified within control and disease BDE\Wy SWATH
MS. 12 of the 13 astrocyte markers investigated were identified within the BIXEMS the nature of
SWATH analysisbandancds relative betweenthe samplesnd therefore it is difficult to compare
expression betweedifferent proteins.Error bars represent mean and standard deviation between
replicates (N = 8)

Alongside GFAP, other astrocyte markers that were expressed within the BDEVs were
the glutamate transportersEAAT1 and EAATES well as glutamine synthetase
(GLULalsoknownas GSFigureb-28). Similar expression was observed across the
conditions for both glutamate transporters, but GLUL expression was higher in both
the Alzand CtrlAlzBDEVs. With high presence in both the-@lzland Az tissues,

this does not appear disease associated aray instead reflech change caused by
ageing observed previously in senescent rodent astrocyldatias et al., 2023)

Other astrocyte makers were expressed in lower abundance such as,S100

ALDH1L1, CD44 and ITGAG6 (CD49f) with very little expression of NDRG2, AQP4 and
GJAL observed in the BDEVs. These proteins would not be good markers of ADEVs as
they would notlikelybe foundin many EVs within the population.

5.6.4.2 Neuromal markers in BDEVs

As well as astrocyte markers, 17 common neuronal markers were investigated within
the BDEVSs to identifgotential neuronatderived EV (NDEY)arkers. 13 of these
proteins were identified within at least 4 replicates of both disease and control
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BDEVsKigure5-29). SYP and THY1 were particularly abundant within the BDEVs and
were found within the 25 most abundant proteidetected by SWATMSacross the
BDEVs (SYP in the top 25 in 3/4 conditions, THY1 in all 4 conditions). This may
suggest these proteins would be very usefuséparateNDEV$rom ADEVs and

other EVs in complex sample®n issue with THY1 is that it is also highly expressed in
other cell types such as endocrine cells so could only bewgkth a panel of other
neuronal markers. Much like astrocytes, many neuronal markers are also identified
within other cell types so a panel of markers would be more hierg@fto confirm the
origin of cells.
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Figure5-29 - Neuronal markersvere alsoidentified within BDEVs13 of the 17 neuronal markers
investigated were identified within the BDESYP and THY1 were particularly abundant in BDEVs
suggesting high expression in EVs tké the astrocyte marker analyssbundance is relative between
the samples and therefore it is difficultascuratelycompare expression between proteins. Error bars
represent mean and standard deviation between replicates (N = 8)

TUBB3 was also highly expresgethe BDEVso would also be a good marker of
NDEVgFigure5-29). TUBB3 (also known as TUJI) is a commonly used neuronal
marker but has been identified in other cell types such as melano¢yteher et al.,
2014) MAPT (tau protein) was found to be more highly expressed in thBZEVS
compared to any othecondition,but this is not surprising with tashownto be a
majorcontributorof A T K S A Y S Ndathology(Ball&drezeSal., 2007)Fau has
been identified within A&z BDEVs anthese EVsare thought to be involved in the
spread of tau pathologgSaman et al., 2012; Guix et al., 2018; Ruan et al., 2021,
Fowler et al., 2023)Abundance of MAPT in the control or ALS conditions wdsld7
lower so MAPT could be a valuable marker bflAK S A Y S Nfathologywah® | & S
NDEVs.

Other markers of neuross that weredetectedin lower abundance were NEFL,

ENO2, NCAM, NRCAM and SNAP25. Very little expression of MAP2, GAP43, ALCAM
and L1CAM were observed. LLCAM is commonly used as a marker of NDEVs and has
been used in immunocapture to separate NDEVs. However, it remains cersiayv

as to whether this protein is indeed present within Edissimply cesolates as free
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protein (Norman et al., 2021; Gomes and Witwer, 20Z)e BDEV dataset analysed

in this work would suggest other markers may be better when isolating NDEV with
many of the markers analysed shown tohlighlyabundant. NeuN, DCX aneFOS

were not found within the BDEVs and DLG4 was not found in at least 4 replicates of
any conditions.

5.6.4.3 Other glial cellmarkers in BDEVs

Alongside astrocytes, two other major glia cell types are present within the brain
which willalso releas&Vs to the extracellular environmegimicroglia and
oligodendrocytes. 10 microglial markers were investigated in the BDEVs however
only 2 markers were identified w4 replicates for all condition$-igure5-30A). The
abundance of these two markers, CD11b and CD45, waalssompared to other
proteinssuggesting either the microglial markers investigated are not present in
microgliaderived EVs (MDEVs), or MDEVs were in low abundance in the BDEV
populations. TMEM119, CD64 and CD163 were present in some BDEV replicates but
werein fewer than4 replicates for each condition, and again, were found in low
abundance. IBA1, CX3CR1, F4/80, CD68 and CD40 were not found in any of the BDEV
replicates.
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Figure5-30 - Microglial and oligodendrocyte markerglentified within BDEVS(A)Only 2microglial markers
(CD11b and CD4tiereidentified withinBDEVsnd were not abundan{B)4 oligodendrocyte markers wer:
identified within the BDEVError bars represent mean and standard deviation between replicates (N =

10 oligodendrocyte markers were investigated within the BDEVs however only 4
markers were identifiedh the BDEV&-igure5-30B). PLP1 waa veryabundant
oligodendrocyte marker followed by CNP and MBP which are all associated with
ensuring the integrity of the myelin sheath. MOG was also identified but at a less
abundant level than the other oligodendrocyte proteins. Unlike the other cell
specific markerslescribed in this section, myelassociated proteins are specific to
oligodendrocytes due to the unique nature of these myglinducing cells. Some of
these proteins are also identified in Schwann cells within the peripheral nervous
system, however, to Eesser extent. OLIG1/2/3, OSP, SOX10 and TMEM10 were not
found within the BDEVS.
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5.7 Comparison of ADEVs and BDaMteomesby
SWATHMS

Overall, the BDEV analysis has generated a databaselofjenous humakV
proteins that can be used to compat@the ADEV proteins as well as future analysis
on other EV types such as NDEVs or MDEVs. Therefore, a final analysis was
completed to compare the ADEwid the BDEYroteomes identified by SWATHS.
60-70% of both the seruAree and serurrcultured ADEV proteins were identified
within the BDEVs with similar proteins observed across all BDEV conditaisie 5
9). Differences wer¢o be expected béwveen the ADEVs and the BDEVs due to the
human primary astrocytes utilisirfgetal cells which are not representative of the
agedcells from the posmortem tissue TheADEVwvill therefore have
developmental proteins that are not highly expressed witmature cells. In
contrast, the BDEVs were isolated frembjectswith an average age of 59 (ALS
tissue) and 83 (atissue) and thereforéhe parent cellswill likelybe made up oa
mixture ofmature and senescer@NS cellsTechnical variation will alsikely affect
the results with theADEVs and BDEMsinganalysedat different times High
variation was observed between differetgchnical rurs during the qualitative mass
spectrometry in sectiod.3demonstrating the effect this will have on the results.
Therefore, with >60% proteins found in both samples, there was high similarity
between the EVgroups

Table 59 - Comparison of ADEV proteins and BDEV protaestified by SWATHVSIindicates high
similarity betweenthe EVproteomes Proteins found in at least 2 replicates of ADEVs as well as proteins
found inx replicates of BDEVs for each condition76® of ADEV proteins were also identified within

the BDEVs. Total protein numbers compared are presémtedcketsalongside each condition.

ALS (472 | CttALS (377) | Alz(1528) | CtrkAIZ(1617)
Serumfree 347(66.0%) | 327(622%) | 342(650%) | 352(66.9%)
ADEVs (56)
Serumcultured | 184 (613%) | 178(59.3%) | 184(61.3%) | 187(62.3%)
ADEVs (@0)

5.8 Investigating ADEMunctionality beyond cargo

transport
The work completed so far has shown that a wide variety of proteins are present
within EVawith high similarity betweelin vitro ADEVs andndogenouBDEVsWhat
is still unclear is how these proteins effect recipient cells, and whether EVs simply act
as cargo carrieror if they have independent functionality. The fisaktionof this
thesis presents preliminary wodompleted to begin answering these questions.

5.8.1 The induction of astrocyte reactivityin serum-free astrocytesby
serum-cultured ADEVs

Inflammatory reactive astrocytes and microglia release inflammatory cytokines into

the environment which signato other neighbouringecells that a harmful stimukor

tissue damage has been detected. These signals will then cause quiescent astrocytes
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to respond by changing into a reactive phenotype. It is unclear whether EVs released
by reactive astrocytes widllsoplay a role in elicitinghis reactivily in other

astrocytes Therefore, ADEVmurified from serumeculturedastrocytes (reactive
phenotypd wereaddedto the medium ofserumfree Wlj dzA Sxst@&/i&sin order

to investigate whether reactive ADEMsuld elicita reactive responseMorphology
analysisvascompletedusing brightfield imaging before the cells were harvested for
gPCR analysis.

5.8.1.1 Morphology analysis

To optimise the application of EV treatment, images were taken ovérafter
treatment to identify any morphological changes within the cells. Two different
concentrationsof ADEVs weralsotrialled to determine theoptimal concentration
for future work By considering the concentration of EVs taken femnh well of a 6
well plate of serurrfree astrocytesit was céculated that~7.5x 10° particles/well
would result inarepresentativeconcentration (the number of EVs released from a
single welin one collectiol. Therefore ~3.8&1( and~3.810 particlesfrom
serumcultured ADEVwere added to thehuman primaryserumiree astrocytes

Fresh ADEV(purified as in sectiof.5) were used for treatment to avoid any
potential degradationor burstingcaused by freezing the ADEX&EV concentration
was measured prior to treatment to determine the number of EVs with an average
concentration of 3.6x18 particles/ml Brightfield imagesf the EMreated
astrocyteswere taken at 90nin as well as 3, 6, 24, 48 and T® determineany
changes in morphologyat may be indicative of reactive remodelling

No obvious change in morphology of the-&ated quiescent astrocytes was
observed through visual inspection and therefore, quantification of morphology was
not completed(Figure 531). Due to high confluency of the serdinee astrocytes at
seeding, some of the serufmee astrocytes appeared reactive prior to EV treatment
so morphological changes may have been missed in the cuerg@riment. Instead,
transcriptional changes were measured due to the high sensitivity -offCR, which
should identify any subtle changes in the quiescent astrocytes after EV treatment.
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Figure5-31 ¢ No morphological differences were observed after A®f reactive ADEV treatmerin
human primary serurdree astrocytesRepresentative brightfield images of serfiree astrocytes
treated with serurrcultured ADEVs over 723erumfree astrocytes were treated with either fuiDor
100l of serumcultured ADEVs (~3.8 X1particles/ml) for 72 h. Astrocytes were imaged using
brightfield microscopy at 90 min as well as 3, 6, 24, 48 and 72 h. Images were taken at 10x
magnification with scale bar represergiri00 pm (N = 2).

5.8.1.2 Gene expression changekastrocyte and inflammatory markern
serumfree quiescent astrocytes after reactive ADEV treatment

RNA was harvested froserumfree astrocytesafter 72h treatment with serum

cultured ADEVBY RNA extraction for RJPCR analysis. Reactive astrocyte markers

were selected as genes of interest (GFAP, STORAT2and CD49fas well as the

inflammatory markerslL-1i and ILLOTNF was also investigated but was not
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consistently detected within the samples, and therefore was not included in the final
analysisGAPDHB2Mand actin were testedfor their suitability as housekeeping

genes Variation was observed acrossnditions(> 2 Ct valuesh GAPDH swas not
used for normalisatiofFigure5-32A). B2Mandactin had similar Ct values across
conditions,sothe mean of these genegsasused to normalise expression of genes of
interest Figure5-32,B and C)

A GAPDH B B2M C Actin
25 25- 25-
204 _|'_ 20 [T 9 - 20
2454 [ ] | 3 15- $ 15 f -~ f
S g S
& 10- &5 10- 5 104
5] 5- 5
011 , , 0 | 0 T | |
> > > >
0&“6 @-5@6 @é@b & & eé@'b & &
SR SRR, &\ 0 ¢
R AR 2R Vvl &
AN oY o¥ o¥ ¥
SANRN N9 N8

Figure5-32 ¢ B2M and Actirare suitable housekeeping genes when comparijene expression
changes irEVftreated serumfree astrocytes.Three housekeeping gen€APDH, B2M arattin, were
compared to determine their suitability as housekeeping g &SAPDH had >2 Ct values difference
across conditions indicating tlieene is nostably expressedfter EV treatment2.1 cyclef (B)B2Mand
(C)actinhad less variation across the conditid@s’5 and 0.78Ct value differenceespectivelyso

would be suitabl@s housekeeping geaeError bars represent mean and standard deviafidr= 3)

Gene expression was normalised to the mean of both B2Maatid with a fold
change calculated against the average of the untreated conditiorach gene of
interest. GFAP expressigignificantly increasedfter serumfree astrocytes were
treated with 100l of serumcultured ADEVs-B.8x10*particles/ml)but not after
10l treatment (~3.8x1( particles/m) suggestindigh doses oferumcultured
ADEVganelicit reactivity in neighbouringstrocyteg(Figure5-33A; 100l fold
change= 7.6vs untreated P =0.046; N = B No other genes of interest were found
to significantly changenoweverS100 expression had an increasing trewith
increased EV dosageigure5-33B). CD49F and ILHXpressiorhad decreasing
trendswith increasing EV dosagé/ith more biological repeajthese differences
may become significant, supporting thgpothesishat EVSrom reactive astrocytes
areinvolved in eliciting a reactive phenotypeneighbouring quiescent astrocytes
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