DCU

Intercellular Communication at the

Neurovascular Unit:

The Effect of Astrocyte Secreted

Factors on the Blood-Brain Barrier

A dissertation submitted for the degree of PhD by

Natalija Aleksejenko, B.A.

August 2026

Under the supervision of Dr. Janosch Heller, Prof. Phil
Cummins and Dr. Keith Rochfort

School of Biotechnology,
Dublin City University,
Dublin 9,

Ireland



Declaration

I hereby certify that this material, which I now submit for
assessment on the programme of study leading to the award of
Doctor of Philosophy is entirely my own work, and that I have
exercised reasonable care to ensure that the work is original
and have conformed to the regulations on the use and
declaration of Generative Al, and does not to the best of my
knowledge breach any law of copyright, and has not been
taken from the work of others save and to the extent that such
work has been cited and acknowledged within the text of my
work. I hereby certify that no Generative Artificial Intelligence
(Gen AlI) tools have been used in the creation of the thesis.

Signed: Natalija Aleksejenko

ID No.: 21262337

Date: 12/08/2026

I
Post-examination Copy 12/08/26



Acknowledgements

First and foremost, I would like to thank my supervisors Dr. Janosch Heller, Prof.
Phil Cummins, and Dr. Keith Rochfort, who provided me with this opportunity and
without which this work would not have been possible. Your guidance and support
has carried me throughout all the stages of writing this thesis. My deepest gratitude
to all of you for your invaluable insights and advice during the last few years (and
for providing a shoulder to cry on when things got tough). I wish your groups the
best of luck in the future.

I would also like to extend my gratitude to Dr. Denise Harold for her part in the
analysis of the raw sequencing files from Macrogen in Chapter 6 and additionally
for her patience in guiding me through transcriptomic analysis.

Huge thanks to the members of the groups I was lucky enough to be part of: Toby
and Niamh. Thank you for coming on coffee breaks with me when I thought I was
going to lose my mind. It has been an absolute pleasure hearing about your topics,
and I can only imagine your futures will be as bright as you are.

Thank you to my friends, both old and those I made at DCU. Your support has
always meant the most to me. Thank you for letting me complain about the (literal)
blood, sweat, and tears that have gone into this project and the times I didn’t want
to discuss it at all.

Last but not least, I want to thank my family for their endless support. Thank you
for trying to understand what I was doing and encouraging me even when you didn’t
have a clue.

I
Post-examination Copy 12/08/26



Table of Contents

ADDTEVIATIONS ...ttt ettt ettt ettt ettt e te s et entesteeeteseeneentesseeneensesseensens VIl
LISt OF FIGUIS ....viiviieeiie ettt ettt e et e et e et e e s ebeeesbeessseeensaeesssaeensseenns X
LSt O TADIES ...ttt sttt sttt s XII
PUDBLICATIONS ...ttt st st X1
ADSIIACE ..ottt ettt et X1V
Chapter 1 : INrOAUCTION ..............cc.ccceeiiiiiieiiiee e 15
1.1 The CerebrovasCulatUre ............ccecvererieriereeierieeteie et eee sttt see st seeeeenseseeeneeneas 16
LT The BBBi. ..ttt sttt 17
1.1.2 The Neurovascular UNt ......c.ccoveeiererierienieieerice ettt 25
1.2 Neuroinflammation .......o.eeiieiieeieeeeces ettt ettt et e e 37
1.2.1 BBB BreakdOWI ... .ouieuiiiiiieieieeiieceieeteee ettt 38
1.2.2 Microglia and Astrocytes in Neuroinflammation...........cccceeeeveenieeeneneennenne. 38

L8 I8 TSRS 39
1.3.1 History of EV ReS€arch.........cccccveviiiiiiiiiiieieeceecee et 40
L.3.2 EV SUDLYPES ...ectieitieeiieeie ettt ettt st eite e eteesteessaessaesnbessseenseenseenseessnes 43
1.3.3 EV NOMENCIATUIE......coteiieiieieeiieieie ettt ettt sttt ee e sae e eneeeees 49
L34 EV UPLAKE..cotiiiiiciieciie ettt ettt sttt eabeeabeesbe e baesvsesenesenas 50
1.4 Astrocyte EVS in the Drain ........cccccveviiiiieiieiieeeeeeesee e 54
1.4.1 Physiological ROIES........c.cccveciieiieiieiiecie ettt eees 54
1.4.2 During neuroinflammation...........c..cecveerieerciieeiieeciee e eeree e eieeesereeenee e 55
1.5 TRESIS ATIMIS ...uvineieiieieeeieie ettt ettt ettt ettt et e st e e e see et e tesseenseeseensenseeneensenes 57
Chapter 2 : Materials and Methods....................cccccovveveiiiimiiiaiiiiecieeeciee e, 60
2.1 MALETIALS. ..ottt sttt sttt ettt 61
2.1.1 Reagents and ChemiCals ..........ccccuevieiiiiiieii et st 61
2.1.2 Reagents and Chemicals used by Macrogen (South Korea) .............ccccovenenn. 64
2,13 APPATALUS ..ooiiiieiiieeeiie ettt ettt et et e ettt e et e et et e s bt e e eabeeebteennteeenbeeenreens 64
2.1.4 Apparatus used by Macrogen (South Korea) ..........ccccevvevviiviinienieiie e, 65
2.1.5 Preparations of stock buffer SOIUtioNS .........c..ccveeiieiieiieiiecicceecee e 66
2.2 MELROAS. ...ttt sttt ettt 68
2.2.1 Culture and Maintenance of Primary Cells..........ccocvvevieriierieneenienie e, 68
2.2.2 Extracellular Vesicle [SOlation..........ccocveeieririeresieieeeeees e 71
2.2.3 Cell TICAtMENLS ......eerviuieiirtieieeteeitete ettt sttt ettt ettt ettt st be et e e 73
2.2.4 Cll ASSAYS ..eeuvieiieieiesiieiieitesteesteesaesteeteste e seesstessseenseenseeseeseessaessnesssesnsennes 76
2.2.5 RNA Isolation and Quantitative Polymerase Chain Reaction (QPCR)............. 79
2.2.6 Protein Isolation and Western BIOtHNG ..........cceeeveevieiieiieiieeieecieecee e 85
2.2.7 TranScriptomic ANALYSIS.....c.cccvververiierieeiieeieeieeseeseesreeseeseesseesseessaessnesssennns 90

v

Post-examination Copy 12/08/26



2.2.8 StatiStical ANALYSIS ...cccvevevieiierieiiesieeie ettt re et sreesraessaeenre e 91

Chapter 3:The Effect of Conditioned Media on HBMvEC Barrier Properties .....93
3.1 INEEOAUCEION ...ttt ettt et sttt e b e be e bt e 94
3.1.1 Chapter AMS......ccoviiiieeie ettt eve et ete e steesteeeareeaveeabeebeesbaesesassneeenas 96

3.2 RESUILS .ottt ettt sttt s be e b 98
3.2.1 Cell CharacteriSAtiON.........c.eecueruerierieeieeieieeteteeetetesteeeeeseeseeeneesseeseeneesneensenees 98
3.2.2 Effect of ACM on Endothelial Cell Barrier Properties ...........cccceevevveeveennenns 101

3.3 DISCUSSION .euveieiieiieie ettt ettt ettt ettt s b et b e et be et et eat et sbe et enbesseeneene 114
Chapter 4 :Verification and Quantification of EV Isolation Methods................. 120
4.1 INEEOAUCTION ...ttt ettt ettt et b e b e s bt e sat e et e eneeenbeenbeens 121
4.1.1 CRAPLET ATINIS....cvieiuieierieeieeereeieeeteesteesteeeteeeaeebeeveesbeesaeesssesesessseessessseesseesseens 124

4.2 RESULLS ...ttt ettt ettt st et b ettt b et bttt be et b 125
4.2.1 Comparison of EV mMethods .........ccceeviiriiniiniiiiiieiieeeeereenee e 125
4.2.2 Verification of the ExtraPEG method............ccoooiroiiiiiiniiieee e, 133
4.2.3 Optimisation of EV Yield using ExtraPEG isolation ...........c.ccccevvevveeneennen. 137

4.3 DASCUSSION c..eueeeeniietieteteeite st ette et eat et e st et e b et e s bt eate b e s bt eate bt estenteeneentesbeemeenbens 143
Chapter 5 :The Effect of Astrocyte-Derived EVs on HBMvEC Barrier Properties
............................................................................................................................. 150
5.1 INEOAUCTION ...ttt ettt et e sbe e s e s et 151
S5.1.1 Chapter ATIMS....c.cociiiiiiiieeieeceecere ettt et e st e steeeaeebeeveesbeesesesebeeeressseeseesseens 152

5.2 RESUIES ..ttt ettt ettt ettt 153
5.2.1 Astrocyte-derived EVs affect HBMVEC permeability in a treatment orientation-

and time- dependent MANNET ..........c..ccveiiieiieriierieesee et ereere e sieesereeereeaeesveens 153
5.2.2 Astrocyte EVs decrease permeability of HBMvECs but do not affect tight
JUNCHION EXPIESSION LEVEIS ..uviiiiiiiiiiiciieieee et 156
5.2.3 Astrocytes are inflamed by a cytokine cocktail but not LPS.......................... 160
5.2.4 EVs derived from inflamed astrocytes increase permeability of HBMVECs. 165

5.3 DASCUSSION «..eutteitietieite ettt ettt et e ste e et e eate et e bt e bt e sbeesaeesateenteebeenbeesaeesaeesaeeenne 168
Chapter 6 :Transcriptomic Analysis of Astrocyte-Derived EV Treated HBMvECs
............................................................................................................................. 175
6.1 INEOAUCHION ...ttt ettt st 176
6.1.1 Chapter AIMS.......cccviiiieiiieciieceecre et eteesteesteeereebeeveesbeesesesebeesressseeseesseens 177

6.2 RESUILS ...ttt ettt b e st st ettt e sbeesaeeeae 178
6.2.1 Primary human astrocyte-derived EVs do not seem to contain miRNA, likely

due to negligible amounts of miRNA in their donor cells..........ccccovevvrevviiienieennenns 179
6.2.2 Astrocyte-derived EVs modify the transcriptome of HBMVECs................... 182

6.3 DISCUSSION ....eeutieniieitie ettt ettt ettt st ettt e bt e sbeesaeeeabeeabeeabeebeesbeesaeeeneeenseeneeens 194

A%

Post-examination Copy 12/08/26



Chapter 7 : Overall Discussion and Future DireCtions..................cccoceeveuveeeunann. 199

7.1 OVerall SUMIMATY .......occvieriieriienierierie et eieeieesaesreseaeebeebeessaessresssessseesseesseessaens 200
7.2 FULUTE DITECHIONS. ..eeutieiiiiiiieiieitetet ettt ettt sttt ettt sbe e bt seeeeaee e e ens 201
BIBDIIOGEAPRY ... 205
APPEIAIX ...ttt s 301
VI
12/08/26

Post-examination Copy



Abbreviations

AB
ACM
AD

Al
ALIX
AM
ANG-1
ANOVA
APLN
APS
AQP4
A

BBB
BM
BSA
CBF
CCL2
CLCF1
CLDNS5
CLECI14A
CNS
COLS5Al
CSF
Cx43
DC
DEG
DEPC
DGKZ
DLS
EAE
ECM
EDTA
EHD2
EM
EMT
EndoMT
ESCRT
EV
ExM
FBS
FGF-F
FITC
FZD8
GAPDH
GFAP
HBMVECs

Apoptotic Body

Astrocyte Conditioned Media
Alzheimer’s Disease

Adherens Junction

Alg-2-Interacting Protein X

Astrocyte Media

Angiopoetin-1

Analysis Of Variance

Apelin

Ammonium Persulfate

Aquaporin 4

B-Amyloid

Blood-Brain Barrier

Basement Membrane

Bovine Serum Albumin

Cerebral Blood Flow

C-C Motif Chemokine Ligand 2
Cardiotrophin-like Cytokine Factor 1
Claudin-5

C-Type Lectin Domain Containing 14A
Central Nervous System

Collagen Type V Alpha 1

Cerebrospinal Fluid

Connexin 43

Difterential Centrifugation
Differentially Expressed Gene

Diethyl Pyrocarbonate

Diacylglycerol Kinase Zeta

Dynamic Light Scattering
Experimental Autoimmune Encephalitis
Endothelial Conditioned Media
Ethylenediaminetetraacetic Acid

EH Domain Containing 2

Endothelial Media
Epithelial-Mesenchymal Transition
Endothelial-Mesenchymal Transition
Endosomal Sorting Complex Required For Transport
Extracellular Vesicle

Extracellular Matrix

Foetal Bovine Serum

Fibroblast Growth Factor-2

Fluorescein Isothiocyanate

Frizzled Class Receptor 8
Glyceraldehyde-3-Phosphate Dehydrogenase
Glial Fibrillary Acidic Protein

Human Brain Microvascular Endothelial Cells

VII

Post-examination Copy 12/08/26



HNSCC
HRP
Hsp70
HSPBI1
HUVEC
ICAMI1
ICH
IL1B
IL10
IL32

IL6
IL6ST
ILV
ISEV
ISF
ITGAV
JAK3
JAM
Kir4.1
LAMPI
IEV
LIPG
LMNA
IncRNA
LPS
MAN2A2
MAGuK
MDCK
MGP
miRNA
mOMECs
MPS
mRNA
MS

MV
MVB
MYRIP
NBEAL2
NMDAR
NFKBIA
NK

NTA
NTSR1
NVEP
NVU
OCLN
OPC
PBS

Post-examination Copy

Head And Neck Squamous-Cell Carcinoma Cells
Horseradish Peroxidase

Heat Shock Protein 70

Heat Shock Protein Family B 1

Human Umbilical Endothelial Cells
Intercellular Adhesion Molecule 1
Intracerebral Haemorrhage

Interleukin-1 Beta

Interleukin-10

Interleukin-32

Interleukin-6

Interleukin 6 Cytokine Family Signal Transducer
Intraluminal Vesicle

International Society of Extracellular Vesicles
Interstitial Fluid

Integrin Subunit Alpha V

Janus Kinase 3

Junctional Adhesion Molecule

Inwardly Rectifying Potassium Channel 4.1
Lysosomal-Associated Membrane Protein 1
Large Extracellular Vesicle

Lipase G, Endothelial Type

Lamin A/C

Long non-coding RNA

Lipopolysaccharide

Mannosidase Alpha Class 2a Member 2
Membrane Associated Guanylate Kinase
Madin-Darby Canine Kidney

Matrix Gla Protein

Micro RNA

Monkey Ovarian Microvascular Endothelial Cells
Mononuclear Phagocyte System
Messenger RNA

Multiple Sclerosis

Microvesicle

Multivesicular Body

Myosin Viia And Rab Interacting Protein
Neurobeachin Like 2
N-methyl-D-aspartate receptor

NF-kB Inhibitor Alpha

Natural Killer

Nanoparticle Tracking Analysis
Neurotensin Receptor 1

Non-Vesicular Extracellular Particles
Neurovascular Unit

Occludin

Oligodendrocyte Precursor Cell

Phosphate Buffered Saline

VIII
12/08/26



PBS-T Phosphate Buffered Saline- Tween

PC Principal Component

PCA Principal Component Analysis

PCR Polymerase Chain Reaction

PDGF-B Platelet Derived Growth Factor- B

PDZ Postsynaptic Density 95/Disc-Large/Zona Occludens
PEG Polyethylene Glycol

PFA Paraformaldehyde

PKC Protein Kinase C

POLR2J4  RNA Polymerase II Subunit J4

PTMS Parathymosin

PVDF Polyvinylidene Difluoride

RASA4CP RAS p21 Protein Activator 4¢

RIN RNA Integrity Number

RIPA Radioimmunoprecipitation Assay

RN7SL3 RNA Component Of Signal Recognition Particle 7SL3
ROS Reactive Oxygen Species

SCARA3  Scavenger Receptor Class A Member 3
scRNAseq Single Cell RNA Sequencing

SD Standard Deviation

SDS Sodium Dodecyl Sulfate
sEV Small Extracellular Vesicle
SH3 Src Homology

Shh Sonic Hedgehog

SNED1 Sushi, Nidogen And Egf Like Domains 1
snRNA Small nuclear RNA

SOD2 Superoxide Dismutase 2
SSB Sample Solubilisation Buffer
TAE Tris-Acetate EDTA

TBI Traumatic Brain Injury

TCIRG1 T-Cell Immune Regulator 1

TEMED N,N,N’,N’-Tetramethylethylenediamine

TIMP2 Tissue Inhibitor of Metalloproteinases 2

TJ Tight Junction

TNFAIP3  TNFa Induced Protein 3

TNFSF10  Tumour Necrosis Factor Superfamily Member 10

TNFa Tumor Necrosis Factor Alpha
TSG101 Tumour Susceptibility Gene 101
VEGF Vascular Endothelial Growth Factor
Vps Vacuolar Protein Sorting

vWF von Willebrand Factor

ZNF17 Zinc Finger Protein 17
ZNF587 Zinc Finger Protein 587
70 Zonula Occludens

IX
Post-examination Copy 12/08/26



List of Figures

Figure 1.1 An illustration of the anatomical and cellular structure of the blood-brain

DATTIET. ...nteteeitete ettt ettt ettt b et bt et e bt e b et e s bt et e st e et et e sbe et e ebeent et eae et e nas 17
Figure 1.2 Systemic trypan blue injeCtions. .........cceeeverveerierierienieeieeieeseeseeeseeesnesne e 18
Figure 1.3 A schematic representation of the main tight junction and adherens junction
proteins between two endothelial CellS .......ooiiviiiiiiiiiiiiiiicceccceeeee e 19
Figure 1.4 An illustration of the structural and cellular components of the neurovascular
UTUIE ©oete ettt ettt ettt et ee et e st et e st eae et e ss e ea s e beeeten s e e st ent et e en e et e eneensenseentenseeseentenseeneensenneenean 26
Figure 1.5 Schematic representation of the cargo of Extracellular Vesicles. .................... 40
Figure 1.6 The first electron microscopy image of extracellular vesicle release. ............. 42
Figure 1.7 Diagram illustrating different EV subtypes, their sizes, distinct cellular origins,
and biogenesis PAtNWAYS. .....cccuerieriieiieieeeeeeree ettt e e e ssresebeenbeeseenseennnes 43
Figure 1.8 Mechanisms of EV uptake in the cell.. ........ccccveeiiiieniiniiniiieeeeeeees 52
Figure 1.9 A schematic representation of the overall hypothesis of this thesis................. 58
Figure 2.1 A summary diagram for the preparation of conditioned media for treatment of
CCIIS. ittt ettt et ettt e bt st et e st et e se et eteeneenaeaens 74
Figure 2.2 Trans-Endothelial Permeability ASSaY.. ......ccceeveiieiieiiiiiienieenieesiee e e e 79
Figure 3.1 Cell characterization 0f aStrOCYteS. ........ccverveerierierieeiieieerieesieeseeeseresreeneenns 99
Figure 3.2 Cell characterization of HBMVECS. ........cccccvvviiiiiiiiiinieieciecceieeeee e 100

Figure 3.3 Endothelial cell viability after incubation with EM (purple) or ECM (pink) 102
Figure 3.4 Endothelial cell viability after incubation with AM (gold) or ACM (green).104
Figure 3.5 Endothelial cell viability after basolateral incubation with astrocyte

coNAitioNed MEAIA .......coviiieieiieieeee ettt ee e 106
Figure 3.6 Permeability of HBMVECs after incubation with diluted astrocyte
(conditioNed) MEAIA. ....cceeiviiiiiiiieiieieeceecte ettt te e e beetbeeebeebeebeestaesereerreeabeeseens 108
Figure 3.7 TJ gene expression after incubation with diluted ACM..........ccoceeveiineennene. 110
Figure 3.8 Claudin-5 protein expression analysis in response to ACM............cccceeneeneen. 111
Figure 3.9 Occludin protein expression analysis in response to ACM ..........ccceecveneneee. 112
Figure 3.10 ZO-1 protein expression analysis in response t0 ACM ..........ccccevevereennene. 113
Figure 4.1 Flowchart summarising the Microvesicle Isolation method.......................... 126
Figure 4.2 Flowchart summarising the Differential Centrifugation Isolation................. 127
Figure 4.3 Flowchart summarising the ExtraPEG Isolation method. ............ccccvennene.e. 128
Figure 4.4 Comparison of MV, DC, and ExtraPEG methods to isolate ACM derived EVs
(RIN A ettt sttt et s bt et b et e st ebt et bt et e b e saee e e 129
Figure 4.5 DLS Analysis of the Average Size Distribution by Intensity of EVs isolated
TTOMN ACM ..ottt ettt b et s b et sb et e b eaee e 130
Figure 4.6 Comparison of MV, DC, and ExtraPEG methods to isolate ECM derived EVs
LN TR TSRS 131
Figure 4.7 DLS Analysis of the Average Size Distribution by Intensity of EVs isolated
FIOM ECM L.ttt ettt et e b e be e bt e sae e saeeeteebeen 132
Figure 4.8 Verification of the ExtraPEG isolation method through western blot analysis of
EV MATKETS ..ottt sttt st et 135
Figure 4.9 Comparison of EV protein concentration isolated from unwashed and washed
EV PCIIELS ...ttt sttt ettt sttt et e b e staesraesnbeenbe e be e neenneeennas 138
Figure 4.10 Comparison of EV RNA concentration isolated from unwashed and washed
EV PEILELS ..ottt ettt ettt s b e et et e s tee e taeeabeeabeenbe e taenarenenas 139
Figure 4.11 Average Size Distribution by INntensity.........ccceeeeererciieinieenieeecie e 141
Figure 4.12 Average Size Distribution by Intensity..........cccoevvevieviieivieciecviciecieeieenn, 142
Figure 5.1 Astrocyte derived EVs affect HBMvVEC permeability in a treatment
orientation - dependent MANNET..........cc.ecverierierrieerieerieereeseesreereereesseesseesseesssessseesseens 154
X

Post-examination Copy 12/08/26



Figure 5.2 Astrocyte derived EVs affect HBMVEC permeability in a time-dependent

ITATIIET . ..ottt et et eebeeeueeeateeat e e bt e bt e s bt e s et e eat e e bt e bt e beesbeesateeate et e enbeesaeesatesabeebeebeennees 155
Figure 5.3 Illustration of AM and ACM derived EVs isolation. .........c.ccccceeeveeninennnene. 156
Figure 5.4 Astrocyte derived EVs decrease HBMVEC permeability. ...........ccceeevveneennen. 157
Figure 5.5 qPCR analysis in response to astrocyte derived EV treatment. ..................... 158
Figure 5.6 Protein expression analysis in response to astrocyte derived EV treatment.. 159
Figure 5.7 Gene expression analysis of astrocytes after LPS treatment ......................... 161
Figure 5.8 Gene expression comparison of astrocytes after treatment with LPS and

cytoKines USING QPCR. ......coiiiiiiieiceece ettt e e e e e e ensae s 163
Figure 5.9 GFAP protein expression in astrocytes after cytokine treatment. .................. 164
Figure 5.10 Dynamic Light Scattering Analysis of the Average Size Distribution by

Intensity of EVs isolated from healthy and inflamed ACM.............ccccoevveeieeiienieenieennenns 165

Figure 5.11 EVs derived from inflamed astrocytes increase HBMvEC permeability .... 166
Figure 5.12 Protein expression analysis in response to inflamed astrocyte derived EV

L30T 1800 1S) 0 LA OO RRTUSOPPTI 167
Figure 6.1 Illustration of EV isolation from healthy and inflamed cells......................... 178
Figure 6.2 Total RNA quality analysis of EVs isolated from healthy (A) and inflamed (B)
] 100 11 SRR 180
Figure 6.3 Total RNA quality analysis of healthy (A) and inflamed (B) astrocytes. ...... 181
Figure 6.4 PCA of gene expression data. ..........ccceecveeeeieeiiieiiie e eree e eeveeeeveeevee e 183
Figure 6.5 Volcano plot of differential gene expression of HBMvVECs treated with vehicle
control (PBS) vs. EVs isolated from inflamed astroCytes. .........ccccvevveevieiienveeneenreeniens 184
Figure 6.6 Gene ontology (GO) enrichment analysis of HBMvVECs DEGs after treatment

With Inflamed EVS ...ooooiii e 193

XI

Post-examination Copy 12/08/26



List of Tables

Table 2.1 Primer Information (Obtained from Eurofins MWG Operon (Germany))........ 64
Table 2.2: Preparation of Conditioned Media.........c.cccceevierieniirnciiniiieieeieeseesee e 73
Table 2.3: The preparation of conditioned media for apical treatment ............cccccoeeenne. 77
Table 2.4: The preparation of conditioned media for abluminal treatment....................... 78
Table 2.5: Components of the Reaction Mix used for cDNA synthesis. ..........ccccveeenene. 81
Table 2.6: PCR 1eaction MIXEUTE .......c.ceverieeieieetieieriesitesiesieeeeseeseeesesseeeessesneessesseeneensens 82
Table 2.7: PCR reaction Method ..........ccoeiiiiriiiiieieesieese ettt 82
Table 2.8: QPCR 1eaction MIXEUIE.........ccverveerierrerrerieeieesieesieeseessresresseeseesseessessseessnes 83
Table 2.9: QPCR MEthOd ......cccooeiiiiieiieieeee et 83
Table 2.10: SDS-PAGE resolving gel COMPONENLS. .......cceevveeieeriierieenieniesreeieeveeeeenens 87
Table 2.11: SDS-PAGE stacking gel COMPONENLS...........ccverveereereerienreereeieesieeseeesenenenes 87
Table 2.12: Primary Antibody Concentrations used in Immunoblotting........................... 89
Table 2.13: Secondary Antibodies used in Immunoblotting ............ccccceeevveveecrieneennnennen. 90
Table 4.1: CD63+ bands in the fractions derived from ECM and EM............c..c............ 136
Table 6.1: Genes downregulated in HBMvECs after treatment with inflamed EVs in
comparison to control, in order of largest fold change.............cccecvevvirieniincinieieees 185
Table 6.2: Genes upregulated in HBMVECs after treatment with inflamed EVs in
comparison to control, in order of largest fold change.............ccecvevveiienienciiieceee 189
XII

Post-examination Copy 12/08/26



Publications

Oral Publications

An in vitro examination of astrocyte-derived EVs on a human brain
microvascular endothelial cell model of the BBB. Presented at UK &
Ireland Early Career BBB Symposium; 2025 July 17, TCD

Extracellular Vesicle Driven Communication at the Blood-Brain Barrier.
Presented at: BRS 15" Annual Research Day; 2024 April 18, DCU —
Awarded Best Research Talk

Astrocytic microRNA control of blood brain barrier breakdown in epilepsy.
Presented at: IAS; 2023 March 28, Bertinoro, Italy.

Analysing the Contents of Astrocyte and Endothelial Cell-derived
Extracellular Vesicles. Presented at: 12th UK and Ireland Early Career BBB
meeting; 2022 October 27; TCD

Communication between Astrocytes and Endothelial Cells in Epilepsy.
Presented at: Biology of Brain Disorders; 2022 Jun 15 - 17, TCD

Poster Publications

Aleksejenko, N, Rochfort, KD, Cummins, PM, Heller, JP. Extracellular
Vesicles: An Exploration into the Bi-directional Crosstalk of Endothelial

Cells and Astrocytes at the Blood-Brain Barrier. Poster presented at: FENS
2024, Vienna

Aleksejenko, N, Rochfort, KD, Cummins, PM, Heller, JP. Isolation and
Analysis of Astrocyte and Endothelial Cell Derived Extracellular Vesicles.
Poster presented at: BRS 14th Annual Research Day; 2023 April 20, DCU

Aleksejenko, N., Rochfort, KD., Cummins, PM., Heller, JP. Optimization
of Exosome Isolation from Astrocyte Conditioned Media. Poster presented
at: BRS 13th Annual Research Day; 2022 May 27, DCU

XIII

Post-examination Copy 12/08/26



Intracellular Communication at the Neurovascular Unit: The Effect of
Astrocyte Secreted Factors on the Blood-Brain Barrier

Natalija Aleksejenko
Abstract

The properties of the blood-brain barrier are known to be maintained by endothelial
cell interactions with astrocytes. Astrocytes secrete extracellular vesicles, important
mediators of intercellular communication. Very few studies have explored the effect
of astrocyte derived extracellular vesicles on barrier integrity. During
neuroinflammation, barrier integrity decreases and astrocytes become reactive,
reflected in the cargo of their secreted extracellular vesicles. This thesis investigated
the effect of these astrocyte-derived extracellular vesicles on the barrier function of
endothelial cells both in health and during neuroinflammation.

Astrocyte conditioned media generated from primary human astrocytes was used
as a treatment on primary human brain microvascular endothelial cells. This
conditioned media was able to attenuate the inherent detrimental effect of the base
astrocyte media on endothelial cell viability and tight junction protein expression.
This effect was hypothesized to be due to astrocyte-derived extracellular vesicles,
necessitating their isolation to remove this confounding background effect.

Three isolation methods: differential centrifugation, microvesicle isolation and
ExtraPEG, were compared. ExtraPEG was determined to be the optimal
extracellular vesicle isolation method due to lower variation in isolated extracellular
vesicle populations. Using this method, extracellular vesicles were isolated from
healthy astrocytes. These vesicles were able to decrease barrier permeability in
endothelial cells when treated basolaterally, but not through changes in tight
junction gene or protein expression. However, treatment with inflamed astrocyte-
derived extracellular vesicles, resulted in 10% increased barrier permeability.
Inflamed extracellular vesicles were found to upregulate the expression of several
inflammatory genes, including CCL2, in endothelial cells, as well as affecting the
expression of genes involved in cell adhesion, cell migration, and protein
localisation pathways. This reveals the contribution of astrocyte-derived
extracellular vesicles to barrier maintenance and how this changes in pathology, as
well as revealing several potential mechanisms that can be exploited in order to
treat blood brain barrier dysfunction during neuroinflammation.
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Introduction
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1.1 The Cerebrovasculature

Although the average adult human brain represents approximately 2% of body
weight, it accounts for around 20% of the body’s metabolic consumption (Clarke &
Sokoloff, 1999; Y. Wang, Zhou, et al., 2025). This is not surprising as the brain
requires a substantial amount of energy to maintain electrochemical gradients
across neuronal membranes. It has been estimated that approximately 75% of the
brain’s calculated energy consumption is attributed to neuronal signalling, with the
remaining energy allotted to basic cellular functions, such as molecule synthesis

and organelle trafficking (Attwell & Laughlin, 2001; Harris et al., 2012).

Both the developing and adult brain receive the majority of their energy through the
oxidation of glucose (McKenna et al., 2012; Solmonson et al., 2022). In addition to
this, both glucose and oxygen are required for the synthesis of many important
neurotransmitters (Gnegy, 2012; R. Han et al., 2021; Kotsyuba & Dyachuk, 2022).
Interruptions to the brain’s supply of glucose and oxygen can lead to cellular
dysfunction and eventually cell death, with severe cases of hypoglycaemia (i.e.,
reduced availability of glucose) and hypoxia (i.e., reduced availability of oxygen)
causing neurological damage and even death (Ribeiro et al., 2023). The brain is
unable to synthesise or store substantial amounts of glucose. Therefore, the brain is
critically dependant on a controlled and continuous supply of essential metabolites,
which it receives from a vast network of blood vessels that permeate the brain tissue

(Figure 1.1).

In particular, capillaries are thin-walled vessels, often constituting a single layer of
endothelial cells, which allow for the efficient exchange of gases, nutrients, and
waste products between the bloodstream and surrounding tissues. The total length
of capillaries in an adult human brain is over 650 km, accounting for over 85% of
cerebral blood vessels, with only around 40 um separating adjacent capillaries
(Zlokovic, 2008; Fu, 2018). This relatively short distance allows for rapid transport
of small solutes from blood to the neuronal and glial cells in the brain tissue

surrounding the microvessels.
However, in addition to oxygen and nutrients, blood also contains ions, molecules,

cells, and pathogens that can interfere with the brain’s highly controlled
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microenvironment and impact its normal functioning (Daneman & Prat, 2015;
Aborode et al., 2025). Therefore, unlike in the peripheral vasculature where there
is relatively free small solute exchange, the influx and efflux of these substances is
tightly regulated by a biological barrier that exists at the blood-to-brain interface,
termed the blood-brain barrier (BBB) (Kiernan, 1996; B. Bell et al., 2023).

Cerebral

Capillary i
umen

Cerebrovasculature

Tight Junction Endothelial
Cell

Figure 1.1 An illustration of the anatomical and cellular structure of the blood-brain
barrier. The left panel shows the cerebrovasculature embedded in brain tissue, highlighting
a cerebral capillary, seen in the central magnified view, as the site of BBB function. The
rightmost cross-section diagram details some of the cellular components of the BBB: the
endothelial cells lining the lumen of the capillary, interconnected by tight junctions which
restrict paracellular transport. Together these elements form a selective barrier that
regulates the molecular exchange between the blood and the brain, maintaining the
homeostasis of the brain. Figure created by author in Affinity Designer (version
1.10.6.1665).

1.1.1 The BBB
1.1.1.1 History of the BBB

Early experiments by Paul Ehrlich had found that the injection of trypan blue, along
with other dyes, intravenously stained all organs except the brain and spinal cord
(Ehrlich, 1885 as reviewed in Liddelow, 2011) (Figure 1.2). Later, his student,
Edwinn Goldmann, found that the injection of trypan blue directly into the brain
had the converse result — the brain was stained but the body was not (Liddelow,
2011). These experiments demonstrated a clear compartmentalization between the
brain and the rest of the body. However, it was not until the start of the 20™ century
that a physical barrier between the blood vessels and the rest of the central nervous
system (CNS) was proposed by Lewandowsky after a set of experiments where
cholic acids or sodium ferrocyanide were injected intravenously with no

pharmacological effects on the nervous system. However, effects were seen after a
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direct injection into the brain (Lewandowsky, 1900 as reviewed by Liddelow, 2011)

Figure 1.2 Systemic trypan blue injections. A) A rat after injection with trypan blue (From
Goldmann (1909)) B) The brain and spinal cord of a rat with trypan blue (From Goldmann
(1913)).

While Lewandowsky has often been credited with coining the term
‘bluthirnschranke’ or ‘blood-brain barrier’, he does not actually use this term in his
original paper. In fact, the first use of the term “barrier” should be accredited to
Stern and Gautier in their 1918 paper: “La barriere qui s oppose au passage dans
le liquide céphalo-rachidien de substances circulant dans le sang présente des
différences notables suivant les especes animales”(Stern & Gautier, 1918 as
reviewed by Saunders et al., 2014). Stern and colleagues proposed two routes of
entry into the brain, one through the choroid plexuses (the “barriere
hématoencéphalique” (blood-brain barrier) (Stern & Gautier, 1921), which is now
known as the blood-CSF barrier) and one directly through blood vessels (what is
now deemed the BBB). Stern was the first to propose that this barrier was selective
and provided a mechanism to control the brain’s microenvironment (Stern, 1934 as

reviewed by Saunders et al., 2014).

Even so, it was not until the late 1960s that the site of this barrier was discovered.
Studies with horseradish peroxidase localized the BBB to protein complexes in

between the endothelial cells that constitute the lumen of blood vessels (Reese &
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Karnovsky, 1967), which was further confirmed by studying their electrical
resistance (Crone & Olesen, 1982).

1.1.1.2 Junctional Complexes of the Blood-Brain Barrier

The BBB is established and maintained by junctional complexes between
endothelial cells (Figure 1.3). These junctional complexes - adherens junctions
(AJs) and tight junctions (TJs) - provide important adhesive contacts between
endothelial and epithelial cells in a variety of tissue types. The expression of these
TJ proteins between adjacent endothelial cells results in an obstruction to the
paracellular pathways, limiting passive diffusion of certain molecules between the
blood and the brain. Importantly, the formation of TJs requires cell-cell contacts
initiated and maintained by AJs (Watabe-Uchida et al., 1998; Shigetomi et al.,
2018).

- Blood

Figure 1.3 A schematic representation of the main tight junction and adherens junction
proteins between two endothelial cells showing the extracellular interaction between
members of the claudin family, occludin and JAMs. These TJs are linked to the actin
cytoskeleton by the ZO scaffolding proteins. VE-cadherin, a member of the adherens
Junction, is linked to the actin cytoskeleton by o- and p- catenins. Figure created by author
in Affinity Designer (version 1.10.6.1665).

The main proteins of AJs include members of the cadherin superfamily and the
catenin family. The endothelial specific glycoprotein VE-cadherin is the core
adhesion molecule that helps to promote vascular stability (Giampietro et al., 2012;

Postma et al., 2025). Members of the catenin family, such as a-catenin and f3-
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catenin, connect VE-cadherin to the actin cytoskeleton. VE-cadherin also seems to
play a role in the expression of TJ proteins, with VE-cadherin being able to
upregulate claudin-5 gene expression (Taddei et al., 2008) and overexpression of
VE-cadherin being able to rescue angiotensin II-induced inhibition and disordered
distribution of ZO-1 (L. Liu et al., 2018). Another study also found that VE-
cadherin was involved in a signalling pathway that modulated the phosphorylation
state of occludin, thus being able to regulate barrier permeability (Walsh et al.,
2011).

It is now known that TJs regulate the diffusion of components of the peripheral
circulatory system into the CNS and vice versa in a size- and charge-specific
manner. TJs consist of protein complexes spanning the intercellular cleft between
adjacent cells and typically comprises of membrane linker proteins like occludin
and claudins, as well as junctional adhesion molecules (JAMs), linked to
cytoplasmic scaffolding and regulatory proteins such as the zonula occludens (ZO-
1, ZO-2, ZO-3).

1.1.1.2.1 Occludin

Electron microscopy studies had revealed the presence of junctional complexes
between epithelial cells (Farquhar & Palade, 1963). However, the components of
these junctional complexes were not elucidated until 1993, when the first TJ protein,
occludin, was discovered (Furuse et al., 1993). Occludin is a transmembrane
phosphoprotein consisting of four transmembrane domains, two extracellular loops,
and a cytoplasmic tail. Overexpression of occludin improves electrical resistance
of Madin-Darby canine kidney (MDCK) cells (McCarthy et al., 1996). Importantly,
several studies have shown that the phosphorylation state of occludin is related to
the integrity of the BBB (DeMaio et al., 2006; Y.-S. Chen et al., 2007; Morgan et
al., 2007; Rochfort et al., 2014; Goncalves et al., 2022; B. X. Huang et al., 2023).

Occludin is not required for TJ formation, however, as total deletion of occludin did
not affect the viability of knockout mice nor the morphology of the TJs themselves
(Saitou et al., 2000; Saito et al., 2021). Even so, several abnormalities, including
chronic inflammation of tissues and calcification of the brain were noted in occludin
knockout mice (Saitou et al., 2000). Several studies have also shown that occludin
expression is downregulated after stroke, which leads to BBB breakdown (Y. Yang
etal.,2007; W. Liu et al., 2009; J. Liu et al., 2012; C. Ren et al., 2015; Sugiyama et
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al., 2023). This points to the importance of occludin in the stability of TJs and

provides support for their role in barrier integrity.

1.1.1.2.2 Claudin-5
The tightness of each individual TJ is determined by the combination of claudins

and mixing ratio of the claudins found at that TJ (Gonschior et al., 2022; Ogbu et
al., 2025). In humans and mice, the claudins are a multigene family made up of over
20 members. They range from 21-28 kDa in size and consist of four transmembrane
domains, two extracellular loops, a short cytoplasmic turn, and intracellular
carboxy-and amino-terminal domains. Most claudins also contain a PDZ domain-
binding motif at their C-terminal domain, allowing them to bind to scaffolding

proteins, such as the ZO proteins.

At the BBB, claudin-5 is one of the most highly expressed TJ proteins. A notable
study revealed that mouse claudin-5 knockouts allowed small molecules (<800 Da)
but not larger molecules to cross the BBB (Nitta et al., 2003). Total deletion of the
claudin-5 gene was found to be lethal with all knockout mice dying within 10 hours
of birth (Nitta et al., 2003). However, TJs from these mice were not found to be
morphologically different from normal mice, suggesting that other TJ proteins
supplement TJ formation. Moreover, suppression of claudin-5 expression in adult

mice results in seizures and death (Greene et al., 2022).

1.1.1.2.3 Other members of the Claudin family
The expression of other members of the claudin family at the BBB has been widely

debated. Many early studies reporting the expression of claudin-1, claudin-3 and
claudin-12 at the TJs of the BBB confirmed their presence through
immunohistochemistry (Furuse, Fujita, et al., 1998; Liebner et al., 2000; Wolburg
et al., 2003). However, multiple single-cell RNA sequencing (scRNAseq)
transcriptomic studies have failed to demonstrate the expression of claudin-1 and
claudin-3 in murine brain endothelial cells (L. He et al., 2018; Vanlandewijck et al.,

2018).

Claudin-1 was the first member of the claudin family to be discovered (Furuse,
Fujita, et al., 1998), and the introduction of its cDNA into mouse fibroblasts, which
traditionally lack TJs, resulted in the organisation of claudin-1 proteins into the
strand-like networks typical of TJs thus showing that claudin-1 was able to initiate

TJ assembly, even in cell types typically lacking these protein complexes (Furuse,
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Sasaki, et al., 1998). An early research paper found a relationship between
downregulation of claudin-1 and an increase in endothelial permeability in the
blood vessels of patients with glioblastoma multiforme (Liebner et al., 2000).
However, a later paper was unable to detect claudin-1 localized to the TJs of brain
endothelial cells in human and murine tissue (Wolburg et al., 2003). Claudin-1
knockout mice also died soon after birth, but this was linked to changes in TJ

composition in the epidermis of these mice (Furuse et al., 2002).

A loss in BBB integrity was reported to accompany loss of claudin-3 at the BBB.
Wolburg et al. (2003) found a selective loss of claudin-3 in inflamed vessels
surrounded by infiltrating immune cells in a murine model of multiple sclerosis as
well as in brain sections from human patients with glioblastoma multiforme. An in
vitro study later found that at higher passage numbers (p31), the immortalised
human brain endothelial cell line, hCMEC/D3, had reduced levels of claudin-3 in
addition to a reduction in BBB properties in comparison to cells at a lower passage
(p26) (Schrade et al., 2012). Although the researchers found this decrease in
claudin-5 after only 5 passages, raising concerns of validating barrier properties in
cell lines, this paper still corroborates other research showing that the BBB is
disrupted with healthy aging (Elahy et al., 2015; Wen et al., 2020), with some
evidence of fewer TJs (Bors et al.,, 2018). However, a more recent claudin-3
knockout study suggests that claudin-3 is not expressed at the BBB, as the BBB of
knockout mice remained intact, with results suggesting that previous findings may
be due to cross-reactivity of anti-claudin-3 antibodies with an unknown junctional
antigen (Castro Dias, Coisne, Lazarevic, et al., 2019). Additionally, this study found
that the absence of claudin-3 did not affect BBB integrity (Castro Dias, Coisne,
Lazarevic, et al., 2019).

Claudin-12 is an unusual member of the claudin family as it lacks a PDZ binding
domain. While studies have reported expression of this claudin in brain endothelial
cells (Schrade et al., 2012; Akin-Kinay et al., 2025), claudin-12 was not detected at
TJs in the BBB of LacZ reporter mice (Castro Dias, Coisne, Baden, et al., 2019).
Recent scRNAseq transcriptomic analysis do show expression of Cldni2
throughout the entire murine brain (Z. Yao et al., 2023). However, average reads for
claudin-12 were found to be higher in smooth muscle cells in comparison to brain

endothelial cells (L. He et al., 2018; Vanlandewijck et al., 2018). In humans,
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claudin-12 is most prominently expressed in mature astrocytes and neurons (Y.
Zhang et al., 2016) but is still expressed in endothelial cells. As these cells do not
typically form tight junctions, this suggests that claudin-12 may play other
important roles in the CNS but may not be involved in the formation of classical

TlJs.

In cerebral pathologies, TJ protein expression and BBB integrity is modified.
Expression of claudins -1, -3 and -12 was upregulated in both human and murine
ischemic tissue, while claudin-5 and occludin were downregulated at least 2-fold
(Sladojevic et al., 2019). Ectopic expression of claudin-1 in the brain endothelial
cells of a mouse model of MS resulted in significantly reduced BBB leakiness to a
small molecular tracer (Hoechst dye) as well as to a large endogenous glycoprotein

(fibronectin (~500-600 kDa)) (Pfeiffer et al., 2011).

In contrast, however, Berndt et al. (2019) found that expression of claudins-1, -3, -
12, and occludin was downregulated in transient focal ischema in mice, while
claudin-5 was upregulated. This study also found expression of other members of
the claudin family (claudins -4, -11, -20 and -25) in endothelial cells of murine brain
capillaries both at the mRNA and protein levels (Berndt et al., 2019). However, as
previously  mentioned,  knockout studies have  suggested these
immunohistochemical results may be due to cross-reactivity of the anti-claudin
antibodies with other TJ proteins found at the BBB, notably claudin-5, which is
found at much higher expression levels in brain endothelial cells than other
members of the claudin family. Overall, these studies suggest that the protein
composition of TJs is altered in pathological conditions, where downregulation of
claudin-5 potentially causes the incorporation of other compensatory members of

the claudin family into TJs potentially resulting in changes to barrier integrity.

1.1.1.2.4 ZO-1 and other TJ members
The members of the ZO family, ZO-1 (225 kDa), ZO-2 (160 kDa), and ZO-3 (130

kDa) act as scaffolding proteins, linking other TJ proteins to the actin cytoskeleton
(Umeda et al., 2006; Shimojima et al., 2008; Xiong et al., 2021). The ZO proteins
are members of the membrane associated guanylate kinase (MAGuK) family and
each contains 3 postsynaptic density 95/disc-large/zona occludens (PDZ) domains,
a Src homology (SH3) domain, a GuK domain and an acidic domain at the C-

terminus. The first of the PDZ domains has been found to bind to the C-terminus of
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claudins (Itoh et al., 1999; Hiroaki et al., 2018). The C-terminus of JAMs contains
a PDZ domain-binding motif, which has been found to interact with ZO-1 (Ebnet
et al., 2000; Haas et al., 2020). Additionally, ZO-1 has been found to bind to the C-
terminus of occludin via the unique-5 (U5) region between the SH3 and GuK
domains (Fanning et al., 1998, 2007). ZO-1 is then able to anchor these TJ proteins
to the actin cytoskeleton by a 28-residue sequence in its C-terminus region (Belardi
et al., 2020; Fanning et al., 1998). Downregulation of ZO-1 results in damage to
BBB integrity (Jiao et al., 2011; Branca et al., 2019)

Other notable proteins of the TJ complex include several JAMs, part of the
immunoglobulin superfamily. JAMs consist of a single membrane-spanning
domain, a short C-terminal tail, and an immunoglobulin G (IgG)-like extracellular
domain, which mediates dimerization of JAM family members, contributing to
binding between adjacent endothelial cells. While JAMs are not required for the
formation of TJs, double knockout of JAM-A and claudin in MDCK cells results in
abnormal localisation of ZO-1 and ZO-2 (Otani et al., 2019). Additionally,
expression of JAM in Chinese hamster ovary cells resulted in localised recruitment

of occludin to regions of cell contacts (Bazzoni et al., 2000).
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1.1.2 The Neurovascular Unit

The barrier properties of the cerebral endothelial cells are not an inherent feature of
these cells themselves. Early experiments by Stewart and Wiley revealed that the
cerebral environment confers these properties onto endothelial cells, regardless of
their origins (Stewart & Wiley, 1981). In these experiments, when avascular brain
tissue from young quail embryos was transplanted into the coelomic cavity of chick
embryos, the host endothelial cells that vascularised the neural tissue developed a
competent BBB. Meanwhile, when avascular coelomic grafts from quail embryos
were transplanted into the brains of embryonic chicks, the chick endothelial cells
that vascularised these grafts were lacking these characteristics (Stewart & Wiley,
1981). Since then, studies have shown that barriergenesis in CNS endothelial cells
is dependent on Wnt/B-catenin signaling (Liebner et al., 2008; Fetsko et al., 2023),
activated by Wnt7 ligands, derived from neural progenitor cells (Eubelen et al.,
2018) and from astrocytes in adulthood (Guérit et al., 2021; Garcia-Veldzquez et
al., 2024).

The properties of the BBB are induced and maintained by the interactions of the
endothelial cells with the basement membrane (BM) and the other cells of the brain:
astrocytes, pericytes, neurons, oligodendrocytes, and microglia (Figure 1.4).
Spatially, the endfeet of astrocytes almost completely ensheath -capillaries
(Mathiisen et al., 2010; Kubotera et al., 2019; Hosli et al., 2022). Pericytes are also
found on the outside of capillaries, embedded in the BM. Endothelial cells,
pericytes, and astrocytes all contribute proteins forming the layers of the BM (Sixt
etal., 2001; Van Horssen et al., 2005; Turner et al., 2017). Additionally, it has been
estimated that nearly every neuron has its own capillary (Zlokovic, 2005; Ventura-
Antunes & Herculano-Houzel, 2022), with each neuron residing within 20 pm of a
microvessel (Abbott et al., 2006; P. S. Tsai et al., 2009). This close relationship
between the cells of the brain and the cerebral vasculature led to the concept of
classifying them as a single functional unit, the neurovascular unit (NVU), formally

introduced in 2001 (Iadecola, 2017; Alkayed & Cipolla, 2023).
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Figure 1.4 An illustration of the structural and cellular components of the neurovascular
unit. The left-hand side shows a cerebral capillary surrounded by a neuron, astrocytes,
pericytes, and microglia. Astrocytic endfeet envelop the capillary, emphasizing their role
in BBB maintenance and signalling. The right-hand side shows a magnified cross-section
of the capillary, revealing the endothelial cells lining the lumen of the capillary,
interconnected by tight junctions forming the selective barrier. The basal lamina surrounds
the endothelium, with pericytes embedded between the endothelial layer and astrocyte
endfeet. Neurons and microglia are shown in close proximity, highlighting their
interactions with the BBB. Together, these components help to preserve the homeostasis of
the CNS by regulating the molecular exchange between the blood and the brain. Figure
created by author in Affinity Designer (version 1.10.6.1665).

1.1.2.1 Pericytes

First discovered in the 19™ century, pericytes are a type of mural cell that extends
its processes along the abluminal surface of the cerebral microvasculature, usually
stretching over multiple endothelial cells (Rouget, 1873, reviewed in Divecha et al.,
2025). These cells have been found to be responsible for the vasoconstriction and
vasodilation of the capillary during neurovascular coupling, with their constriction
and relaxation being able to change the vessel diameter by up to 20% (Berthiaume
et al.,, 2018; D. A. Hartmann et al., 2021). Pericyte phenotypes vary at different
capillary locations, with differences in transcriptomes, morphologies, and
contractile dynamics (Grant et al., 2019). A recent study, however, found that their
transcriptomes may better reflect functional specialisations rather than their

location (A. C. Yang et al., 2022; Is et al., 2024).
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Pericyte densities also vary across different organs (Shepro & Morel, 1993;
Helmbold et al., 2001; Nees et al., 2012). In comparison to the peripheral system,
the CNS and retina show the highest densities of pericytes, with approximately one
pericyte present for every three endothelial cells in the CNS and an equal number
of pericytes to endothelial cells in the retina (Frank et al., 1987, 1990; Armulik et
al., 2010; Mathiisen et al., 2010). With this high density, pericytes cover almost
100% of the capillary length, although their processes only cover a third of the
circumference of the vessel (Mathiisen et al., 2010). These high densities in the
CNS reflect the important functions pericytes play in the brain, including their role

in supporting the BBB.

Pericytes are required for proper BBB formation. The onset of barrier function
coincides with the recruitment of pericytes to the vasculature and blood vessel
permeability is correlated with pericyte coverage of the vessel (R. D. Bell et al.,
2010; Daneman et al., 2010). Mice lacking pericytes, either through global ablation
or genetic manipulation, show an increase in vascular permeability (Armulik et al.,
2010; Nikolakopoulou et al., 2019; Vazquez-Liebanas et al., 2022). Additionally,
leukocytes were found to be able to infiltrate the CNS even under homeostatic
conditions in pericyte-deficient mice, and the degree of leukocyte trafficking from
the vasculature was inversely related to the extent of pericyte coverage of the blood
vessel (O. Tordk et al., 2021). A more recent study, however, revealed that focal
pericyte loss does not result in increased barrier permeability (Berthiaume et al.,
2022). Recent evidence has also linked decreased TJ protein expression to pericyte
dysfunction in several disease models (Y. Liu et al., 2021; W. Li et al., 2023; Yuan
et al., 2023).

1.1.2.2 BM

In blood vessels, the BM, a unique form of extracellular matrix (ExM), ensheathes
the basal face of endothelial cells. It provides support to cells and separates them
from surrounding tissue (Halfter & Yip, 2014; D. Zhang et al., 2017; Sherwood,
2021). BMs also play important roles in mediating signals between cells and their
surroundings (Nguyen-Ngoc et al., 2012; Randles et al., 2020). The ExM proteins
collagen 1V, laminin, nidogen, and proteoglycans tend to be core components of

many BMs (LeBleu et al., 2007; Lennon & Sherwood, 2025). However, the protein
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composition of BMs in the body varies greatly (Miner & Sanes, 1994; Miner et al.,
1997, Jayadev et al., 2022).

In the brain, the BM surrounding the cerebral microvasculature is made up of two
distinct ExM complexes known as the vascular and parenchymal BMs (Sixt et al.,
2001; Hannocks et al., 2018). These are typically separated by pericytes but are
physiologically indistinguishable in regions without pericytes. Still, these BMs
differ in their protein composition with the vascular BM being comprised of
proteins secreted by endothelial cells and pericytes while astrocytes contribute
proteins to the parenchymal BM (Van Horssen et al., 2005; Turner et al., 2017). For
example, these cells produce different laminin isoforms, with astrocytes
predominantly producing laminin- a2B1yl (-211), and brain endothelial cells
producing laminins- a4p1y1 (-411) and -a5B1y1 (-511) (Sorokin et al., 1997; Sixt
etal., 2001).

The BM plays an important role in the formation and maintenance of the BBB. The
addition of BMs in in vitro models of the BBB helps to increase barrier properties
(Tilling et al., 1998; J.-W. Choi et al., 2023). For example, porcine brain endothelial
cells grown on decellularized ECMs derived from porcine brain pericytes and
astrocytes exhibited significantly increased electrical resistance measurements than
those grown on non-brain cell derived ECM (C. Hartmann et al., 2007; Zobel et al.,
2016).

Disrupting any of these BM proteins affects the vascular integrity of the cerebral
blood vessels. Although complete knockout of COL4A1 is embryonic lethal, loss of
function of this collagen IV a-chain producing gene in endothelial cells and
pericytes results in intracerebral haemorrhage (ICH) (Jeanne et al., 2015; Poschl et
al., 2004). Similarly, global knockout of most laminin subunits is lethal to the
embryo (N. Smyth et al., 1998; Nguyen et al., 2002; Miner et al., 2004). Cell-
specific knockout of laminin isoforms resulted in damage to the BBB, with loss of
astrocytic laminin resulting in BBB breakdown and age-dependent ICH (Z.-L. Chen
etal., 2013;Y. Yao et al., 2014). Loss of pericytic laminin had much milder effects,
according to one study (Gautam et al.,, 2016). Here, the authors did find
downregulation of TJ protein expression and BBB-breakdown but only in 10.7% of

knockout mice that also developed hydrocephalus (Gautam et al., 2016). Knockout

28
Post-examination Copy 12/08/26



studies of laminin-a2 and laminin- a5 also show that these subunits play a role in

maintaining neurovascular integrity (Menezes et al., 2014; Nirwane et al., 2024).

1.1.2.3 Oligodendrocytes

Oligodendrocytes are mainly responsible for selectively coating neuronal axons
with a myelin sheath which insulates the axon and improves the transmission of
electrical impulses. Myelin also plays a role in memory consolidation (McKenzie
et al., 2014; S. Pan et al., 2020; F. Wang et al., 2020). Oligodendrocytes arise from
terminal differentiation of oligodendrocyte precursor cells (OPCs). OPCs persist in
the CNS throughout life, unlike other progenitor cells, making up between 2-8% of
the cells in the CNS (Raff et al., 1983; Dawson, 2003; Beiter et al., 2022). These
cells can differentiate into mature oligodendrocytes and astrocytes (Suzuki et al.,
2017; Y. He et al., 2021; Altunay et al., 2025). However, mature oligodendrocytes
show very little turnover in the brain, suggesting that OPCs play other essential

roles in the brain (Yeung et al., 2014; R. B. Tripathi et al., 2017).

OPCs have a close bidirectional relationship with the vasculature of the brain.
During development in both mice and humans, OPCs migrate along the vasculature
and then detach from it upon differentiating into mature oligodendrocytes (H.-H.
Tsai et al., 2016; Y. Su et al., 2023). Another recent study, however, suggests that
~17% of mature oligodendrocytes remain in direct contact with blood vessels
(Palhol et al., 2023). Additionally, one study found that OPCs were recruited to
damaged regions by using the vasculature as a scaffold in a mouse model of stroke

(Bonfanti et al., 2017).

Endothelial cells promote OPC survival, proliferation, and myelination (Arai & Lo,
2009; D. Ma et al., 2024; W. Wang et al., 2024). Vice versa, several studies have
suggested that cells of the oligodendroglial lineage are able to promote angiogenesis
(Yuen et al., 2014; Minocha et al., 2015) and modulate BBB integrity (Seo et al.,
2014; Kimura et al., 2020). TGF-B1 secreted by OPCs was shown to decrease BBB
permeability in endothelial cells (Seo et al., 2014). Both OPCs and
oligodendrocytes were able to improve the BBB integrity of endothelial cells, albeit

via different pathways (Kimura et al., 2020). Transplantation of OPCs into a mouse
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model of brain ischemia improved BBB integrity and functional recovery (L. Wang

et al., 2020).

In pathology, OPCs seem to drive breakdown of the barrier. OPCs treated with pro-
inflammatory cytokines were found to secrete MMP9 which decreased ZO-1
protein expression and increased permeability in endothelial cells (Seo et al., 2013).
In MS, in which both demyelination and BBB breakdown are common, OPCs have
been found to cluster on the blood vessels in lesion areas with active inflammation,
which disrupts the BBB by impairing TJs, leading to increased vascular

permeability (Girolamo et al., 2019; J. Niu et al., 2019).

1.1.2.4 Neurons

A major component of the CNS, neurons process and transmit information to other
cells through electrical and chemical signals. Neuronal activity has been correlated
strongly with cerebral blood flow (CBF) (Silva et al., 2000; Longden et al., 2017;
X. Gao et al., 2025). During vasodilation, the diameter of the vessel is increased,
allowing more blood to flow through it. During vasoconstriction, the diameter of
the vessel is decreased, slowing down blood flow. Neurons are able to induce
vasodilation or vasoconstriction of the cerebrovasculature by two main
mechanisms. Firstly, neuronal activity results in the release of neurotransmitters,
which act on endothelial cells and mural cells (i.e. pericytes and vascular smooth
muscle cells (which have a similar role to pericytes but are not found on the
capillaries)) to regulate the diameter of blood vessels (Cauli et al., 2004; Hogan-
Cann et al., 2019; D. Zhang et al., 2024). Secondly, neurons can also activate
astrocytes, which then release vasoactive mediators that act on the vasculature to

control CBF (Du et al., 2024; Isis Yonza et al., 2025).

In addition to this, several studies have also suggested that neurons also influence
BBB integrity. The addition of neurons into a co-culture of endothelial cells and
astrocytes was found to significantly improve barrier integrity in comparison to
endothelial cells co-cultured with astrocytes alone (Schiera et al., 2005; Barberio et
al., 2022). The levels of several junction proteins in endothelial cells also increased
in the presence of neurons (Savettieri et al., 2000; L. Yang et al., 2024). Neurons,

along with astrocytes, are important sources of Wnt ligands, which can activate the
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Wnt pathway in endothelial cells (Stenman et al., 2008; Y. Wang et al., 2018; Ye et
al., 2011). Several proteins involved in barrier function are downstream of Wnt,
including claudin-5, which is upregulated by Wnt signalling, but also plasmalemma
vesicle-associated protein (PLVAP), which is a marker of fenestrated vessels
lacking a barrier and is downregulated by Wnt signalling (Y. Wang et al., 2019).
Neuronal activity has been found to regulate the expression of several BBB-related
genes, including claudin-5 and ZO-1, via endothelial cell circadian genes (Pulido et

al., 2020).

1.1.2.5 Microglia

First defined in a series of papers by Pio del Rio-Hortega in 1919 (Rio-Hortega,
1919a, 1919b, 1919c, 1919d; translated and reviewed in Sierra et al., 2016),
microglia act as the resident immune cells of the CNS. They continuously survey
the brain by extending and retracting their long processes, allowing them to monitor
changes in their microenvironment (Nimmerjahn et al., 2005; A. Y. Zhang et al.,
2025) and maintain brain homeostasis by clearing waste and damaged cells via
phagocytosis (Herzog et al., 2019; T. Yang et al.,, 2024). Additionally, their
processes allow microglia to contact the other cells of the NVU, allowing them to
sculpt neural circuits by pruning neuronal synapses and axons (Schafer et al., 2012;
Y. Hu et al., 2024) and by promoting synapse formation (Miyamoto et al., 2016;
Akiyoshi et al., 2018). Microglia have also been shown to play a role in neuronal
regulation (Badimon et al., 2020; Y. He et al., 2023) and in the maintenance and
regeneration of myelin (Hughes & Appel, 2020; Nemes-Baran et al., 2020;
Djannatian et al., 2023).

Microglia are thought to originate from yolk sac-derived macrophages, which begin
to colonise the brain during early development, prior to the formation of the BBB
(Ginhoux et al., 2010; Swinnen et al., 2013; Paolicelli et al., 2022). These cells are
known to migrate along the vasculature while colonizing the developing brain
(Monier et al., 2007; Smolders et al., 2017). One study found that microglia remain
in contact with areas of the vasculature lacking full ensheathment by astrocytic
endfeet, regardless of age (Mondo et al., 2020). A recent study found that this
association is guided by endothelial cells, which release ATP though PANXI,
activating the P2RY12 receptor on microglia directing their positioning and
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interactions with capillaries (Bisht et al., 2021). Microglia have been found to
regulate capillary diameter, CBF, and vascular responsiveness (Mills et al., 2021;
Csaszar et al., 2022). Although microglia display a close physical relationship with
the vasculature, their role in maintaining BBB integrity is still being defined. One
recent study found that ablation of microglia in the healthy adult brain did not affect
the function or structure of the BBB (Profaci et al., 2024).

However, it seems that during insults to the brain, microglia are a double-edged
sword as their effect on the BBB varies depending on their state. In response to
stress and injury in the CNS, microglia become activated, associated with changes
in their morphology and transcriptomes (Davalos et al., 2005; Bernier et al., 2019;
Guvenek et al., 2024). This results in two broad categories of microglia: either pro-
inflammatory (M1) or anti-inflammatory (M2) cells (Z. Zhang et al., 2017; C. Xing
et al., 2018). M1 microglia induce inflammation and neurotoxicity by releasing
inflammatory cytokines and chemokines. M2 microglia, on the other hand, are
associated with neuroprotective effects, such as promoting neuronal regeneration
(Batchelor et al., 1999; Narantuya et al., 2010). However, this binary model has
increasingly become challenged as microglia appear to have a much broader range
of activation states, influenced by signals from other cells in the NVU as well as

the disease context and timing (Ransohoft, 2016; J. Qin et al., 2023)

Studies have found that the impact of microglia on the BBB during insults to the
CNS is dependent on the activation state of the microglia. One study found that
while unstimulated microglia promoted the expression of occludin and ZO-1 in
endothelial cells, microglia stimulated with amyloid-B decreased expression of
these TJ proteins and increased permeability in endothelial cells (Mehrabadi et al.,
2017). Other studies have shown that this disruption to the integrity of the BBB
results from the release of pro-inflammatory cytokines and reactive oxidative
species released by activated microglia (Nishioku et al., 2010; Shigemoto-Mogami

et al., 2018).

One study found that during adulthood microglia produce Platelet-Derived Growth
Factor Subunit B (PDGF-B), which has been shown to play a part in pericyte
recruitment and BBB development (Lindblom et al., 2003; L. C. D. Smyth et al.,

2022), and the expression of this gene is upregulated in microglia during insults to
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the BBB (Weng et al., 2024). Another study found that microglia express claudin-5
while contacting endothelial cells, in order to maintain BBB integrity during the
early stages of systemic inflammation (Haruwaka et al., 2019). Yu et al., (2022)
found that microglia protect BBB integrity by expressing miR-126a-5p in a murine
model of multiple sclerosis. One recent study was able to restore BBB integrity in
the ischemic brain by promoting the polarisation of M2-type microglia via the

delivery of interleukin-10 mRNA loaded liquid nanoparticles (M. Gao et al., 2024).

1.1.2.6 Astrocytes

Astrocytes are the most abundant glial cell type in the mammalian nervous system
(Azevedo et al., 2009; Von Bartheld et al., 2016; Stogsdill et al., 2023). Astrocytes
were once classified simply into protoplasmic astrocytes, which are complex cells
with many fine processes found in the grey matter, and fibrous astrocytes of the
white matter, which are less complex and have less branching (Andriezen, 1893;
Oberheim et al., 2012). The processes of these protoplasmic astrocytes can interact
with the other cells of the NVU, further complementing the concept of the NVU as
a singular functional unit. While these classes of astrocytes are still used today,
further research has revealed that astrocytes are extremely heterogeneous, differing
in morphology, function, calcium signalling activity and gliotransmitter release,
both between and within brain regions and even within a single astrocyte’s

processes (De Ceglia et al., 2023; Bocchi et al., 2025).

Astrocytes contribute to the ionic, neurotransmitter and water homeostasis of the
brain through the uptake of water and ions as well as through the removal and
recycling of neurotransmitters (Bergami et al., 2008; Lichter-Konecki et al., 2008;
Verkhratsky et al., 2020). Astrocytes also control the development of synapses
(Allen & Eroglu, 2017; Y. Xie, Kuan, et al.,, 2022) and prune them through
phagocytosis (Chung et al., 2013; J.-H. Lee et al., 2021). During an increase of
neuronal activity, astrocytes provide metabolic substrates, such as lactate and
glycogen, to the neuron, thus ensuring an adequate energy supply (L. Liu et al.,
2017; Beard et al., 2022). A single astrocyte can wrap its processes around several
different parts of multiple neurons in addition to ensheathing the blood vessels
through a specialised cellular compartment known as the endfoot. After ablation of

endfeet, astrocytes have been shown to actively position other endfeet in order to
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directly contact the vasculature (Kubotera et al., 2019; Hosli et al., 2022). This
strategic positioning of astrocytes in the brain allows them to regulate CBF in

response to neuronal activity.

Astrocytes are thought to be involved in both the formation and the maintenance of
the BBB (Stone et al., 2019). In vitro studies have shown that co-culture of
astrocytes with endothelial cells improved barrier properties through increasing
tight junction formation and organisation as well as decreasing permeability and/or
increasing electrical resistance (Arthur et al., 1987; Barar et al., 2010; Baumann et
al., 2021). Additionally, astrocytes secrete a range of factors that can decrease
permeability of endothelial cells (Pellerin & Magistretti, 1994; Henneberger et al.,
2010; Poskanzer & Yuste, 2016; De Ceglia et al., 2023). In fact, astrocytes are the
primary source of Sonic Hedgehog (Shh) in the brain, which has been found to
regulate the expression of several TJ proteins through the activation of the Shh
pathway in endothelial cells (Alvarez et al., 2011; Zhen et al., 2018; Michinaga et
al., 2021). The suppression of Shh release from astrocytes has been found to
increase BBB permeability (Y. Wang et al., 2014; Allahyari et al., 2019). Astrocytes
also secrete angiopoetin-1 (ANG-1), which plays a major role in vascular
stabilisation and maturation (Nourhaghighi et al., 2003; Michinaga et al., 2020).
ANG-1 has been found to counteract barrier disruption caused by vascular
endothelial growth factor (VEGF) (Shen et al., 2011; Y. Zhou et al., 2022) and has
been proposed to upregulate TJ expression levels after injury (Y. Xia et al., 2013;
Siddiqui et al., 2015). In addition, astrocytes secrete retinoic acid, which has been
shown to increase blood-brain barrier integrity and TJ gene expression through
regulation of the WNT/B-catenin signalling pathway (Mizee et al., 2013; Lippmann
et al., 2014; Bonney et al., 2018). Martinez-Lozada & Robinson (2020) found that
astrocytes were able to increase expression of the Delta-like Notch ligand DLL4 in
endothelial cells through the secretion of an unknown factor. In turn, both this
ligand and DLL1 from endothelial cells activated notch signalling in astrocytes
which increased the expression of the astrocytic glutamate transporters GLT-1 and
GLAST, showcasing that bidirectional communication between astrocytes and
endothelial cells was required for proper astrocyte maturation. Depleting astrocytes

in adult murine brains resulted in both downregulated expression of ZO-1 and
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increased permeability in vessels close to areas of astrocyte loss, indicating BBB

damage (Heithoff et al., 2021).

Astrocytes play an integral role in health and disease. Depleting astrocytes in mice
results in severe impairment of motor skills along with neuron cell loss (H.-H. Tsai
et al., 2012; Schreiner et al., 2015). In pathological contexts, astrocytes undergo
transcriptional, biochemical, and morphological changes, resulting in functional
changes (Matusova et al., 2023; Zamanian et al., 2012). This can cause astrocytes
to undergo a phenotypic shift called reactive astrogliosis (Escartin et al., 2021;
Matusova et al., 2023). There is conflicting evidence on whether this phenotypic

shift is neuroprotective or neurotoxic.

During injury, astrocytes become activated and migrate to the lesion area, forming
part of a glial scar in order to minimize damage to the area (R. Zhang et al., 2018;
Gong et al., 2023). However, reactive astrogliosis can also promote pathology by
becoming neurotoxic, thus killing neurons and oligodendrocytes (Liddelow et al.,
2017; Gomes et al., 2024). Astrogliosis can induce BBB breakdown (De Bock et
al., 2022; H. Kim et al, 2022). However, astrocytes can also promote
neuroinflammation by switching to a pro-inflammatory phenotype and facilitating

vascular recovery (Williamson et al., 2021).

Based on gene expression, there seems to be 2 forms of activated astrocyte: Al,
which are neurotoxic, and A2, which are neuroprotective (Liddelow & Barres,
2017; C. Wang & Li, 2023). Zamanian et al., (2012) found that 57 genes, including
members of the complement system (C3 and Serping 1), and guanine nucleotide
binding protein 2, were upregulated in LPS-induced A1 astrocytes, while 150
genes, including S100al10, pentraxin 3, and prokineticin-2, were upregulated in
MCAO-induced A2 astrocytes. These have since been used as common markers for
A1l and A2 astrocytes (Liddelow et al., 2017; T. Li et al., 2020; Fei et al., 2022). Al
and A2 astrocytes also differ morphologically, with C3+ A1l astrocytes being
observed to have long dendrites both in vivo and in vitro, and S100a10+ A2
astrocytes showing hypertrophy and few dendrites (Zou et al., 2019). Additionally,
another study also found that the upregulation of A1 markers and downregulation
of A2 markers were accompanied by an increase in astrocyte cell volume, surface

area, and filament length (Althammer et al., 2020).
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Al astrocytes have been noted to lose normal astrocytic functions, such as
phagocytosing synapses (Liddelow et al., 2017). A1 astrocytes are also required for
the cognitive impairments seen in a mouse model of perioperative neurocognitive
disorders, as a lack of astrocyte activation also resulted in a lack of cognitive
dysfunction (Li et al., 2020). A1 astrocytes also caused the death of several types
of neurons (Liddelow et al., 2017; Hong et al., 2020). While the neurotoxic
mechanisms behind this are largely unknown and seem to be complex, the genes
upregulated in A1l astrocytes are known to be damaging to neurons, including C3,
a central protein in the complement system (S. Hong et al., 2016; Zhu et al., 2024).
C3 may also be a key signalling molecule in the crosstalk between astrocytes and
microglia, as a deficiency of C3 in a mouse model of Alzheimer's disease reduced
the number of M1 microglia and the amount of several pro-inflammatory cytokines,
including TNF-a (Shi et al., 2017). Other studies have shown that Al astrocyte-
secreted C3, once cleaved to its active signalling form, C3a, interacts with its
receptor on microglia (C3aR) and regulates microglial phagocytosis of synapses
and neuroinflammation (Peng et al., 2025; Zhang et al., 2025). C3a/C3aR signalling
has also been implicated as a driver for vascular inflammation and BBB dysfunction
in endothelial cells (Propson et al., 2021). Additionally, higher serum levels of C3
have recently been correlated with increased BBB injury and worse clinical
outcomes in patients with anti-N-methyl-D-aspartate receptor (NMDAR)
encephalitis (J. Zhang et al., 2026).

There have not been as many studies on A2 astrocytes. Genes that were upregulated
in A2 astrocytes including beneficial neurotrophic factors and inflammatory factors,
such as CLCF1 (cardiotrophin-like cytokine factor 1), interleukin-6 (IL-6),
interleukin-10 (IL-10), and thrombospondins, may promote neuronal survival and
remodelling (Zamanian et al., 2012). A2 astrocytes have been shown to promote
recovery through STAT3 signalling (Su et al., 2019; Chen et al., 2021), including
attenuating BBB dysfunction in HIV-associated neurocognitive disorders (Lun et

al., 2022) and in a mouse model of stroke (Geng et al., 2025).

Studies seem to indicate the presence of both during pathology (Z.-B. Ding et al.,
2021; Jiwaji et al., 2022). However, other studies have found that A1 astrocytes are

the predominant astrocytic subtype found in human post-mortem brains with
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neurodegenerative diseases including AD (Liddelow et al., 2017; King et al., 2020)

and as such, A1 astrocytes will be focused on in this thesis.

The activation of astrocytes is a major part of the brain’s immune response.
Although it was once considered to be an “immune privileged” site, the CNS is now
known to have a complex response to injury and other factors that disturb the brain’s

homeostasis, similar to that of the periphery, known as neuroinflammation.

1.2 Neuroinflammation

Inflammation in the CNS is characterised by the activation of microglia and
astrocytes and the release of cytokines, chemokines and reactive oxygen species,
alone with other inflammation mediators (W. Zhang et al., 2023; Y. Chen et al.,
2023). Neuroinflammation has a variety of causes, ranging from endogenous (e.g.
genetic predisposition and protein aggregation) (Andrews et al., 2021; Mendiola et
al., 2023) to environmental (e.g. exposure to toxins and diet) (H. Wei et al., 2023;
Zou et al., 2023) in addition to both mental and physical illnesses (e.g. drug use and
traumatic brain injury (TBI)) (Dunn et al., 2020; Cai et al., 2022; F. Xu et al., 2023).
Inflammation in the peripheral system can also trigger inflammation in the CNS

(Albaret et al., 2020; Matsushita et al., 2021).

The effect of neuroinflammation on the CNS is dependent on the duration and
severity of immune signalling. Inflammation is important in maintaining
homeostasis and plays a beneficial role in injury recovery and in pathogen removal
(Russo & McGavern, 2015; Shao et al., 2023). However, prolonged or
dysfunctional inflammation can cause damage to the blood-brain barrier, oxidative
stress, loss of neuronal function, and inhibit regeneration, leading to the
exacerbation of disease (Ophir et al., 2005; Malpetti et al., 2021; P. Wang, Jin, et
al., 2023).

Neuroinflammation has been associated with multiple neurodegenerative disorders,
such as Alzheimer’s disease (AD) (Hou et al., 2021; Mi et al., 2023) and Parkinson’s
disease (Bido et al., 2024; Geng et al., 2023). Protein aggregates, a common feature
of many neurodegenerative disorders, were once thought to induce
neuroinflammation (Zeng et al., 2019; Hinkle et al., 2022). However, research has

shown that neuroinflammation can also cause protein aggregation in earlier stages
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(Gordon et al., 2018; W. Zhang et al., 2023). Additionally, neuroinflammation has
been associated with psychiatric disorders such as depression (Z. Qin et al., 2023;
D. Zhao et al., 2024) and schizophrenia (Allgduer et al., 2023; Y. Zhu et al., 2025).
In fact, neuroinflammation has been identified in almost all neurological disorders
(reviewed in Gorji, 2022; Shi & Yong, 2025) and has also been associated with
aging (G. L. Bowman et al., 2018; Schroer et al., 2023), showcasing the importance

of understanding and targeting neuroinflammation.

1.2.1 BBB breakdown

One of the hallmarks of neuroinflammation is the breakdown of the BBB, which
involves multiple physiological changes including differential expression of TJ
proteins and a loss of adhesion between the TJs (Oikari et al., 2020; Sugiyama et
al., 2023). This leads to the unregulated entry of molecules and cells through an
increase in vascular permeability (Dickie et al., 2019; Wardlaw et al., 2009). This
can result in the invasion of peripheral immune cells, resulting in exacerbation of
neuroinflammation, and the disorder (Bartholomius et al., 2009; Marchetti et al.,
2022). These physiological changes to the BBB during neuroinflammation are
predominantly a result of proinflammatory cytokines secreted by activated

microglia and astrocytes (Takeshita et al., 2017; F. Guo et al., 2020).

1.2.2 Microglia and Astrocytes in Neuroinflammation

During neuroinflammation, microglia are activated, broadly into M1 or M2
microglia. A variety of stimuli can induce M1 microglial activation, including
amyloid P (associated with AD) (S. Wang et al., 2012; Baik et al., 2019) and the
activation of Toll-like receptors (Qie et al., 2020; Tannahill et al., 2013). This results
in the production and secretion of pro-inflammatory cytokines such as TNFa and
IL-1a (Honjoh et al., 2019; H. Yu et al., 2021) as well as reactive oxygen species
(ROS) (Milton et al., 2008; O’Regan et al., 2021). Pro-inflammatory molecules
produced by microglia has been found to then activate astrocytes (Liddelow et al.,

2017).
Activated astrocytes are also a key source of chemokines, such as C-C motif ligand

2 (CCL2), and C-X-C chemokine ligand 8 (CXCLS), which been found to
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contribute to the proinflammatory response, including BBB breakdown
(Dimitrijevic et al., 2006; F. Guo et al., 2020; Cambier et al., 2023). Importantly,
astrocytes have been found to package pro-inflammatory molecules in extracellular
vesicles (EVs) (Goetzl et al., 2018; Rong et al., 2021). EVs from astrocytes have

been found to play important roles in the brain (discussed in 1.4).

1.3 EVs

EVs are non-replicating nanoparticles enclosed by a phospholipid bilayer which are
secreted by cells into their extracellular space. These contain a variety of signalling
molecules and genetic information (Figure 1.5). Research has shown that almost all
cells are capable of releasing EVs. Unsurprisingly, EVs have been found in many
different types of biological fluid including blood (Karimi et al., 2018, 2022), urine
(C.-Y. Chen et al., 2018; Khoo et al., 2024), sperm (X. Han et al., 2023; Y. Xie, Xu,
et al., 2022), saliva (P. Han et al., 2023; Reseco et al., 2024), and breast milk
(Bozack et al., 2022; L. Tong et al., 2023).
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Figure 1.5 Schematic representation of the cargo of Extracellular Vesicles. Extracellular
vesicles encapsulate a variety of bioactive molecules including nucleic acids such as DNA,
messenger RNA (mRNA), microRNA (miRNA);, membrane-associated proteins such as
tetraspanins and integrins, cytosolic proteins such as enzymes, chaperone proteins,
multivesicular body (MVB)-related proteins, as well as proteins involved in signalling and
members of the cytoskeleton; and lipids which shape vesicle architecture and influence EV
uptake. This mixture mirrors the functional state of their donor cell and enables vesicles to
act as potent mediators of intercellular communication. Figure created by author using
Affinity Designer (v 1.10.6.1665).

1.3.1 History of EV Research

When Chargaff and West isolated blood-clotting proteins from plasma using high-
speed centrifugation, they described a fraction that had coagulant activity (Chargaff
& West, 1946). They attributed this effect to a thromboplastic protein but suggested
that this fraction could also contain “a variety of minute breakdown products of
blood corpuscles”. This is thought to be the first suggestion towards the existence
of EVs, although others have suggested that the origins of EV research align with
studies of coagulation, which date back to the mid-1600s (Hargett & Bauer, 2013).
Regardless, it was not until the late 1960s that Wolf was able to visualise lipid-rich
particles isolated from platelet-free plasma using ultracentrifugation through
electron microscopy (Wolf, 1967). These particles showed platelet-like activity,
endorsing Chargaff and West’s original study. Additionally, he found that there was
an increase in these particles after storage of platelet-rich plasma and christened
them “platelet dust”. This was later revealed to be a major milestone in the history

of EV research.
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Others continued to research this “platelet dust”, now referred to as vesicles or
microparticles, showing that these vesicles were not just fragments of the cell
membrane and hinted at their potential significance in physiology. Webber &
Johnson (1970) captured electron microscopy images of the thrombin-stimulated
release of these vesicles by platelets. Additionally, they were shown to carry cargo,
such as lipids, ATP and proteins (Crawford, 1971). Nunez et al., (1974) showed the
presence of small vesicles (1-10 nm) within multivesicular bodies (MVB) close to
the surface of the cell. They suggested that vesicles may be released upon the fusion

of the MVB with the cell membrane.

However, it was not until almost a decade later that this hypothesis was fully
substantiated by two research articles, published within a week of one another by
the Stahl and Johnstone laboratories (Harding et al., 1983; Pan & Johnstone, 1983).
Both were using reticulocyte maturation as a model. However, the Stahl lab was
studying membrane trafficking while the Johnstone lab investigated the
biochemistry of the plasma membrane. Both showed that the transferrin receptor is
selectively removed through the formation of vesicles during the maturation of
reticulocytes. Harding et al., (1983) proved the release of vesicles from MVBs upon
their fusion with the plasma membrane through electron microscopy (Figure 1.6)
thus showcasing the existence of a new intracellular sorting and trafficking
pathway, and confirming the proposal of Nunez et al., (1974). Vesicles secreted by
this pathway are now known as exosomes, as popularised by Johnstone et al.,
(1987) (Couch et al., 2021). This term was first proposed by Trams et al., (1981) in
reference to vesicles produced by the outward budding of the plasma membrane

(which are now referred to as microvesicles (MVs)).

41
Post-examination Copy 12/08/26



Figure 1.6 The first electron microscopy image of extracellular vesicle release. This
image shows the release of gold labelled transferrin-containing particles from the maturing
reticulocyte via MVB fusion with the plasma membrane (Harding et al., 1983)

At this point, EVs were thought to merely be a mechanism of discarding
superfluous molecules (Johnstone et al., 1991), even though they were known to be
enzymatically active (Johnstone et al., 1989; Fourcade et al., 1995). The first
indication that EVs could play a functional role came in 1996, when Raposo et al.,
(1996) found that antigen-presenting vesicles released by B lymphocytes were
capable of inducing T cell responses. This groundbreaking work captured the
interest of researchers. A survey published by Roy et al., (2018) revealed that over
4000 articles were published in the decade following the turn of the millennium,
over 4 times that which were published between 1985 — 2000. This interest was also
further driven by the discovery that EVs were able to deliver their contents to other
cells, horizontally transferring mRNA, microRNAs and proteins (Ratajczak et al.,
2006; Valadi et al., 2007). This has led them to be known as key players in
intercellular communication. EVs have been shown to play roles in cancers (S.
Zhao et al., 2022; C. Yang et al., 2024) , inflammatory diseases (Kang et al., 2024;
Hsu et al., 2025) and in neurological disorders (Ruan et al., 2021; P. Wang, Lan, et
al., 2023). However, their contribution to both normal physiological conditions and
to diseases is affected by the heterogeneity of EVs, as these particles vary in their

molecular cargo, cellular origin and biological behaviour.
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1.3.2 EV Subtypes

EVs differ in biogenesis, size, donor cell, cargo, and method of secretion, leading
to heterogeneity among EVs released even by a single cell (Dechantsreiter et al.,
2022; Nikoloff et al., 2021) (Figure 1.7). As such, EVs can be divided into several
subtypes, of which microvesicles and exosomes have gained the most attention

from researchers.
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Figure 1.7 Diagram illustrating different EV subtypes, their sizes, distinct cellular
origins, and biogenesis pathways. The biogenesis and secretion pathways of the recently
discovered non-vesicular nanoparticles, exomeres and supermeres, are still poorly
understood. Exosomes originate within the endosomal system, forming as intraluminal
vesicles (ILV) inside multivesicular bodies (MVB) that ultimately fuse with the plasma
membrane, releasing these vesicles. Microvesicles are formed through outward budding of
the plasma membrane. Exophers are large EVs, found to contain protein aggregates and
damaged organelles, seem to also be formed through budding on the cell surface but can
also remain connected to their cell of origin through a thin tubular membrane filament.
Migrasomes develop on retraction fibres during cell migration, maturing into vesicular
structures that are shed as the cell moves forward. Migrasomes also carry numerous
smaller vesicles, leading to a “pomagrante-like” appearance. Apoptotic bodies are formed
through membrane blebbing during late-stage apoptosis, producing large, heterogeneous
vesicles containing nuclear fragments and organelles. Similarly to microvesicles, large
oncosomes are also formed through budding of the plasma membrane. However, large
oncosomes are unusually large vesicles that originate from cancer cells and are enriched
in oncogenic cargo. A comparison of EV sizes is found in the bottom right corner. Figure
created by author in Affinity Designer (version 1.10.6.1665).

1.3.2.1 Microvesicles
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MYVs, sometimes referred to as microparticles or ectosomes, are formed through the
outward blebbing of the cell membrane. Originally, these MVs were thought to be
between 100 and 1000 nm in diameter (Santana et al., 2014; D. Yu et al., 2023).
However, there is some evidence of smaller vesicles (30 - 120 nm) formed through
blebbing (Jeppesen et al., 2019; Nabhan et al., 2012). Additionally, vesicles larger
than 1000 nm, known as large oncosomes, have been noted to be released by cancer

cells through a similar mechanism (Di Vizio et al., 2009; S. Zhang et al., 2022)

The underlying mechanisms of MV biogenesis have been less studied than
exosomal biogenesis. Based on the existing literature, the outward budding of the
membrane occurs due to localised redistribution of the protein and lipid components

of the plasma membrane (Muralidharan-Chari et al., 2009; Shurer et al., 2019).

1.3.2.2 Exosomes

Exosomes, which range from 30-150 nm in diameter, have been the most well-
studied type of extracellular vesicle (F. Wei et al., 2017; Welsh et al., 2024). Their
biogenesis involves 4 general steps: endocytosis and cargo sorting, the formation
of the MVB, the transportation of MVBs and the fusion of the MVB with the plasma
membrane, which results in the secretion of exosomes. Firstly, extracellular
macromolecules and proteins on the cell surface are packaged into endocytic
vesicles following endocytosis. These vesicles fuse with early endosomes (Gorvel
et al., 1991; Nagano et al., 2019). The cargo that the early endosome carries can
undergo several fates. Cargo that is to be recycled will separate from the endosome
to fuse with the Golgi network or the plasma membrane. Cargo that is not to be
recycled will commit to the endosomal maturation pathway, eventually forming the
late endosome. Additionally, regions of the endosomal membrane begin to bud
inwards into the intraluminal space of the endosome, forming intraluminal vesicles

(ILVs).

Late endosomes containing ILVs are known as MVBs. The cargo within ILVs of
MVBs that fuse with the lysosome will be degraded. However, if the MVB fuses
with the plasma membrane, these ILVs will be secreted into the extracellular space
instead. At this point, these vesicles become known as exosomes. Consequently,

future exosomes are dependent on ILV biogenesis, which is regulated mainly by the
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endosomal sorting complex required for transport (ESCRT)-dependent machinery.
However, other ILV biogenesis pathways which do not include the ESCRT protein
complex have also been noted (Gurung et al., 2021; Kajimoto et al., 2013).

The ESCRT is a highly conserved multi-protein complex. In vertebrates, this
machinery is composed of around 30 proteins, which assemble into several
subcomplexes that are recruited to the endosomal membrane in a stepwise manner.
These subcomplexes, known as ESCRT-0, I, II, and III) are composed of class E
vacuolar protein sorting (Vps) proteins. ESCRT-0, I, and II each contain at least one
ubiquitin-binding and one membrane binding subunit that allows them to recognise
and retain ubiquitulated cargo at the endosomal membrane (Y. J. Lee et al., 2023;
Mayers et al., 2011). As a result, these complexes are thought to be involved in
cargo sorting. ESCRT-III, on the other hand, is thought to mediate the fission of the
endosomal membrane. Unlike the components of the early endosomal sorting
pathway, ESCRT-III only forms temporarily on endosomes. This complex forms
helices that drive the invagination of the membrane, mediated by interations with
ESCRT-II (Henne et al., 2012; Azad et al., 2023). The complex disasociates upon
the binding of Vps4, an AAA-ATPase, resulting in the formation of a cargo-laden
vesicle in the MVB. ESCRT-III and Vps4 can also be recruited by alternative
mechanisms to sort cargo into vesicles. These are known as non canonical ESCRT-

dependent pathways.

1.3.2.3 Apoptotic bodies

During apoptosis, the dying cell undergoes several morphological and biochemical
changes (Cohen, 1997; Sorice, 2022). These include the condensation of chromatin,
nuclear splitting, cell shrinkage, blebbing of the cell membrane, and ultimately,
resulting in the packaging of the cellular content into vesicles. These vesicles
released by apoptotic cells are known as apoptotic bodies (ABs). They are one of
the largest types of EVs, ranging between 1 pm — 5 um in diameter (Atkin-Smith et
al., 2015; Y. Zhu et al., 2023). The formation of ABs is thought to be a protective
mechanism, allowing damaged cell content to be removed in order to prevent
toxins, stress signals, and degrading proteins from leaking to healthy cells (M. Li et
al., 2024; Santavanond et al.,, 2021). ABs are eventually eliminated through
phagocytosis.
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1.3.2.4 Other Subtypes of EV

Although most studies have focused on exosomes and microvesicles, in addition to
apoptotic bodies, other EV subtypes have been identified within the last two
decades. Some, such as migrasomes and large oncosomes, are classified partially
based on the donor cell type while others like exophers are also classified based on
their biogenesis and size. Others still, like exomeres and supermeres, have been
identified as non-vesicular extracellular particles (NVEPs) that are released by the

cell.

1.3.2.4.1 Exomeres and Supermeres
NVEPs are a category of nanoparticles that lack a lipid bilayer membrane, but that

contain full length transmembrane proteins. Lipoproteins, viral particles and vaults
(large ribonucleoproteins with a hollow barrel-like structure that have been found
to contain RNA (Kedersha & Rome, 1986; Gonzalez-Alamos et al., 2024)) are
considered to be NVEPs in addition to exomeres and supermeres. Exomeres were
identified by H. Zhang et al., in 2018, when the researchers used asymmetric flow
field-flow fractionation to further separate an initial EV pellet derived by a 100,000
x g ultracentrifugation in order to identify subtypes of EVs. During this, they found
an abundant population of small (<50 nm) nanoparticles that did not have a
membrane. These nanoparticles, which they termed “exomeres” contain a unique
signature of cargo in comparison to the other subtypes of EVs identified, suggesting
that these exomeres are not just fragments of exosomes or debris but unique
particles in their own right (H. Zhang et al., 2018; Q. Zhang et al., 2019). One study
found that specific miRNA levels were higher in exomeres than in exosomes,
suggesting that there may be a sorting mechanism specifically loading exomeres
with cargo (Noguchi et al., 2024). Like other EVs, exomeres can transfer their cargo
to recipient cells (Noguchi et al., 2024; Q. Zhang et al., 2019), suggesting that they

too, play an important role in intracellular communication.

Another NVEP type, supermeres, was discovered recently in the supernatant of
isolated exomeres (Q. Zhang et al., 2021). These nanoparticles range between 22-
32 nm in diameter and also show a different profile of cargo in comparison to
exomeres and small EVs. miRNA-1246, for example, was found to be highly
concentrated in supermeres (Tosar et al., 2022). Additionally, supermeres isolated
from cetuximab-resistant cells can transfer resistance to cetuximab-sensitive cells.
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This suggests that the secretion of these NVEP can influence the tumour

microenvironment and contribute to disease progression.

Studies on both exomeres and supermeres are limited and not much is known about
their biogenesis. However, the lack of typical exosomal markers, such as endosomal
membrane proteins and proteins involved in the ESCRT complex, found in
exomeres suggests that their biogenesis is distinct from the biogenesis of other EVs
(H. Zhang et al., 2018). It has been speculated that that they may be directly secreted

into the extracellular space.

1.3.2.4.2 Exophers
In 2017, the Driscoll lab found large EVs (~4 pm in diameter) released by adult

neuronal cells in C.elegans (Melentijevic et al., 2017). These large EVs were termed
“exophers” and were found to contain protein aggregates and damaged organelles,
acting as a mechanism of waste removal by the cell (Melentijevic et al., 2017,
Nicolas-Avila et al., 2020). Since then, exophers produced by body wall muscle
cells in C. elegans have also been shown to act as a nutrient source by transporting
yolk proteins to newly formed oocytes (Turek et al., 2021). These large EVs are
formed through budding on the cell surface, similarly to the formation of
microvesicles. However, exophers can remain connected to the cell through a thin
tubular membrane filament. Although the exact biogenesis of exopher formation is
yet to be discerned, inhibition of autophagy genes disrupted exopher formation,
suggesting that exopher biogenesis and autophagy are linked in some way (L.-H.

Sun et al., 2024; Y. Yang et al., 2024).

1.3.2.4.3 Migrasomes
A novel EV type released by migrating cells was discovered by Ma et al., (2015).

These migrasomes are large vesicles (500 nm — 3000 nm) that contain multiple
smaller vesicles, giving them a “pomegranate”-like appearance. While integrins
play a role in cell migration (Chastney et al., 2025), they also seem to promote the
formation of migrasomes (D. Wu et al., 2017). Additionally, tetraspanin 4 and
cholesterol are necessary for migrasome biogenesis (Y. Huang et al., 2019). These
vesicles form by membrane swelling on retraction fibres, thin elongated structures
that are pulled from the rear of the migrating cell as it moves forwards. Tetraspanin
4 is then recruited onto these swellings, which stabilizes the swelling as it grows in

size and matures into a migrasome (Dharan et al., 2023). As the cell migrates
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further, the retraction fibres break, releasing the migrasome into the extracellular
space. The migrasome can be taken up by other cells or rupture, thus releasing its
contents into the extracellular space. Like other EVs, the migrasome acts as a
facilitator of intercellular communication (M. Zhu et al., 2021) and waste removal
(Jiao et al., 2021). Interestingly, the cell can also deposit migrasomes in a specific
location, where they can release signalling molecules that affect surrounding cells
(D. Jiang et al., 2019). This has been shown to be important in embryogenesis, with
impaired migrasome production affecting normal left-right asymmetry and being
rescued by the injection of migrasomes from normal zebrafish embryos (D. Jiang

etal., 2019).

1.3.2.4.4 Large Oncosomes
The term “oncosomes” was introduced in 2008, referring to any EV containing

oncogenic cargo secreted by cancerous cells (Al-Nedawi et al., 2008). In the
following year, a new subtype of EV derived from prostate cancer cells was
identified (Di Vizio et al., 2009). These EVs were termed “large oncosomes” due
to their uncommonly large size (ranging between 1 pm — 10 um in diameter). Unlike
oncosomes in general, large oncosomes are associated with the advanced stages of
the disease, when the cells have acquired amoeboid characteristics (Di Vizio et al.,
2012; Ciardiello et al., 2019). Similarly to other EVs, large oncosomes play an
important role in cell-to-cell communication, especially in driving cancer

progression (Minciacchi et al., 2017; S. Zhang et al., 2022).
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1.3.3 EV Nomenclature

As seen throughout the history of EV research, these particles have been known by
many names. This lack of consistency in the nomenclature has remained a key issue
in this field, although this has improved in recent years. Roy et al., (2018) revealed
that the most popular term used to refer to vesicles was “microparticles” (which can
also refer to microparticles of iron oxide, often used as an imaging agent (Fouquet

et al., 2022) and to synthesized drug delivery systems (Kéallai-Szab¢ et al., 2024).

Even so, it is difficult to determine what researchers actually meant when using the
term “exosome” (Gould & Raposo, 2013). Firstly, some used “exosomes” to refer
to vesicles that are released by MVBs fusing with the plasma membrane. Others
used this term to refer to all secreted vesicles that could have a physiological
function. Others still used this term to refer to all vesicles isolated by differential

centrifugation at 70,000 — 120,000 x g (Gould & Raposo, 2013).

In addition to this, researchers have also given a variety of names to EVs, mostly
based on their function or the cell they are released from (e.g. “calcifying matrix
vesicles” which are involved in the initiation of bone formation (Anderson, 1969),
“tolerosomes” which induce immunological tolerance to dietary antigens (Karlsson
et al., 2001) and “dexosomes” which are released by dendritic cells (Sakamoto et

al., 2022).

The first meeting of the International Society for Extracellular Vesicles (ISEV) in
2012 attempted to address the issue of nomenclature but ultimately, researchers
were unable to reach a consensus (Gould & Raposo, 2013). Regardless, the ISEV
established guidelines in order to standardize terms in 2018, which were further
updated in 2024 (Théry et al., 2018; Welsh et al., 2024). One of these was to push
for the use of the generalised term “extracellular vesicles” in studies rather than the
specification of subtype, in particular for exosomes and microparticles. This is due
to several reasons. The classification of secreted EVs has historically been
dependent on their size in addition to the expression of certain markers. However,
there is an overlap in size between the largest of exosomes and the smallest of
microparticles. In addition to this, while there are several classical protein markers
associated with exosomes and MVs respectively, some “exosome” preparations
have been positive for “microvesicle” markers and vice versa (Jeppesen et al.,
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2019). Classical MV protein markers include the annexins A1 and A2 and flotillins.
Classical exosomal markers include the tetraspanins CD9, CD63 and CDS81, in
addition to proteins associated with the ESCRT complex, namely tumour
susceptibility gene 101 (TSG101) and ALG-2-interacting protein X (ALIX). In
addition to this, not all exosomal and microvesicle preparations were found to be

positive for their respective classical markers (Jeppesen et al., 2019).

Due to this overlap in size and this non-specificity of markers, distinguishing
subtypes of EV is difficult. As a result, Théry et al., (2018) suggested that this
distinction should not be made until their biogenesis has been confirmed through
microscopy. Instead, the ISEV has pushed for the classification of EVs by size, with
EVs with a diameter below 200 nm being classified as small EVs and EVs with a
diameter over 200 nm being classified as medium/large EVs. This thesis will align

with these guidelines.

1.3.4 EV Uptake

EVs are thought to contribute to intercellular communication in two ways. The first
of these is by transmitting information to recipient cells through direct contact with
receptors though their surface ligands, without the transfer of EV contents into the
recipient cell. Several studies have found that EVs present ligands on their surface
which are able to activate receptors on cells, thus activating signalling cascades
(Raposo et al., 1996; Bitto et al., 2021). For example, cytotoxic T-cells and natural
killer (NK) cells have been found to release EVs decorated with Fas ligand on their
surface (Staufer et al., 2022). Upon the binding of the Fas ligand to receptors on the
target cell, caspase-mediated apoptosis is initiated, showcasing a role of EVs in
mediating apoptosis. This study also suggested that EVs are able to activate
signalling pathways though concentrating ligand-receptor complexes to a small area
on the cell membrane of the target cells, boosting receptor multimerization and
signalling. A recent study also found that activated excitatory neurons were found
to secrete EVs containing Notch1 and Notch2 proteins on their surface (Y.-Z. Wang
et al., 2024). These were found to bind to Notch receptors on neurons, upon which
the Notch pathway was activated but also resulting in the internalisation of the EV,

therefore transferring its contents to the cell, the second mechanism.
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The transfer of EV contents, including miRNA (Montecalvo et al., 2012; C.-Y. Kim
et al., 2024), mRNA (J.-H. Wang et al., 2018; Y. Xing et al., 2023), mtDNA
(Sansone et al., 2017; Puhm et al., 2019), IncRNA (X. Wu et al., 2021; Vilaga et al.,
2024), proteins (S. Wu et al., 2021; Fujioka et al., 2025) and organelles (K. Xia et
al., 2026), has been shown to affect the internal biological processes of the cell. EV
internalisation is complex and can occur through various mechanisms. These have
largely been sorted into two categories: 1) direct fusion of the EV and recipient cell
and 2) endocytosis. The simplest method of EV uptake involves the direct fusion of
the membrane of the EV and the plasma membrane of the recipient cell, allowing
for the transfer of both membrane-associated and luminal constituents without the
involvement of endocytic or lysosomal pathways (Montecalvo et al., 2012; Prada
& Meldolesi, 2016). This process has been shown to be influenced by pH and

membrane constitution (Morandi et al., 2022).

Nonetheless, EV uptake by recipient cells is more likely to occur via endocytosis
(Costa Verdera et al., 2017; Hirosawa et al., 2025), with a variety of mechanisms
including macropinocytosis, phagocytosis, lipid raft-mediated endocytosis,
caveolin-mediated endocytosis and receptor-mediated endocytosis (also known as

clathrin-mediated endocytosis) (Figure 1.8). These are briefly described below.
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Figure 1.8 Mechanisms of EV uptake in the cell. EVs can be internalised into a recipient
cell by a variety of endocytic pathways, including micropinocytosis, phagocytosis, lipid —
raft-, caveolin-, and clatherin-mediated endocytosis. Once EVs are internalised, they have
been found to be localised in endosomes. The endosome can then go on to fuse with
lysosomes where their contents, including EVs, are degraded. EVs can escape degradation
by being recycled and re-released into the extracellular space or by fusing with the
endosomal membrane, where their contents are released into the intercellular space. This
release of their cargo can then result in phenotypic changes in the recipient cell. EVs do
not have to be internalised in order to play a role in intercellular communication.
Interactions between ligands found on the surface of EVs and receptors on the cell surface
can result in the activation of signalling pathways. Additionally, EVs can fuse with the cell
membrane, and release their contents into the intercellular space. Figure created by author
in Affinity Designer (version 1.10.6.1665).

Macropinocytosis, a form of non-selective fluid uptake by the cell which generates
larger intracellular vesicles known as macropinosomes, is used to scavage
macromolecules such as lipids and amino acids (reviewed in Wu et al., 2024 and
Tu et al., 2025). Several studies have suggested that EVs may also enter cells
through this mechanism (Costa Verdera et al., 2017; Brodeur et al., 2023; X. Lu et
al., 2024). Phagocytosis has also been indicated as a mechanism by which EVs enter
cells, primarily macrophages and other members of the mononuclear phagocyte
system (MPS) (D. Feng et al., 2010; Mohning et al., 2018; Soni et al., 2022).
However, other cell types have also been shown to phagocytose EVs, including
vascular endothelial cells (X. Qin et al., 2022). Regardless, the MPS has been a

considerable obstacle in the field of therapeutics, as EVs used to deliver
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therapeutics are cleared quickly from the blood by its members (Matsumoto et al.,
2020; Warashina et al.,, 2022). However, this process also depends on the
characteristics of the EVs. For example, the presence of CD47 on the surface of
EVs was found to inhibit their internalization via phagocytosis (Kamerkar et al.,

2017;Y. Liet al., 2022).

Lipid rafts, micro-domains found in the plasma membrane which are enriched in
cholesterol and glycosphingolipids (reviewed in Ouweneel et al., 2020), have been
found to play vital roles in both vesicle formation and uptake (Escrevente et al.,
2011; Sapon et al.,, 2023). Two mechanisms of how rafts are involved in
endocytosis have been suggested: firstly, that intracellular vesicle budding is
triggered by enzymatic action on phospholipids and sphingolipids, resulting in
changes in lipid shape (Trajkovic et al., 2008; Janas et al., 2015). Secondly, proteins
and lipids found in these microdomains might interact with coat proteins, leading
to budding and vesicle formation (Bonifacino & Glick, 2004; Sapon et al., 2023).
These lipid rafts are also involved in both caveolin-mediated endocytosis, where
palmitoylated caveolin-1 binds to cholesterol in the lipid raft, causing the formation

of caveola (Murata et al., 1995; Matthaeus et al., 2022).

Cell-specific EV internalisation occurs through receptor-mediated endocytosis, as
both the EV and the recipient cell need to possess the right combination of ligand
and receptor. For example, CD63+ EVs were found to be taken up by both neurons
and astrocytes but CD63- EVs were specifically endocytosed by neurons alone
(Laulagnier et al., 2018). This mechanism of endocytosis is also known as clathrin-
mediated endocytosis, as during the internalisation of the EV from the surface into
the cell, clathrin-coated vesicles are formed. After the receptor is stimulated by its
ligand binding, clathrin is recruited to the site, forming a shallow indentation. As
this indentation matures, it forms a spherical pit, coated with polymerised clathrin,
which eventually invaginates completely, forming a vesicle that is cleaved from the

membrane (Zimmer & Goepferich, 2023).

After uptake, internalised EVs have been found to co-localise with endosomes
(Heusermann et al., 2016; Z. Yao et al., 2018). Upon maturing, endosomes are
known to fuse with lysosomes, where these EVs are degraded (B. Tong et al., 2026).

However, endosomal sorting can also result in the re-release of endocytic cargo,
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with one study showing that internalised EVs can be re-released into the
extracellular space by the recipient cell (O’Brien et al., 2022). Additionally, studies
have shown that EVs are able to escape endosomes by fusing with the endosomal
membrane, resulting the release of their contents into the cytoplasm of the recipient

cell (Somiya & Kuroda, 2021; Morandi et al., 2022).

The accumulation of EVs in recipient cells therefore is determined by the rate of
EV uptake, recycling and degradation. Studies exploring the quantitative rates of
EV uptake are limited. However, reported EV uptake varies widely, from a low
spontaneous rate (~1% at 1 hour) (Bonsergent et al., 2021) to ~6% (sEVs) and ~18%
(IEVs) (Hirose et al., 2022). On the other hand, cargo release into the cytosol is
dependent on EV fusion with the plasma membrane or endosomal membrane.
Although EV uptake was limited in their study, Bonsergent et al., 2021 also reported
that only ~30% of the internalised EVs delivered their cargo into the cytosol,
suggesting that this is not a highly efficient process.

1.4 Astrocyte EVs in the brain

Regardless of subtype, EVs are known to carry genetic material, proteins, lipids and
signalling nucleotides. Although the mechanisms of how cargo is sorted into EVs
is still not fully understood, there is some evidence suggesting that cells specifically
sort cargo into EVs. A landmark study published in 2007 showed that the mRNA
contained within EVs from human and murine mast cells was translated in recipient
cells (Valadi et al., 2007), proving that genetic information could be horizontally
transferred from cell to cell. As such, studies have shown that EVs play important
roles as mediators of intercellular communication. In particular, they are able to
function over long distances and are able to modulate gene expression in distant
cells. In the brain, communication between the cells of the NVU is fundamental for
different biological processes such as brain development and maintenance of
homeostasis (Faust et al., 2025; Marty-Lombardi et al., 2024). EVs derived from

astrocytes have been recognised as a significant contributor to these processes.

1.4.1 Physiological Roles
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Healthy astrocyte-derived EVs have been shown to play important roles in the CNS.
Glial derived sEVs containing synapsin I were found to promote neurite growth and
the survival of neurons upon treatment with hydrogen peroxide or oxygen-glucose
deprivation (OGD) (Wang et al., 2011). Astrocyte EVs, but not EVs isolated from
neurons or glioma, have also been found to promote the formation of dendritic
spines and synapses in neurons through fibulin-2 mediated activation of TGF-3
signalling (M. R. Patel & Weaver, 2021). Additionally, they have been found to
promote neuronal postsynaptic function (Levy-Myers et al., 2023). EVs derived
from young astrocytes were found to support oligodendrocyte differentiation

(Willis et al., 2020).

EVs from astrocytes can carry growth factors such as vascular endothelial growth
factor, which is known to regulate the permeability of endothelial cells (Proia et al.,
2008; Upadhya, Zingg, et al., 2020). While EVs from neural progenitor cells, which
can differentiate into neurons and glial cells, were found to have a beneficial effect
on permeability (Zhang et al., 2021), the effects of astrocyte-derived EVs on the
endothelial cells that make up the microvasculature of the brain has yet to be

explored.

1.4.2 During neuroinflammation

The cargo of astrocyte EVs has been found to change during neuroinflammation
(Chaudhuri et al., 2018; Goetzl et al., 2018). Astrocyte EVs have been found to play

both protective and detrimental roles during disease.

1.4.2.1 Protective Roles of Astrocyte EVs during Neuroinflammation

Astrocyte EVs have been shown to be neuroprotective during acute cerebral injury,
such as stroke. EVs isolated from astrocytes in an in vitro model of stroke (OGD)
were able to attenuated neuronal death induced by OGD by downregulating

inflammatory pathways (Deng et al., 2018; R. Sun et al., 2024; L. Xu et al., 2019).

Astrocyte EVs have also been shown to be protective during chronic neurological
disorders. Astrocyte EVs were also able to attenuate neuronal death in an in vivo
model of MS, experimental autoimmune encephalitis (EAE) (Pei et al., 2019).
Astrocytes were found to package small heat shock protein aB-crystallin (CRYAB)

into EVs during EAE, which downregulated pro-inflammatory cytokine expression
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in astrocytes and microglial cells (Y. Guo et al., 2019). Modelling AD, astrocytes
stimulated with amyloid B released EVs containing Hsp27, which was shown to
interact with and potentially sequester amyloid  (Nafar et al., 2015). EVs from
patients with neuromyelitis optica spectrum disorder (an autoimmune
astrocytopathy) were found to contain increased levels of apolipoprotein E, which
was suggested to be protective after injection of an APOE-mimic protein into a
mouse model of this disorder resulting in alleviation of lesions, astrocyte loss,

reactive microglial and demyelination (S. Jiang et al., 2024).

1.4.2.2 Detrimental Roles of Astrocyte EVs during Neuroinflammation

Upon exposure to inflammatory cytokines, astrocytes released EVs that were found
to reduce neurite formation, diminish dendritic complexity and exacerbate
neurodegeneration (Chaudhuri et al., 2018; Datta Chaudhuri et al., 2020).
Additionally, astrocytes stimulated with LPS released EVs that enhanced the

vulnerability of dopaminergic neurons to neurotoxins (S. Mao et al., 2015).

During disease, astrocyte-derived EVs seem to contribute to disease pathogenesis.
Astrocytes carrying C9orf72 mutations (as a model of amyotrophic lateral sclerosis
(ALS)) were found to release EVs that contributed to the degradation of motor
neurons (Varcianna et al., 2019). Astrocyte-derived EVs isolated from patients with
epilepsy were found to contain increased levels of TNFa and decreased levels of
brain-derived neurotropic factors in comparison to controls, which the authors
suggested may result in impaired neuroplasticity and increased inflammation. (S.
Wang, Zhang, et al., 2025). Obesity-associated cognitive impairment can also be
attributed to astrocyte-derived EVs which were found to contribute to synapse

injury in the hippocampus (L. Wu et al., 2025)

Astrocytes are also able to amplify inflammation via the secretion of EVs, even in
the peripheral system (Dickens et al., 2017). EVs released by ethanol-activated
astrocytes have been found to increase inflammatory proteins in naive neurons
(Ibanez et al., 2019). Additionally, astrocytes exposed to morphine have been found
to shed EVs that activate TLR-7 in microglia and impair microglial phagocytosis
(G.Huetal., 2018; K. Liao et al., 2020) and contribute to pericyte loss at the BBB
(K. Liao et al., 2022).
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1.5 Thesis Aims

Although astrocytes and endothelial cells are in close proximity to each other, EV
mediated communication remains essential for complex biological signalling.
Firstly, EVs can carry a wide variety of molecules, which are protected from
extracellular degradation by the lipid bilayer (Jeppesen et al., 2019; De Sousa et al.,
2023). This allows for the activation of multiple different pathways in recipient
cells, unlike when solitary ligands bind to single receptors. Additionally, and
perhaps more importantly, EVs allow cells to communicate across long distances
(Ofir-Birin et al., 2018; Gerwing et al., 2020). This is particularly relevant in
disease, as EVs can be involved in the pathogenic mechanisms of disease
progression, as seen by their role in cancer metastasis (Sun et al., 2022; Asao et al.,

2023).

Neuroinflammation is a core hallmark of many neurological disorders, including
Alzheimer's disease, stroke and depression (reviewed in Gorji, 2022; Shi & Yong,
2025), playing a crucial role in both injury and recovery. During disease, EVs
released by cells in the CNS influence pathogenesis, development, and/or recovery
through their role as mediators of communication (K. Liao et al., 2022; S. Wang,
Zhang, et al., 2025). They have been shown to propagate neuroinflammation and
neurodegeneration through the dissemination of toxic proteins and pro-
inflammatory molecules (Prada et al., 2018; Scheld et al., 2026). However, studies
exploring the effects of EVs on the BBB are limited. Neuronal EVs have been found
to modulate the integrity of the BBB (B. Xu et al., 2017). Peripheral EVs have been
found to drive neuroinflammation and BBB dysfunction after alcohol consumption
(Togre et al., 2024). Although signalling from astrocytes is known to modulate
barrier function and astrocytes, limited studies have explored the effect of astrocyte-
derived EVs on BBB integrity, both physiologically and during disease. It is
therefore hypothesised that EVs isolated from healthy astrocytes improve barrier
function, while EVs derived from inflamed astrocytes increase permeability

through changes in TJ expression levels (Figure 1.9).
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Figure 1.9 A schematic representation of the overall hypothesis of this thesis. Healthy
astrocytes release EVs containing cargo beneficial to the barrier function of endothelial
cells. However, during neuroinflammation, activated astrocytes release EVs that negatively
affect the barrier properties of endothelial cells. Figure created by author in Affinity
Designer (version 1.10.6.1665).

The core role of endothelial cells is to regulate vascular permeability, a function
that is especially critical in the brain where they form the highly selective BBB.
Dysfunction of the BBB has been implicated in many neurological disorders.
Additionally, astrocytes have been shown to package miRNAs, which alter gene
and protein expression levels, in EVs. As TJs form the main structural components
of the paracellular barrier, measuring the mRNA and protein expression levels of
the main TJ proteins after treatment with the full astrocyte secretome or astrocyte-
derived EVs, could reveal how these treatments could affect the structural integrity
of the BBB. In addition, permeability assays can capture the molecular passage of
the cells after treatment, allowing for the exploration of how astrocytes could

indirectly affect the functional integrity of the BBB.

Therefore, this project has the potential to provide insight into communication
within the NVU, specifically by uncovering a novel mechanism by which astrocytes
control BBB integrity and potentially, TJ gene and protein expression.

Characterizing the physiological role of astrocyte-derived EVs in maintaining BBB
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homeostasis may provide a foundation for the development of therapeutic strategies
targeting BBB dysfunction, with the aim of preserving neurovascular stability in
neurological disorders. Furthermore, these findings could enhance understanding
of the mechanisms underlying the propagation of neuroinflammation within the
CNS, potentially identifying novel therapeutic targets to attenuate or reverse

inflammatory processes.

This thesis aims to explore the effects of EVs derived from primary human
astrocytes on the paracellular barrier function of human primary brain

microvascular endothelial cells. To do this, it has been planned to:

e Explore the effects of astrocyte conditioned media on the properties of
endothelial cells, mainly viability, permeability and TJ gene and protein

expression.

e Optimise a method of isolating EVs from conditioned media for use in

future experiments.

e Explore the effect of astrocyte conditioned media derived EVs on the
permeability of endothelial cells as well as their effects on TJ gene and

protein expression.

e Explore the effect of EVs derived from inflamed astrocytes on the
permeability of endothelial cells as well as their effects on TJ gene and

protein expression.
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Chapter 2 :
Materials and Methods
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2.1 Materials

2.1.1 Reagents and Chemicals

Applied Biosystems (USA)
High-Capacity cDNA Reverse Transcription Kit

Cell Signalling (USA)
Anti-mouse IgG, HRP-linked antibody
Anti-rabbit IgG, HRP-linked antibody

Cell Systems Inc., (USA)
Human Brain Microvascular Endothelial Cells (HBMVEC)

Gibco (UK)
Distilled Water

Dubecco’s Phosphate Buffered Saline
Human interleukin-1 alpha (IL-1a) Recombinant Protein

Penicillin Streptomycin
Trypsin-EDTA (0.5%)

Innoprot (Spain)
Astrocyte Media Kit
Human Astrocytes

Invitrogen (USA)

Diethyl Pyrocarbonate (DEPC) Treated Water, Pyrogen-free
eBioscience™ Lipopolysaccharide (LPS) Solution (500X)
SYBR®Safe DNA Gel Stain

TRIzol®

Lifeline® Cell Technology (USA)
VascuLife® Basal Medium
VascuLife® EnGS-Mv LifeFactors Kit

Malvern Panalytical (UK)
Capillary Cuvettes

Medguard Healthcare (Ireland)
BD Emerald 10 mL Syringe Luer Slip

Millipore (USA)
Immobilin®- PSQ PVDF membrane, pore size: 0.2 pm
Immobilin® Forte Western HRP Substrate

Pierce Chemicals (UK)
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S33102
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WBLUF0100
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BCA Protein Assay Kit
Micro BCA Protein Assay Kit

Promocell (Germany)
Cryo-SFM (Cryomedia)

Roche Diagnostics (Switzerland)
cOmplete™, EDTA-free Protease Inhibitor Cocktail
FastStart Essential DNA Green Master

Sigma-Aldrich (UK)
2-Mercaptoethanol

2-Propanol

Acetone

Acrylamide/Bis-acrylamide Solution
Agarose

Ammonium Persulfate

Bovine Serum Albumin (BSA)
Bromophenol Blue Sodium Salt
Chloroform

Complement Component 1q (C1q), Human
Crystal Violet

Ethylenediaminetetraacetic Acid Disodium Salt Dihydrate

(EDTA)
Ethyl Alcohol (Ethanol), pure 200 proof

Fluorescein Isothiocyanate-Dextran-40kDa (FITC-Dextran)

Formaldehyde Solution

Glycerol

Glycine

HEPES

Methanol

Poly-DL-lysine hydrobromide
Polyethylene Glycol (PEG) 6000
Ponceau S Solution

Potassium Chloride

Potassium Phosphate Monobasic
Sodium Chloride

Sodium Deoxycholate

Sodium Dodecyl Sulfate (SDS)
Sodium Fluoride

Sodium Hydroxide

Sodium Orthovanadate

Sodium Phosphate Dibasic

Sucrose

Sterile Filtered Water
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
Tris Acetate-EDTA Buffer

Triton™ X-100

Trizma® Hydrochloride (Tris HCL)
Tumor Necrosis Factor-a (TNFa), Human
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E7023
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G8898
H4034
34860
P9011
8.07491
P7170
P9541
P5379
S3014
D6750
L3771
S7920
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S6508
S5136
S0389
W3500
T9281
T9650
X-100
T3253
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Sarstedt (Germany)

6 Well Plate

6 Well Plate TC-Insert, pore size: 0.4 pm
12 Well Plate

12 Well Plate TC-Insert, pore size: 0.4 um
96 Well Plate

96 Well LightCycler Plate, White (PCR)
15 mL Screw Cap Tube

50 mL Screw Cap Tube

Biosphere SafeSeal Tube, 1.5 mL

Cell Scraper, 2-position blade

CryoPure Tube 1.6 mL white
Multiply-Pro cup 0.2 mL, PP
Multiply-Pro cup 0.5 mL, PP

Pipette tip, 10 ul

Pipette tip, 200 pl

Pipette tip, 1000 pl

qPCR film, transparent

Serological 2 mL Pipette

Serological 10 mL Pipette

Syringe Filter, Filtropur S, PES, pore size: 0.2 pm

Tissue Culture Dish 100, Standard

Thermo Fisher Scientific (UK)
GeneRuler™ 100 bp DNA Ladder Plus

Nalgene™ Oak Ridge High-Speed PPCO Centrifuge Tubes, 30

mL
PageRuler Plus Prestained Protein Ladder
Parafilm Wrap

vWR International Ltd. (UK)
Tween®20
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Table 2.1 Primer Information (Obtained from Eurofins MWG Operon
(Germany))

Target Sequence Product

Size

Human GAPDH Forward (F) | 5’ — gag tca acg gat ttg gtc gt — 3'

238 bp
Human GAPDH Reverse (R) | 5’ — ttg att ttg gag gga tct cg — 3'
Human GFAP F 5'— gaa gca gat gaa gcc acc ct — 3'

213 bp
Human GFAP R 5'— cat tgc ctc ata ctg cgt gc — 3'
Human AQP4 F 5'— gcc ate att gga geca gga atc ¢ — 3' 15b

P
Human AQP4 R 5'—act caa cca gga gac cat gac ¢ — 3'
Human Kir4.1 F 5'— gag tcc tga caa aag atg gtc gc — 3' 118 b
P

Human Kir4.1 R 5'— agc ttg tag cgc cac tge atg t — 3'
Human Occludin F 5’ —cct tca ccc cca tet gac ta — 3’

224 bp
Human Occludin R 5> —gca ggt gcet ctt ttt gaa gg — 3’
Human Claudin 5 F 5’ —gag gcg tgc tet acc tgt tt — 3

240 bp
Human Claudin 5 R 5’ —agt act tca cgg gga age tg — 3’
Human vWF F 5’ — cca gat ttg cca ctg tga tg — 3’

220 bp
Human vWF R 5’ — aaa ggc ctt cag cac ttcaa— 3’

2.1.2 Reagents and Chemicals used by Macrogen (South Korea)

Illumina (USA) Catalogue No
TruSeq Stranded Total RNA with Ribo-Zero H/M/R kit RS-122-2201
Invitrogen (USA) Catalogue No
Quant-it™ RiboGreen RNA Assay R11490
Qiagen (Germany) Catalogue No
RNeasy Mini Kit 74104

2.1.3 Apparatus
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Block Heater

BrightLine® Haemocytometer
Centrifuge

Cryo-Freezing Container

Digital Disc Rotator

G: BOX Chemi-Luminescence
System

HERACell CO; Incubator

Holten Laminair Flow Cabinet
LightCycler 96

Analysis

Low Volume Disposable Sizing Cell Holder
MiniAmpPlus Thermal Cycler

Nanodrop 1000 Spectrophotometer

Nikon Eclipse TS100 Microscope

Optima XL-80 Ultracentrifuge

Orbital Shaker

Pierce G2 Fast Blotter

TECAN Infinite M200 Pro

Vortex

Zetasizer Ultra

Stuart Scientific (UK)
Reichart (USA)
Eppendorf, (UK)
Nalgene (USA)
CliniSciences (France)
Syngene (India)

Thermo Fisher (UK)
Thermo Fisher (UK)
Roche Diagnostics
(Switzerland)

Malvern Panalytical (UK)
Applied Biosystems (USA)
Thermo Fisher (UK)
Nikon (Japan)

Beckman Coulter (USA)
Stuart Scientific (UK)
Thermo Fisher (UK)

Tecan (Switzerland)

Stuart Scientific (UK)
Malvern Panalytical (UK)

2.1.4 Apparatus used by Macrogen (South Korea)

Victor Nivo Multimode Microplate Reader
NovaSeq X
4200 TapeStation System
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2.1.5 Preparations of stock buffer solutions

2.1.5.1 RNA Isolation and Quantitative Polymerase Chain Reaction

Agarose Gel Loading Buffer

Sucrose

Bromophenol Blue

2.1.5.2 SDS PAGE and Immunoblotting

Mild Stripping Buffer

Glycine
SDS
Tween 20

40% (w/v)
0.25% (w/v)

200 mM
3.5mM
1% (v/v)

Components were dissolved in deionised water, and the pH of the solution was

adjusted to 2.2 using HCI and NaOH, as required.

RIPA Cell Lysis Buffer Stock (1.28x)

HEPES, pH 7.5
Sodium Chloride
Triton X-100

Sodium Deoxycholate

SDS

RIPA Cell Lysis Buffer (1x)

1.28x RIPA Stock
Sodium Fluoride
EDTA, pH 8.0

Sodium Phosphate
Sodium Orthovanadate

Protease Inhibitors

Running Buffer (1x)
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Tris-HCL, pH6.8 25 mM
Glycine 192 mM
SDS 0.1% (w/v)

Sample Solubilisation Buffer (SSB) (4x)

Tris-HCL, pH6.8 250 mM

SDS 8% (w/v)
Glycerol 40% (v/v)
2-Mercaptoethanol 4% (v/v)
Bromophenol Blue 0.008% (w/v)

Filter the solution using a 0.2 um filter

Phosphate Buffered Saline (PBS), pH 7.4 (20x)

Sodium Chloride 16% (W/v)
Potassium Chloride 0.4% (w/v)
Sodium Phosphate Dibasic 2.88% (W/v)
Potassium Phosphate 0.48% (wW/v)

Components were dissolved in deionised water and the pH of the solution was adjusted to
7.4 with HCI and NaOH, as required.

Transfer Buffer (1x)

Tris-HCL, pH6.8 25 mM
Glycine 192 mM
SDS 0.1 (w/v)
Methanol 20% (v/v)
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2.2 Methods

2.2.1 Culture and Maintenance of Primary Cells

2.2.1.1 Human Astrocyte Culture

Human Astrocytes were isolated from post-mortem human brain tissue. Two vials
of astrocytes were used. One was used for the generation of conditioned media for
conditioned media experiments (Chapter 3) as well as for the optimisation of 1) EV
isolation (Chapter 4) and 2) EV treatment (Chapter 5). The donor was a Caucasian
male, aged 28, with no chronic disorders. The cause of death was acute myocardial
infarction. The other vial was used for the generation of conditioned media from
healthy and inflamed astrocytes (used in Chapter 5 and 6). Information regarding
the donor is unknown. They were reported to test negative for HIV-1, HBV, HCV,
and Mycoplasma spp by the company and were characterised via the expression of
glial fibrillary acidic protein (GFAP) both by the company and prior to

experimentation (see Section 2.2.1.1).

Cells were cultured on poly-DL-lysine coated (2 pg/cm?) tissue grade plasticware
as per manufacturer’s guidelines. Poly-DL-lysine (2 pg/cm?) was added to the
culture dish the day before subculturing and left to incubate overnight at 37°C. This
solution was removed, and the vessel washed once with sterile water prior to the

addition of cells and growth medium.

Cells were grown in Astrocyte Medium. This media contains Astrocyte Growth
Supplement (1%), Foetal Bovine Serum (FBS) (2%) and penicillin/streptomycin
solution (1%). Cells were routinely cultured in tissue culture dishes (58.8 cm?) for
the generation of conditioned media. Cells were cultured in 6 well plates for
experimental work. Cells were used between passages 2-5 and maintained in a

humidified atmosphere of 5% C0O2/95% air at 37°C in a HERACell CO> Incubator.
2.2.1.2 Human Brain Microvascular Endothelial Cell (HBMVEC) Culture

HBMVEC:s are adherent cells which form a confluent, contact-inhibited monolayer
over time. HBMVECs were isolated from a Caucasian male, aged 26, with no

chronic conditions, who had died from acute myocardial infarction. These cells
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were expanded in early passages in order to be used for the entire study. These cells
were reported to test negative for the presence of Mycoplasma spp. and

characterised via the expression of vVWF.

Cells were cultured in VascuLife® Basal Medium supplemented with VascuLife®
EnGS-Mv LifeFactors Kit and penicillin/streptomycin. The final constituents and
their concentrations were: FBS (5%), L-Glutamine (10 mM), Ascorbic Acid (50
ug/mL), Heparin Sulfate (0.75 U/mL), Hydrocortisone Hemisuccinate (1 pg/mL),
recombinant human Epidermal Growth Factor (rhEGF) (5 ng/mL), EndoGRO-LS
Supplement (0.2%), Penicillin (100 U/mL) and Streptomycin (10 pg/mL). Cells
were routinely cultured in tissue culture dishes (58.8 cm?) for the generation of
conditioned media. For experimental work, HBMVECs were cultured in 6-well and
12-well transwell inserts in 6-well and 12-well plates respectively, as well as
directly in 96-well plates. Cells were used between passages 6-15 and maintained
in a humidified atmosphere of 5% CO2/95% air at 37°C in a HERACell CO;

Incubator.
2.2.1.3 Subculturing of Cells

Cells were typically passaged between 70 - 90% confluency, confirmed through
light microscopy. For astrocytes only, the plastic-ware was coated with Poly-DL-
lysine (2 pg/cm?) prior to seeding. Growth Medium and Trypsin/EDTA were pre-

warmed to 37°C in a water bath.

For trypsinisation, the growth medium was removed, and the culture dish was
washed briefly 1-2 times with sterile PBS to ensure the removal of any residual al-
antitrypsin, an inhibitor of trypsin found in serum. After washing, 2 mL of
Trypsin/EDTA was added to the vessel and the vessel was placed in the incubator
for 5-10 minutes. During this time, the cells were monitored until the majority had
displayed a rounded morphology and had detached. An equal volume of growth
media to Trypsin/EDTA was added to the dish to inhibit further trypsinization. The
cell suspension was then centrifuged at 190 x g for 5 minutes. The supernatant was
removed, and the cell pellet was resuspended in media. The cells were counted as
described in Section 2.2.1.4 and either seeded to an appropriate density for

experimental procedures (described in Section 2.2.4) or used for the propagation of
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the cell line by being seeded at 5,000 cells/cm? (astrocytes) or 35,000 cells/cm?
(HBMVEC:).

2.2.1.4 Cell counting

Cell counts were performed using a haemocytometer prior to sub-culturing cells in
order to ensure accurate reproducibility of experiments and to assess cell densities
for sub-culturing and cryopreservation. 10 puL of the cell suspension was loaded into
the haemocytometer chamber via capillary action. The number of cells was

calculated as per the following equation:

Cell Number x 10* (Conversion Factor)

= Total cells/mL
Number of Squares Counted otal cells/m

2.2.1.5 Cryogenic preservation and recovery of cells

For long term storage, astrocytes and HBMvVECs were preserved in a liquid nitrogen
cryo-freezer unit. After trypsinization, cells were spun at 190 x g for 5 minutes. The
supernatant was completely removed, and the pellet was resuspended in cryo-
medium. Cell suspensions were placed in sterile CryoPure cryovials and stored in
a Mr. Freeze® cryo-freezing container before being placed in a -80°C freezer. The
Mr. Freeze® container ensured the cryovials were cooled at a rate of -1°C/min,
minimizing cell damage during freezing. After 24 hours at -80 °C, the cryovials

were transferred to a liquid nitrogen cryo-freezing container until further required.

For the recovery of cells, cryovials were warmed rapidly to 37°C in a water bath.
Once fully thawed, the contents were quickly transferred to poly-DL-lysine coated
(astrocytes only) 58.8 cm? dishes containing pre-warmed growth media. After 24
hours, the dishes were inspected via phase-contrast microscopy to inspect
adherence and morphology of the cells. Following this, all growth media was
aspirated, and the vessels were washed with sterile PBS to remove any residual

DMSO. Fresh pre-warmed medium was then added to the cells.
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2.2.2 Extracellular Vesicle Isolation

2.2.2.1 Generation of conditioned media

For both cell types, media was collected between 60 - 90% confluency. Briefly,
media was conditioned on cells for up to 48 hours. Upon completion of the time
course, this media was aspirated from the cells and replaced with fresh media. The
incubated media was centrifuged at 1500 x g for 15 minutes before the supernatant
was decanted into a new 50 mL tube. Conditioned media was stored at -20°C.
Frozen media was thawed for approximately 2 hours at room temperature or
overnight at 4°C before EV isolation. Three methods — microvesicle isolation
(Section 2.2.2.2), differential centrifugation (Section 2.2.2.3), and ExtraPEG
(Section 2.2.2.4) — were used to isolate EVs.

2.2.2.2 Protocol for Microvesicle Isolation

EVs were isolated using the microvesicle isolation method as applied in previous
publications (F. A. Martin et al., 2014). Thawed media was centrifuged at 300 x g
for 10 minutes. The resulting supernatant was decanted into a new falcon tube and
centrifuged at 2500 x g for 20 minutes. The supernatant from this step was then
transferred to an ultracentrifugation tube and centrifuged at 20,000 x g for 70
minutes using a Type 70 Ti Fixed-Angle Titanium Rotor. The resulting pellet at this
step contained microvesicles and contaminating proteins. The supernatant was
removed, and the pellet was washed by being resuspended in 1 mL of PBS, before
being transferred to a microcentrifuge tube. This resuspension was then centrifuged
at 17,000 x g for 70 minutes to isolate the washed EVs and the pellet resuspended
in either PBS, TRIzol®, or RIPA buffer (see Section 2.1.5.2), depending on the

downstream process.

2.2.2.3 Protocol for EV Isolation via Differential Centrifugation

The differential centrifugation method used was based on the protocol by Théry et
al. (2006), with modifications. Briefly, thawed media was centrifuged at 300 x g for
10 minutes. The supernatant was decanted into a new falcon tube and centrifuged
at 2000 x g for 20 minutes. The resulting supernatant was then transferred to an

ultracentrifuge tube and centrifuged at 10,000 x g for 30 minutes using a Type 70
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Ti Fixed-Angle Titanium Rotor. Next, the supernatant was transferred to a new
ultracentrifuge tube, and one side of this tube was marked so that the pellet could
be located. After a centrifugation step (maximum speed 50,000 x g for 70 minutes),
the supernatant was discarded, and the pellet was resuspended in 1 mL of PBS. This
pellet contained extracellular vesicles and contaminating proteins. The
resuspension was transferred to a new ultracentrifuge tube and PBS was added to
fill the tube to avoid tube collapse. This resuspension was then centrifuged at 50,000
x g for 70 minutes and the pellet resuspended in either PBS, TRIzol®, or RIPA

buffer, depending on the downstream process

2.2.2.4 Protocol for EV isolation using ExtraPEG

The ExtraPEG method for isolating EVs was based on the protocol developed by
Rider et al. (2016), with modifications. Briefly, thawed media was centrifuged at
maximum speed on a benchtop centrifuge (3000 x g) for 45 minutes. The
supernatant from this step was then syringe-filtered through a 0.20 um filter into a
new 50 mL tube. 50% polyethylene glycol-6000 (PEG) was added to the filtered
supernatant so that the final concentration of PEG in the solution was 10%. 3.75 M
NaCl was added to this solution (to a final concentration of 75 mM). The solution
was inverted 3 - 4 times before being incubated at 4°C overnight (to a maximum of
16 hours). The solution was then centrifuged at 1500 x g for 30 minutes in a
benchtop centrifuge. The wash step for this protocol involved resuspension of the
pellet in 1 mL of 0.9% NacCl and centrifugation at maximum speed on an available
centrifuge (17,000 x g) for 2 hours and 10 minutes. Depending on the downstream

process, the pellet was resuspended in either PBS, TRIzol®, or RIPA buffer.

2.2.2.5 Zetasizer Ultra

The size range of isolated EVs was measured by using a Malvern Zetasizer Ultra.
This instrument uses dynamic light scattering (DLS) to measure particle
hydrodynamic diameter. DLS measures the fluctuations of small particle scattering
over time to calculate particle size. Samples were measured using a low volume
disposable sizing cell, which allows for low volume (3 pLL minimum) samples to be

read. A disposable capillary tube was dipped into the sample, and the sample was
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drawn up through capillary action. The ends were then sealed with clay. The

capillary was then placed into the Zetasizer.

2.2.3 Cell Treatments
2.2.3.1 Conditioned Media Treatments

Conditioned media (see Section 2.2.2.1) was used as a cell treatment. Non-
conditioned media was used as control. This media was also incubated for 48 hours
but without cells in the vessel. The conditioned media and controls are described in
Table 2.2. Media was aspirated from the vessel upon completion of the time course
and centrifuged at 1500 x g for 15 minutes. The supernatant was decanted into a
new 50 mL falcon tube and stored at -20°C. Both were thawed at room temperature.
Once thawed, media were diluted with fresh (i.e., straight out of the bottle)
endothelial media so that the final concentrations of the conditioned media were
50% or used undiluted (100%). Figure 2.1 shows a summary of these steps. These

were then warmed in a water bath to 37°C prior to use as treatment.

Table 2.2: Preparation of Conditioned Media

Conditioned Media Media used Cells
Astrocyte Astrocyte Medium (Innoprot, Spain) Astrocytes
Conditioned Media

(ACM)

Astrocyte Media Astrocyte Medium (Innoprot, Spain) -

(AM)

Endothelial Vascular Cell Basal Medium supplemented HBMVECs
Conditioned Media with Microvascular Endothelial Cell

(ECM) Growth — BBE (ATCC, USA)

Endothelial Media Vascular Cell Basal Medium supplemented -

(EM) with  Microvascular Endothelial  Cell
Growth — BBE (ATCC, USA)

Fresh ~ Endothelial Vascular Cell Basal Medium supplemented -

Media (used as a with Microvascular Endothelial Cell

control and as a Growth—BBE (ATCC, USA)
dilutant.)
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1500 x g, 15 min

Fresh Endothelial Media

(no V/
[mm

j

E
V s
//

/ \ \V4
50% 100% 50% 100% 50% 100% 50% 100%
Endothelial Media Endothelial Conditioned Astrocyte Media Astrocyte Conditioned
(no cell contact) Media (no cell contact) Media

Figure 2.1 A summary diagram for the preparation of conditioned media for treatment
of cells. Both endothelial and astrocyte medias were incubated for 48 hours, with or
without cells. Endothelial media incubated without cells is abbreviated as EM.
Endothelial media incubated with cells (endothelial conditioned media) is abbreviated as
ECM. Astrocyte media incubated without cells is abbreviated as AM. Astrocyte media
incubated with cells (astrocyte conditioned media) is abbreviated as ACM. After
completion of the incubation period, the supernatant(s) were removed and centrifuged at
1500 x g for 15 minutes. The conditioned media was then diluted with fresh endothelial
media in a 1:1 ratio to produce 50% diluted media or used as is (100%). Figure created
with Biorender.com and Powerpoint by author.

74
Post-examination Copy 12/08/26



2.2.3.2 EV treatment

For experiments involving EV treatment of endothelial cells, EVs were isolated
from ACM using the ExtraPEG method as described in Section 2.2.2.4 on the day
of treatment and resuspended in PBS. EVs were also isolated from AM as a non-
conditioned control. Protein measurement was used as an indirect index of EV

quantity.

Endothelial cells were seeded to confluency in the apical chamber of 12 well
transwell inserts (2.5 x 10° cells per insert) and allowed to adhere for 24 hours. Prior
to the addition of the treatment, the formation of a confluent monolayer on each
transwell was verified by visual inspection using brightfield microscopy. The
endothelial media was aspirated off, and the cells were washed briefly with PBS

before the treatment was added.

For optimization experiments, EVs were diluted to the following concentrations:
6.25 or 12.5 pg/mL. Cells were treated with these concentrations of EVs and with
an equivalent amount of PBS as a control for 6, 24 or 48 hours. These treatments
were added either apically or basolaterally. Following incubation, the integrity of
the barrier was explored through a trans-endothelial permeability assay as described

below in Section 2.2.4.3.

Once the appropriate dose, incubation time, and direction of treatment were
determined, cells were treated in this manner for all continuing experiments. Post-

treatment, endothelial RNA and protein were harvested for analysis.
2.2.3.3 Astrocyte Inflammation

Astrocytes were inflamed using two stimulation methods: treatment with LPS
(Tarassishin et al., 2014) and treatment with a cytokine cocktail (TNF-o (30
ng/mL), IL1a (3 ng/mL), and Clq (400 ng/mL)) (Liddelow et al., 2017). To
determine the optimal dose of LPS, astrocytes were seeded at a concentration of 0.2
x 108 cells per well in 6 well plates and allowed to adhere overnight. The next day,
the media was aspirated and the cells treated with two concentrations of LPS
(100 ng/mL or 1000 ng/mL) or with PBS as a control for 24 hours. Upon

completion of the timepoint, the cells were harvested for mRNA isolation to
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conduct Real-Time PCR measurements of genes known to be expressed differently

in inflamed astrocytes.

To determine the optimal inflammation method, astrocytes were seeded at a
concentration of 0.2 x 10° cells per well in 6 well plates and allowed to adhere
overnight. The next day, the media was aspirated and the cells treated with LPS
(100 ng/mL), the cytokine cocktail, or PBS (1 pL/mL) as a control for 24 hours.
The cells were then harvested for mRNA to conduct Real-Time PCR measurement

of several genes known to be expressed differently in inflamed astrocytes.

For media conditioning, astrocytes were grown in 58.8 cm? dishes, with at least six
dishes per condition. When cells were between 60-80% confluency, the media was
aspirated. Each dish was then treated with 6mL of media containing the cytokine
cocktail or control media containing the vehicle only (PBS (1 pL/mL)). The cells
were incubated for 24 hours. Upon completion of the timepoint, media was
collected and spun down at 1500 x g for 15 minutes in order to clear the media of

cells and large debris. This cleared media was then frozen at -20°C until required.

2.2.4 Cell Assays
2.2.4.1 Adhesion Assay — Apical Treatments

In order to measure cell viability, the crystal violet assay was used (Feoktistova et
al., 2016). HBMVECs were seeded at a concentration of 30,000 per well in 96 well
plates and left overnight in an incubator. The next day, media was aspirated, and the
cells briefly washed with PBS. Two hundred pL of treatment, made up as described
in Table 2.3, was added to the wells in quintuplicate. Cells were treated for 6, 24 or
48 hours. Upon completion of the time course, the treatment was removed, and the
cells washed with PBS. Formaldehyde (3.75%, 100 pL) was added to each well and
left to incubate for 10 minutes at room temperature. Then, the formaldehyde was
removed, and the cells were washed briefly once with PBS. PBS was then added to
the wells and the plates stored at room temperature until the assay was carried out.
This involved the removal of the PBS and the addition of a 5 mg/mL crystal violet
solution (50 pL) to each well. The plate was allowed to incubate for 5 minutes at
room temperature before being washed with deionized water until the water ran
clear. The plates were then turned upside down and left to dry overnight. The next
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day, 2% SDS (50 pL) was added to each well. The plate was left to incubate with
gentle agitation for 30 minutes at room temperature. The absorbance was then read
at 562 nm on a TECAN Infinite M200 Pro. Treated samples were compared against
control cells (treated with fresh EM only)

Table 2.3: The preparation of conditioned media for apical treatment

Treatments

Control EM ECM AM ACM
Media 50% 100% | 50% 100% 50% 100%  50% @ 100%
(nL)
Fresh 200 100 - 100 - 100 - 100 -
Endo
Media
EM - 100 | 200 - - - - - -
ECM - - - 100 200 - - - -
AM - - - - - 100 200 - -
ACM - - - - - - - 100 200

Total 200 200 200 200 200 200 200 200 200

2.2.4.2 Adhesion Assay — Basolateral Treatments

HBMVECSs were seeded at a concentration of 0.5 x 10° cells in the upper (apical)
chamber of sterile transwell inserts in a 6 well plate. Pre-warmed culture media was
also added to the lower (basolateral) chamber. After the cells were allowed to adhere
overnight, the media in the apical chamber was replaced with fresh culture media.
Media in the basolateral chamber was removed, and treatments (as described in
Table 2.4) were added. The cells were treated for 6, 24 or 48 hours. Upon
completion of the time course, media in both chambers was removed, and the cells
washed with PBS. Formaldehyde (3.75%, up to 1 mL) was added to both chambers,
and the cells were left to incubate for 10 minutes at room temperature. Then, the
formaldehyde was removed, and the cells were washed once with PBS. The
transwell membrane was carefully removed from the transwell insert using a

scalpel. The membrane was then stored in PBS at room temperature until the assay
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was carried out. This involved the removal of the PBS and the addition of a 5
mg/mL crystal violet solution (500 pL) to each well. The plate was allowed to
incubate for 5 minutes at room temperature before being washed with deionized
water until the water ran clear. The membranes were then left to dry overnight. Once
dry, 2% SDS (500 pL) was added to each well. The plate was left to incubate with
gentle agitation for 30 minutes at room temperature. The absorbance was then read
at 562 nm on a TECAN Infinite M200 Pro. Treated samples were compared against
control cells (treated with fresh EM alone).

Table 2.4: The preparation of conditioned media for abluminal treatment

Treatments

Control AM ACM
Component (mL) 50% 100%  50% 100%
Fresh EM 2 1 - 1 -
AM - 1 2 - -
ACM - - - 1 2
Total 2 2 2 2 2

2.2.4.3 Trans-Endothelial Cell Permeability Assay

HBMUVECs were seeded at a concentration of 0.5 x 10° cells into the apical chamber
of sterile transwell inserts in a 6 well plate. Pre-warmed culture media was also
added to the lower chamber. After the cells were allowed to adhere overnight, the
media in the apical chamber was replaced with fresh culture media. Media in the
basolateral chamber was removed, and conditioned media treatments added (as
described in Table 2.4). The cells were treated for 6, 24 or 48 hours. Upon
completion of the time course, the treatment in the basolateral chamber was
replaced with pre-warmed fresh growth media. FITC-dextran (40 kDa) in pre-
warmed growth media (250 pg/mL) was added to the apical chamber. Twenty-eight
pL was collected from the basolateral chambers at t = 0 and then every 30 minutes
for the next 3 hours. These aliquots were diluted to 400 uLL with fresh media before
being plated in triplicate on a white 96 well microplate (100 pL). The plate was read

using a TECAN Safire 2 fluorospectrometer, with excitation and emission
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wavelengths of 490 and 520 nm, respectively, selected. Cell permeability was
defined as the total basolateral-fluorescence at a given time point (0 - 180 minutes)

expressed as a percentage of the total apical fluorescence at t=0 (Figure 2.2).

A

Apical Transwell
Chamber Insert
Porous N O L L Cells
Membrane
Basolateral
Well Chamber
B
FITC Dextran
t =0 min
C
t =180 min

Figure 2.2 Trans-Endothelial Permeability Assay. A) Cells were seeded equally across
transwell inserts and left to adhere prior to treatment. B) FITC-dextran supplemented
media replaced the media in the apical chamber. An aliquot of the media in the basolateral
chamber is taken at t=0. C) At the end of the assay (t = 180 min), the amount of FITC-
dextran in the basolateral chamber could be used as an indication of barrier strength.
Figure created by author using Affinity Designer (v 1.10.6.1665).

2.2.5 RNA Isolation and Quantitative Polymerase Chain Reaction
(qPCR)
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2.2.5.1 RNA Isolation

For cells, growth media was completely removed, and the cells were washed with
PBS. TRIzol® was added (0.2 mL for 12 well transwell inserts, 0.5 mL for 6 well
transwell inserts or 1 mL for petri dishes). Cells were scraped with a sterile cell
scraper (Sarstedt) or pipette tip to aid sample homogenization. For EV pellets, the
supernatant was completely removed and 0.2 mL TRIzol® was added. The pellet

was then resuspended using a micropipette to ensure complete lysis of the sample.

Samples for Chapter 6 (Transcriptomic Analysis) were sent in TRIzol® and then
processed by Macrogen (described in Section 2.2.7.1). The following method for
TRIzol isolation was used for all routine qPCR experiments After sample
homogenization, chloroform was added (0.2 mL per mL TRIzol®) and the tube
inverted until the solution became opaque. After a 5 min incubation, the samples
were spun at 12,000 x g for 10 min, separating the homogenate into three layers:
the aqueous phase (containing RNA), the interphase (containing DNA), and the
phenol phase (containing proteins). The aqueous phase was transferred to a new
microcentrifuge tube and isopropanol (0.5 mL per mL TRIzol®) was added to allow
the RNA to precipitate. This solution was incubated overnight at -20°C before being

centrifuged at maximum speed (17,000 x g) at 4 °C for 30 minutes.

The resulting pellet was washed gently with ice-cold ethanol (75%) and centrifuged
at 7,500 x g for 5 minutes. The supernatant was removed, and the pellet was allowed
to air-dry for 5-10 minutes. An appropriate amount of DEPC-treated water was
added to the RNA pellet (typically 10-20 uLL for EV pellets and 50 puL for cell
pellets) and heated to 60°C in a heat block for 10-15 minutes to homogenise the
sample before quantification. The concentration and quality of RNA isolated was
determined by using the NanoDrop™ One Spectrophotometer before storing at -

80°C until required.

2.2.5.2 ¢DNA synthesis
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cDNA was then synthesised using a High-Capacity cDNA Reverse Transcription
Kit. This kit requires the addition of 200 ng — 1000 ng RNA. As such, isolated RNA
was diluted to 20-100 ng/uL using DEPC-treated water. This was judged by the
samples with the lowest concentration in each group. Ten pL of the diluted sample

was added to 10 pL of reaction mix, the components of which are described below:

Table 2.5: Components of the Reaction Mix used for cDNA synthesis.

Component Volume (per reaction) (nL)
10x RT Buffer 2

10x RT Random Primers 2

25x dNTP Mix 0.8

MultiScribe Reverse Transcriptase | 1

Nuclease Free Water 4.2

Total Volume 10

Samples were mixed gently before being centrifuged briefly and being placed into
a MiniAmpPlus Thermal Cycler and run at 25°C for 10 minutes, 37°C for 120

minutes and finally 85°C for 5 minutes. Samples were held at 4°C until retrieved.

cDNA products were then quantified on the NanoDrop™ to assess final working
concentrations and purities of the samples. For qPCR (described in Section 2.2.5.5),

an appropriate cDNA control was used in order to validate the experiment.
2.2.5.3 Primer Design

Primers were previously designed using Primer3 (https://primer3.ut.ee/) with
parameters changed in accordance with standard rules of primer design and
additional parameters implemented in the lab. Potential primer candidates were then
verified in silico by BLAST (to check sequence homology and specificity) and
mFold (to check for hairpin formations). Primers were then verified experimentally
through benchtop PCR. Benchtop PCR was also used to optimise primer
amplification conditions such as concentration and annealing temperatures. Primer

efficiencies for each primer pair were calculated using standard curve analysis
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generated via qPCR (see Section 2.2.5.6). Only primers that met the MIQE

guidelines (Bustin et al., 2009, 2025) were used.

2.2.5.4 Benchtop PCR

For benchtop PCR, after Nanodrop™ analysis, cDNA products were diluted using

RNase-free water to a final concentration of 500 ng/uL. Each reaction was set up

in a 0.2 mL RNase-free PCR tube as follows:

Table 2.6: PCR reaction mixture

Component Volume (per reaction) (nL)
Template cDNA (500 ng/uL) 2

Forward Primer (10 uM) 1

Reverse Primer (10 uM) 1

10x Reaction Buffer 2.5

dNTP (10 mM) 2

MgClz (25 mM) 1.5

DreamTaq Polymerase (5 U/ uL) 0.2

RNase Free Water 14.8

Total Volume 25

Each tube was then placed into an MJ Mini Thermal Cycler and samples were

subjected to the following reaction cycle:

Table 2.7: PCR reaction method

Step

Denaturing

Cycling Denaturing
Annealing
Extension

Extension

Hold

Temperature Time Cycle(s)
95°C 5 minutes 1

95°C 15 seconds

55-63°C 30 seconds 40 cycles
72°C 15 seconds

72°C 5 minutes 1

4°C 0

Following this, agarose gel electrophoresis was performed as described in Section

2.2.5.7.
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2.2.5.5 Quantitative Real-Time PCR

qPCR was carried out using a LightCycler® 96. Each reaction was set up in the
well as follows:
Table 2.8: qPCR reaction mixture

Component Volume (per reaction) (nL)

Template cDNA (500 ng/uL) @ 2

Nuclease Free Water 6
SYBR Green 10
Forward Primer (10 uM) 1
Reverse Primer (10 uM) 1
Total Volume 20

Samples were run in either duplicate or triplicate. Controls on the plate were set up

as follows:
Component Positive No Negative Water
Control Template Control Control
Control

Cell cDNA 2 - 2 -

cDNA RT control @ - 2 - -

SYBR 10 10 - -
GAPDH Primers 2 2 - -

Water 6 6 18 20

Total 20 20 20 20

Once fully set up, the plate was sealed with an adhesive optical film. The plate was
briefly spun and loaded onto the LightCycler® 96. The following method was
applied:

Table 2.9: qPCR method

Step Temperature Time Cycle(s)
Denaturing 95°C 5 minutes 1
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Cycling Denaturing 95°C 15 seconds

Annealing 60°C 30 seconds 40

Extension 72°C 15 seconds
Extension 72°C 5 minutes 1
Hold 4°C 0

The primer sequences used are described in Section 2.1.1. Changes in gene
expression were then analysed according to the Comparative Ct method (AACr),
as described by Livak and Schmittgen (2001). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an endogenous control in order to normalize
Cr values. Melt curve analysis was also carried out to confirm single product
formation and to rule out false positives as a result of primer dimerization and non-
specific binding. Samples from qPCR were also visualized on 1% agarose gels as

described in Section 2.2.5.7 below.

2.2.5.6 Primer Efficiency Curves

Primer efficiency curves were conducted by utilising the same reaction mixture as
qPCR (Table 2.8) with a dilution of a PCR product, previously run with the same
primer set, substituted in place of the cDNA. Briefly, a 1/1000 dilution of the PCR
product is made using RNase-free water. Then, a 7-fold 1/10 serial dilution of this
1/1000 dilution was made, with 6.5 pL of each dilution substituting for the raw
cDNA in each reaction mixture. A non-template control was used by making an

additional reaction mixture with RNase-free water substituting the PCR product.

The reaction mixures were subjected to the same reaction temperature method as
standard qPCR (Table 2.9) and the software programmed to plot the Ct values vs
fluorescent signal (corresponding to the number of copies of the target genes). The

following equation was used to calculate primer efficiency:

-1
PCR ef fectince = 105lore — 1

According to MIQE guidelines, the efficiency of primer sets should be between 90
and 105% (Bustin et al., 2009, 2025).

2.2.5.7 Agarose Gel Analysis
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Agarose gel electrophoresis was used as a quality control to visualize and assess
mRNA and cDNA quality and purity as well as qPCR product sizes. Briefly, agarose
was dissolved in Tris-acetate EDTA (TAE) buffer (40 mM Tris-Acetate pH 8.2, 1
mM EDTA) to make a 1% agarose mixture. The mixture was brought to a boil until
the agarose had fully dissolved and the solution turned clear. Once cooled to 50-
60°C, SYBR® Safe (1 uL per 10 mL of agarose) was added to the solution. 6x
Agarose Gel Loading Buffer (see Section 2.1.5.1) was added to samples prior to
loading. 10-20 puL of sample and 5-6 puL of 100 bp DNA Ladder were loaded. The
gel was resolved at 100 V in 1X TAE buffer, for 60-90 minutes, until the tracking
dye had been deemed to have resolved sufficiently. Bands were then visualised

using a G: BOX fluorescence gel documentation and analysis system.

2.2.6 Protein Isolation and Western Blotting
2.2.6.1 Protein Isolation

Both cellular and EV proteins were isolated using 1x Radioimmunoprecipitation
assay (RIPA) buffer (see Section 2.1.5.2), which was made up directly prior to

isolation.

All media was removed from cells, and they were washed once briefly with PBS.
RIPA buffer (1x, 200 pL (petri dish)/100 pL (6 well transwells)/50 puL (12 well
transwells)) was added, and the cells left to incubate on ice for 10 minutes. Cells

were then scraped off using a P200 tip. The cell suspension was transferred to a

SafeSeal tube.

Post EV isolation (see Section 2.2.2), the EV pellet was resuspended in 1x RIPA
Buffer (20-75 uL, depending on visual pellet size). The protein suspensions were
rotated at 4°C for at least 1 hour. They were then centrifuged at 10,000 x g for 20

minutes at 4°C. The supernatant was aliquoted into new tubes and stored at -20°C.

2.2.6.2 Bicinchoninic Acid (BCA) Assay

Isolated proteins from cells were quantified using the Pierce™ BCA protein Assay
Kit. Ten pL of samples and standards (0 - 2 mg/mL bovine serum albumin (BSA))

were loaded in triplicate to a clear, flat-bottomed 96-well plate. Two hundred pL
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BCA working reagent (1:50 dilution of reagent B in reagent A) was added to each

well before the plate was incubated at 37°C for 30 minutes in the dark.

Proteins from EV isolations were quantified using the Pierce™ MicroBCA protein
Assay Kit, which has a working range of 0.5 — 20 pg/mL. 0.9% NaCl solution (150
pL) was added to each well before 2 uL of samples and standards (0-20 pg/mL
BSA) were loaded in triplicate to a clear, flat-bottomed 96-well plate. Once 150 pL
MicroBCA working reagent (25:25:1 reagent A: reagent B: reagent C) was added
to each well, the plate was incubated at 37°C for 30 minutes in the dark. The plate
was then read at 562 nm on a TECAN Infinite M200 Pro plate reader. The unknown

protein concentrations were calculated using the standard curve.

2.2.6.3 Acetone Precipitation of Proteins

To precipitate out proteins from supernatants and to concentrate samples with low
protein content, proteins were precipitated out using acetone with the addition of a
pre-solubilisation step with NaOH, as published by Pérez-Rodriguez et al. (2020)
with some modifications. Briefly, 10% (v/v) 0.2 M NaOH was added to the sample,
and this solution was incubated for 2 minutes. Then, 4 times the sample volume of
cold (-20°C) 80% (v/v) acetone was added. The sample was left to incubate
overnight at -20°C. After centrifugation at 16,000 x g for 30 minutes, the
supernatant was removed. The pellet was left to airdry for ~30 minutes at room
temperature before resuspension in an appropriate amount of RIPA buffer (20 - 75

uL, dependent on pellet size).
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2.2.6.4 Sodium Dodecyl Sulphate-Polyacrylamide FElectrophoresis (SDS-
PAGE)

Protein lysates were separated using SDS-PAGE according to the protocol of
Laemmli (1970). Briefly, a 10% (v/v) polyacrylamide resolving gel was used

throughout all experiments and was prepared as follows:

Table 2.10: SDS-PAGE resolving gel components.

Reagent 10%
Deionised Water 4 mL
1.5M Tris-HCI, pH 8.8 2.5 mL
Acrylamide, 30% 3.3 mL
10% SDS 100 puL

10% Ammonium Persulfate (APS) 50 pL
TEMED 5uL
Total Volume 10 mL

Once the gel was set, a 4% stacking gel was prepared as described in Table 2.11.

Table 2.11: SDS-PAGE stacking gel components

Reagent 4%
Deionized Water 6 mL
0.5M Tris-HCI, pH 6.8 2.5 mL
Acrylamide, 30% 1.3mL
10% SDS 100 uL

10% Ammonium Persulfate (APS) 100 pL

TEMED 10 uL
Total Volume 10 mL
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The solution was poured on top of the polymerised resolving gel, followed
immediately by the gel comb being inserted. If the gels were not to be used
immediately, they were carefully wrapped in damp tissue and placed in the fridge

for use the next day.

Post quantification using a BCA assay (see Section 2.2.6.2), protein lysates were
diluted to 15 - 30 pug using deionised water. 4x Sample Solubilisation Buffer (SSB)
(see Section 2.1.5.2) was added to each sample so that the final volume was 20 pL.
Samples were denatured at 95°C for 5 minutes before being briefly centrifuged. The
samples were loaded into the gel wells (~20 pL), alongside a protein ladder (~5/6
pL). Gels were run in Running Buffer (see Section 2.1.5.2) at 80V until proteins
entered the resolving gel and then at 100V for 1.5-2 hours or until sufficient

resolution was reached.

2.2.6.5 Electrophoretic Transfer

The proteins from the gel were transferred to a membrane using either a wet transfer
technique or a semi-dry transferring system (Thermo Scientific Pierce G2 Fast
Blotter). The gel was left to soak in transfer buffer (see Section 2.1.5.2) for at least
5 mins to remove any residual SDS that may be bound to the gel which could
interfere with the protein transfer. Polyvinylidene Difluoride (PVDF) membrane
was trimmed to the size of the gel and activated in methanol for 5-10 minutes,

before being equilibrated in transfer buffer along with the filter paper.

For wet transfer, proteins were transferred overnight at a constant voltage of 50 V
at 4°C. For semi-dry transfer, the standard semi-dry preprogrammed method was

used (25V, 1 hour).

2.2.6.6 Ponceau S

Ponceau S was used to visualise successful transfer of proteins from the SDS-PAGE
gel to the membrane. Briefly, 10-15 mL of Ponceau S stain was applied to the
membrane under gentle agitation for ~ 5 minutes. The membrane was then washed
with PBS-Tween 20 (PBS-T) (0.1%) until transferred bands (pink bands) were

visible. At this point, the membrane was cut into manageable sections for the protein
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of interest, if needed. The membrane was then further washed with PBS-T until the

stain was removed entirely, and it was then used for immunoblotting.

2.2.6.7 Immunoblotting and imaging

The PVDF membrane was blocked in a 5% BSA solution, made up with PBS-T for
1 hour at room temperature. The membrane was then incubated with primary
antibody (Table 2.12) in 1% BSA (in 0.1% PBS-T) overnight at 4°C. The following

primary antibodies and dilutions were used:

Table 2.12: Primary Antibody Concentrations used in Immunoblotting

Target Company Host Code Concentration

Annexin V | Invitrogen Rabbit PA5-78784  1:1000

CD9 Genetex | Rabbit GTX135296 1:1000
CD63 Genetex | Rabbit GTX135220 1:1000
Claudin 5  Invitrogen Mouse 35-2500 1:1000

GAPDH Merch Mouse MAB374 1:500

GFAP Genetex | Rabbit GTX27260  1:10,000
Occludin  Invitrogen Rabbit 40-4700 1:250
Z0-1 Invitrogen Rabbit 61-7300 1:1000

The following day, the blots were washed with 0.1% PBS-T (3x, 5 minutes each).
The blots were then incubated with the appropriate Horseradish Peroxidase (HRP)-
conjugated secondary antibody (Error! Reference source not found.13) in 1%
BSA-0.1% PBS-T for 2 hours at room temperature. Membranes were then washed
with PBS-T (0.1%) (3x, 5 minutes each) followed by PBS (2x, 5 minutes each).
Membranes were stored in deionised water until imaging. Proteins were detected
using Immobilon® Forte Western HRP substrate and the G: BOX gel

documentation system.
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Table 2.13: Secondary Antibodies used in Immunoblotting

Target Company Host Code Concentration
Anti-mouse  IgG, Cell Horse 7076S Dependent on primary
HRP-linked Signalling antibody concentration
antibody

Anti-rabbit  IgG, Cell Goat  7074S

HRP-linked Signalling

antibody

2.2.6.8 Stripping and Reprobing

To conserve sample, western blots were stripped and reprobed for various proteins.
First, the western blot was rinsed in deionised water in order to remove any
remaining HRP substrate. Then, the membrane was incubated in mild stripping
buffer (see Section 2.1.3.2) for 10-20 minutes. The membrane was then washed in
0.1% PBS- T (3%, 5 minutes each). After this, the membrane was reprobed as above,

including being reblocked in 5% BSA.

2.2.7 Transcriptomic Analysis
2.2.7.1 RNA Sequencing

RNA extraction, quality assessment, library preparation and sequencing were
performed by Macrogen (South Korea). Samples were sent in TRIzol® and RNA
isolated by first separating the RNA, DNA, and protein phases using chloroform.
After this, RNA was eluted from the upper aqueous phase using the RNeasy Mini
Kit, following manufacturer instructions. Macrogen does not typically perform
DNase digestion in order to remove potential genomic DNA contamination as the
RNeasy kit efficiently removes the majority of contaminating DNA through its
silica-membrane technology. RNA concentration was assessed using the Quant-it™
RiboGreen RNA Assay using the Victor Nivo Multimode Microplate Reader. RNA
integrity was verified by using a 4200 TapeStation System. All samples had an RNA
Integrity Number (RIN) > 9.5. The RIN, which ranges between 10 (intact RNA)
and 1 (totally degraded RNA), is calculated by a software algorithm that explores
multiple aspects of the electropherogram in order to determine the integrity of the

sample (Schroeder et al., 2006; S. Li et al., 2024).
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Libraries were prepared using a TruSeq Stranded Total RNA with Ribo-Zero H/M/R
kit, according to manufacturer instructions and sequenced on an Illumina platform
to generate 101 bp paired-end reads. Each sample yielded a minimum of 44 million

reads.

2.2.7.2 Bioinformatic Models Employed to Analyse Data

Raw sequencing data (FASTQ) files were received from the sequencing provider.
The sequence quality of these files was analysed using Falco (Galaxy Version
1.2.4+galaxy0) (Sena & Smith, 2022). MultiQC (Galaxy Version 1.27+galaxy4)
was used to aggregate results into a generalised report (Ewels et al., 2016). Cutadapt
(Galaxy Version 5.2+galaxy0) was used to improve quality by trimming adaptor
sequences (M. Martin, 2011). Reads were then mapped to the human reference
genome hg38 (GenBank Acquisition Number: GCA 000001405.15; Perez et al.,
2025) and counted using RNA STAR (Galaxy Version 2.7.11b+galaxy0) (Dobin et
al., 2013). Differential gene expression was analysed using edgeR (Robinson et al.,
2010). Gene set enrichment analysis was performed using the Gene Ontology:
Biological Processes gene set (The Gene Ontology Consortium et al., 2023) with
goseq (Young et al., 2010).

2.2.8 Statistical Analysis

Statistical analysis and graphical representation of results were carried out and
constructed using RStudio® (version 2023.6.1.524, R Foundation for Statistical
Computing, Austria). Results were expressed as median =+ standard deviation (SD).
Welch’s Two-Sample t-test was used for pairwise comparison. Analysis of variance
(ANOVA) along with Tukey’s HSD as a post-hoc test was used for multiple
comparisons. Statistical tests used are described in the figure legends with
significance defined as P < 0.05 for all tests. The number of biological replicates

(n) used is stated in the figure legends.

gPCR results were quantified using Roche LightCycler® 96 System v1.1 software.
AACT was calculated by normalising treated samples against the average of the
control samples. Protein expression levels were quantified by measuring the optical
density of Western blots using Image Studio Lite v5.2 software using the method

described in Stael et al., (2022). Briefly, the image was converted to greyscale and

91
Post-examination Copy 12/08/26



lane profile plots were generated using the gel analysis tool in the software. These
lane profile plots represent the relative density of each lane, with higher peaks
representing darker bands. The size of each peak was measured with the wand tool,
and the generated data was then used to calculate the relative density of both the
loading control (GAPDH) and the protein of interest for each sample by
normalising to the untreated control. The relative density of the samples were then
scaled to the relative densities of the loading control in order to quantify the protein

fold change.
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Chapter 3 :
The Effect of Conditioned
Media on HBMvEC

Barrier Properties
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3.1 Introduction

Astrocytes are intimately associated with the blood vessels of the CNS, essentially
covering almost all of the endothelial abluminal surface through direct contact with
their endfeet (Mathiisen et al., 2010; Hosli et al., 2022). This direct contact is
particularly important for the structural development of the gliovascular interface
as both of these cells contribute ExM proteins to the BM (Van Horssen et al., 2005;
Turner et al., 2017). Both astrocytes and endothelial cells are also known to express
connexin 43 (Cx43), a gap junction protein which allows adjacent cells to
communicate directly (Zhang et al., 2020; Toychiev et al., 2021). Astrocyte-
endothelial calcium signalling has been found to be communicated through these
gap junction channels, and this have been speculated to play a role in blood flow
regulation and other BBB-related functions(Simard et al., 2003; Schumacher et al.,
2024). A recent study has found that over 1/5 of the astrocyte proteome is
exclusively expressed in their endfeet processes, including several proteins that
have previously been reported to be critical to the normal development and function
of the BBB such as CD146 (J. Chen et al., 2017; D. Wang et al., 2020) and Reck
(Ulrich et al., 2016; Cho et al., 2017) (Stokum et al., 2021). However, studies on
whether these proteins are delivered through gap junctions or through an

extracellular pathway are limited.

Astrocytes are potent secretory cells, releasing a variety of substances that
contribute to the regulation of many aspects of the CNS (Pellerin & Magistretti,
1994; Henneberger et al., 2010; Poskanzer & Yuste, 2016; De Ceglia et al., 2023),
including the vasculature (Howarth et al., 2017; D. Liu et al., 2024). In fact,
astrocytes are known to release vasoactive mediators such as prostaglandin E2 (Rao
et al., 2007; Forsberg et al., 2017; Perrot et al., 2020) and epoxyeicosatrienoic acids
which act as vasodilators (C. Zhang & Harder, 2002; Nippert et al., 2022). In
addition, astrocytes have been found to secrete proteins that improve barrier
integrity in endothelial cells such as Wnt (Richards et al., 2015; Laksitorini et al.,
2019; Guérit et al., 2021) and sonic hedgehog (Shh) (Alvarez et al., 2011; Zhen et
al., 2018; Michinaga et al., 2021). However, they also secrete molecules that
promote barrier permeabilisation like vascular endothelial growth factor (VEGF)

(Argaw et al., 2012; S. Jiang et al., 2014; L. Wu et al., 2018). Therefore, astrocytes
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are positioned to have significant influence over endothelial phenotype and
behaviours. As such, this chapter aims to focus on the indirect signalling from

astrocytes that may affect the integrity of the BBB, even in different regions.

Early studies of BBB function used in vivo animal models (Ehrlich, 1885;
Lewandowsky, 1900). /n vivo models provide highly physiologically relevant data
as they capture the complexity of the entire system (A. Chen et al., 2024). However,
the use of animals in studies can be expensive, and also requires experience and
skills. Additionally, preclinical studies in vivo do not always translate successfully
in clinical trials (Perrin, 2014; Mahalmani et al., 2022). Although the complexity of
the NVU is difficult to replicate using in vitro systems, several models of
translational value have been developed in order to study the BBB in a more cost-
effective and ethical manner (reviewed in Jagtiani et al., 2022 and Soliman et al.,
2025). One of the most popular systems is the transwell model, in which a semi-
permeable membrane separates a chamber into two compartments to model the
apical and basolateral sides of the BBB. Although it was initially developed in the
early 1960°’s to study leukocyte chemotaxis (Boyden, 1962), the first use of
transwells to model the BBB was reported in the 1980s (P. D. Bowman et al., 1983).
In addition to its ease of use and availability, the transwell model also allows for
co-culturing of different cell types, allowing for closer mimicking of the in vivo

BBB (Strazza et al., 2016; W. Kim et al., 2022).

The BBB, however, exists in a dynamic 3D environment, influenced by blood flow
shear stress (DeOre et al., 2022; Yates et al., 2025). As such, these 2D BBB models
are oversimplified and static. Even in co-culture transwell models of the BBB, the
distance between astrocytes and endothelial cells is greater than in vivo as the insert
width is thicker than the BM in the CNS (Zakharova et al., 2021). The intercellular
dynamics of the BBB in vivo can be better models through the use of 3D BBB
models, such as hydrogel-based models, where hydrogels provide a 3D scaffold
which can more accurately reflect the mechanical properties of the brain’s ECM
(Kurosawa et al., 2022; N. R. Singh et al., 2023). However, commonly used
hydrogels, such as collagen I (Ahmad et al., 2011; Ruano-Salguero & Lee, 2018)
and Matrigel (Kim et al., 2022; Bolden et al., 2023) do not accurately represent the
microenvironment of the BBB (reviewed in Xu et al., 2019; Lennon & Sherwood,
2025).
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Microfluidic BBB models, which range from simple single-cell flow circuits to
more complex Organ-on-a-Chip or microphysiological systems, can simulate blood
flow, thus introducing sheer stress into the system (Deosarkar et al., 2015; Kawakita
et al., 2023). These systems, however, also fail to fully replicate the in vivo BBB
microenvironment due to their artificial structure and organisation (W. Wei et al.,
2023; Royse et al., 2024). 3D in vitro spheroid and organoid models are able to
provide a more accurate representation of the in vivo BBB as direct cell-cell
interactions are maintained and maximized in these models since cells are allowed
to self-assemble in a low-attachment culture vessel or within an ECM gel (Dao et
al., 2024; Paranjape et al., 2024). While 2D transwell models are simplistic, they
were chosen as the BBB model due to the nature of this study, which aimed to get

a basic understanding of how the astrocyte secretome affects the BBB.

Several studies have shown that the co-cultivation of astrocytes with brain and non-
brain endothelial cells from various model organisms resulted in increased barrier
function of these cells (Cecchelli et al., 1999; Kulczar et al., 2017; J. S. Park et al.,
2023). These studies primarily focused on the effects of direct contact between
endothelial cells and astrocytes. However, barrier activity has been found to
increase both when astrocytes are in direct contact with the endothelial cells and
when they are seeded at the bottom of the well, with no direct endothelial cell
contact (Kulczar et al., 2017; Zamproni et al., 2025). Thus, direct contact is not

necessary for astrocytes to affect endothelial cell properties.

Other studies have explored the effects of the astrocyte secretome on brain
endothelial cells by using astrocyte conditioned media (ACM) (Arthur et al., 1987,
Barar et al., 2010; Baumann et al., 2021). It can be noted, however, that studies
using both primary human endothelial cells and primary human astrocytes are
limited. To address this knowledge gap, this chapter specifically focuses on the
effects of the secretome of primary human astrocytes on the barrier properties of

primary human brain microvascular endothelial cells.

3.1.1 Chapter Aims
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e To characterise both primary human brain astrocytes and primary human

brain microvascular endothelial cells (HBMVECs)
e To explore the effect of primary human ACM on HBMVEC viability
e To explore the effect of primary human ACM on HBMVEC barrier function.

e To explore the effect of primary human ACM on TJ gene and protein
expression of HBMVECs.
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3.2 Results

3.2.1 Cell Characterisation
3.2.1.1 Human Primary Astrocytes

In order to obtain samples of the primary human astrocyte secretome, it was
imperative to ensure our cells and the culturing regime provided samples that were
of translational value. As such, human primary astrocytes obtained from a
commercial source were first characterised in order to confirm appropriate marker
expression of the cells (Figure 3.1). These cells were found to have a flat, spread-
out morphology (Figure 3.1A), which is commonly found with quiescent astrocytes
in 2D culture (Galland et al., 2019; Baldwin et al., 2024). Activated astrocytes in
culture, on the other hand, become more elongated, extending their long processes
(B. Liu et al., 2006). The common astrocytic biomarker GFAP was evaluated in
order to assess the validity of these cells before media was collected. GFAP is an
established component of astrocyte intermediate filaments and is a hallmark of
reactive astrocytes (Escartin et al., 2021; De Bastiani et al., 2023). It has often been
used to distinguish astrocytes from other glial cells (Cahoy et al., 2008; J.-M. Shi
et al, 2023). Astrocytes were grown on coverslips and fixed in 4%
paraformaldehyde (PFA) prior to the exploration of GFAP expression (Figure
3.1B). A low level expression of GFAP was seen in all cells, with the exception of
higher expression in a marginal number of cells (not shown). Confluent astrocyte
cultures (P2-P5) were harvested for mRNA isolation and revealed GFAP presence
on the mRNA in these cells but not in endothelial cells (Figure 3.1C), further
illustrating that the cells in culture are of astroglial lineage and express an astrocyte

marker found in vivo.
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Figure 3.1 Cell characterization of astrocytes. (A) shows a brightfield image of astrocyte
morphology at passage 4 and 90% confluency using 4x magnification. B) shows the
expression of GFAP in astrocytes at 10x magnification. C) shows the expression of GFAP
mRNA in astrocytes but not in endothelial cells (n=2). Gene expression calculated using
the AACrmethod and normalised to the average Crvalue of the astrocyte samples.

3.2.1.2 HBMVECs

HBMVECs were characterised to demonstrate cell-specific marker expression
(Figure 3.2). Although endothelial cells are typically associated with a cobblestone-
like morphology, variability in their appearance has previously been observed
(Rupnick et al., 1988; Ya & Bayraktutan, 2025), including the more spindle-shaped
morphology developed by our cells seen in Figure 3.2A. A number of common
biomarkers were also used to confirm the validity of these cells before routine
experimentation. These were the TJ markers claudin-5 (CLDNS), occludin (OCLN)
and ZO-1 (Stamatovic et al., 2016; Munji et al., 2019). Confluent HBMVECs were

grown on transwell membranes before being fixed in 4% PFA and probed for ZO-
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1 (Figure 3.2B). A mounting medium containing DAPI was used to mount the
membrane onto a glass slide and to stain the nuclei of the cells. Confluent HBMvVEC
cultures (P6-P16) and astrocyte cultures (P2-P5) were also harvested for mRNA
isolation. HBMVECs expressed CLDNS5, OCLN and ZO-1 at higher levels in
comparison to astrocytes. Together, these results illustrate that the cultured cells
exhibit tight junction markers which confirms the cells to be specifically of brain

endothelial cell lineage.
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Figure 3.2 Cell characterization of HBMvECs. (4) shows HBMvEC morphology at
passage 12 and 70% confluency using 4x magnification. As these cells have not established
a confluent monolayer, they are elongated and spindle-shaped which is typical of
endothelial cells during active growth. In areas where the cells are closer together, they
are beginning to exhibit the class “cobblestone” morphology associated with confluent
endothelial cells. B) shows the location of the tight junction protein ZO-1 (red) at the
periphery of the cells on transwell membrane using confocal microscopy at 40x. C)
confirms the expression of claudin-5 (CLDN)) (right), occludin (OCLN) (centre) and ZO-
1 (left) in these endothelial cells (blue) but minimal expression, if not none, in astrocytes

(n=2).
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3.2.2 Effect of ACM on Endothelial Cell Barrier Properties

In order to discern the indirect effects of human primary astrocytes on the barrier
properties of primary HBMVECs, astrocyte media (AM) was incubated on
astrocytes for 48 hours to generate ACM. A 48-hour incubation period can result in
the accumulation of toxic metabolite products released by the cells. This could
therefore negatively affect cellular viability and barrier properties if used as a
treatment. Therefore, to determine whether cells are reacting to metabolite toxicity,
endothelial conditioned media (ECM) was generated by incubating endothelial
media (EM) on endothelial cells for the same incubation period to be used as a
control. Control media (AM and EM) were also incubated in the absence of cells
for the same length of time to control for the baseline effects of media itself. ACM
and ECM supernatants was collected and centrifuged at 1500 x g for 15 minutes to
remove any dead cells or large molecules and then stored at -20°C until required.
Frozen media was allowed to fully thaw at room temperature before being warmed
to 37°C for experiments. Fresh media refers to media that has not been incubated

nor come into contact with cells.
3.2.2.1 The Effect of ECM on Endothelial Cell Viability

Prior to exploring the effect of ACM on the barrier properties of HBMVECs, the
viability of these cells after treatment with conditioned media was explored. Firstly,
the effect of ECM itself on the viability of HBMVECs was investigated in order to
identify any possible effect of toxic secreted endothelial waste products acting in

an autocrine or paracrine manner on HBMvECs.

For these experiments, EM and ECM were used, either as is (100%) or diluted to
50% with an equal volume of fresh EM, i.e., media that had not been in contact with
cells nor incubated (Figure 2.2). HBMVECs were seeded into 96 well plates and
were treated with 50% EM, 50% ECM, 100% EM and 100% ECM in quintuplicate
for 6, 24 and 48 hours. Upon completion of the timecourse, the cells were fixed
with 3.5% PFA for 10 minutes. After fixation, cell viability was measured using a
crystal violet assay (2.2.4.1). This assay relies on the principle that adherent cells

detach from the plate during cell death. Results were normalised to cells that were
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treated only with fresh EM on the plate. There was no significant difference in

viability between EM and ECM, at any concentration or timepoint (Figure 3.3).
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Figure 3.3 Endothelial cell viability after incubation with EM (purple) or ECM (pink)
for 6 (A), 24 (B), 48 (C) hours. One-way ANOVA analysis was performed for each timepoint
in RStudio. n =5. Black dots signify individual data points.

3.2.2.2 The Effect of ACM on Endothelial Cell Viability
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As there was no significant change in viability of HBMvVECs when treated with
ECM, the effect of AM and ACM on the viability of these cells was subsequently

explored to optimize treatment conditions for future experiments.

For this, AM and ACM were used, either as is (100%) or diluted to 50% with fresh
EM (Figure 2.2). HBMVECs were seeded in 96 well plates and were then treated
luminally in quintuplicate with 50% AM, 50% ACM, 100% AM and 100% ACM
for 6, 24 and 48 hours. The viability of HBMVECs was measured as in 3.2.2.1.

While there seems to be a concentration-dependent decrease in viability for cells
treated with AM and ACM, this decrease was not significant after 6 hours and 24
hours (Figure 3.4A, B). However, after 48 hours, there was a significant decrease
in viability in cells that had been treated with 100% AM (49.2% + 17.5%, p =
0.008), as well as in cells that had been treated with 100% ACM (49.2% + 12.6%,
p = 0.0025) in comparison to the control (Figure 3.4C). Importantly, there was no
significant difference between undiluted AM and ACM. However, there was a
significant difference in viability between 100% ACM and 50% ACM (49.2% =+
12.6% vs 96.5 + 26.8% respectively, p = 0.0285).
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Figure 3.4 Endothelial cell viability after incubation with AM (gold) or ACM (green) for
6 (A), 24 (B), 48 (C) hours. One-way ANOVA analysis was performed for each timepoint
in RStudio. n =5. Black dots signify individual data points. ** p < 0.01 in comparison to
control. # p <0.05 between concentrations.
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Although there was a clear effect of ACM treatment on HBMVEC viability,
treatment in 96 well plates does not accurately reflect the conditions of future
planned experiments, where the cells will be grown in transwells and will therefore
have more access to EM. Therefore, the effect of diluted and undiluted AM and
ACM on the viability of HBMVECs under basolateral transwell exposure for 6, 24,
and 48 hours was also explored. In this set of experiments, HBMVECs were seeded
in the apical chamber of a transwell and allowed to adhere overnight. The media in
the apical chamber was replaced with fresh EM. Treatments, as described in Table
2.3, were added to the basolateral chamber. Upon completion of the timecourse, the
transwells were fixed in 3.5% PFA for 10 minutes. Cell viability was then measured
using a crystal violet assay (2.2.4.2). Cell viabilities were normalised to the control:

cells treated with fresh EM basolaterally.

Figure 3.5 shows that AM decreased HBMVEC viability in a time and concentration
dependent manner. There was no significant difference in viability shown after 6
hours incubation with either AM or ACM, diluted or undiluted (Figure 3.5A).
However, after 24 hours, viability decreased significantly upon treatment with
undiluted AM (50.2% + 12.8%, p = 0.000526) and undiluted ACM (44.2% + 12.2%,
p=0.001665) (Figure 3.5B). Similar to results upon apical treatment of HBMVECs,
there was no significant difference between undiluted AM and ACM. However,
there was a significant difference in viability between 50% AM and 100% AM
(83.5% + 4.65% vs 50.2% + 12.8% respectively, p = 0.00869) and between 50%
ACM and 100% ACM (83.3% +5.79% vs 44.2% + 12.2% respectively, p = 0.0459),

suggesting that media concentration has a significant effect.

At 48 hours, the viability of cells treated with undiluted AM was significantly
decreased in comparison to the control (21.1 £21.7% (p = 0.00383), (Figure 3.5C).
Interestingly, although there was no significant difference in HBMVEC viability
after incubation with either diluted AM or diluted and undiluted ACM, there was a
significant decrease in HBMVEC viability after incubation with 100% ACM in
comparison to 50% ACM (63.2% + 12.4% vs 102% =+ 26.6% respectively, p =
0.0446) as seen after 24 hour incubation. Additionally, the viability of HBMVECs
treated with diluted ACM was significantly increased in comparison to those treated
with diluted AM (56.6 % £ 4.04% vs 102% + 26.6% respectively, p = 0.0198). This
was also seen in HBMVEC:s treated with undiluted ACM and AM, although this was
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not significant (63.2% + 12.4% vs 21.1% + 21.7%, p = 0.182). This was also seen
at 6 hours (98.8% + 14.2% vs 88.2% + 10.7%) and 24 hours (50.2% + 12.8% vs
44.2% + 12.2%), although these were again not significantly. This suggests that
ACM has a protective effect on HBMVEC viability.
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Figure 3.5 Endothelial cell viability after basolateral incubation with astrocyte
conditioned media for 6 (B), 24 (C), 48 (D) hours. A) describes the method of treatment.
One-way ANOVA analysis was performed for each timepoint in RStudio. n =2. Black dots
signify individual data points. ** p <0.01, *** p <0.001 compared to control. #p <0.005
compared between concentrations. d p <0.01 compared between treatments.

3.2.2.3 The Effect of ACM on HBMVEC Permeability
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As treatment with undiluted AM and ACM resulted in significant decreases in
HBMVEC viability (3.2.2.2), 50% AM and ACM were chosen for experiments
looking at HBMVEC permeability. Endothelial cells were seeded onto a transwell
and allowed to adhere overnight. The next day, the media was removed, and fresh
endothelial media added to the apical chamber. Diluted (50%) ACM, Diluted (50%)
AM control, or EM control was added to the basolateral chamber thereby better
reflecting the spatial proximity of astrocytes to the basolateral surface of cerebral
capillaries. Treatments were incubated for 6, 24, and 48 hours. After completion of
the timecourse, media in the basolateral chambers was replaced with fresh
endothelial media and 2 mL FITC-dextran (250 pg/mL, diluted in endothelial
media) was added to each apical chamber. Samples of the media in the basolateral
chamber were taken every half hour for 3 hours before the fluorescence was read at

535 nm. Fluorescence was normalised to control media and FITC-dextran.

There was no significant difference in the permeability of HBMVECSs after 6 and 48
hours of incubation with diluted AM and ACM in comparison to the control (Figure
3.6A, C). After 24 hours of incubation, both cells that were treated with AM and
ACM had increased permeability at the final time point although only cells treated
with AM approached significance (1.27 = 0.136, p = 0.0867 and 1.28 + 0.195, p =
0.127, respectively) (Figure 3.6B). Although it seems that both HBMVECs treated
with AM and ACM experience a decrease in permeability for the first half of the
assay, there is no significant difference between the permeability of these cells to

the control by the final timepoint (t = 180 mins).
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Figure 3.6 Permeability of HBMvECs after incubation with diluted astrocyte
(conditioned) media for 6 (4), 24 (B), and 48 (C) hours. Complete cell coverage was
verified visually prior to treatment and prior to beginning of the assay. The line graphs
(left) and histograms (right) show the change in permeability (%TEE FD40) between 0 —
180 mins and at a given timepoint (t = 180 mins), respectively. D) shows the permeation
rate of each line graph. Results are averaged from n =3 independent experiments = SD.
Fold changes are shown normalised to EM control.
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3.2.2.4 The Effect of ACM on TJ Gene Expression Levels

Diluted (50%) ACM had no significant effect on HBMVEC permeability at any
timepoint (Figure 3.7). However, as permeability assays focus on the overall
integrity of the barrier, changes on the molecular level could be missed. Many
members of the TJ protein families share similar functions, with the loss of a single
protein compensated for by related homologs (Wada et al., 2013; Otani et al., 2019).
Therefore, it was hypothesized that treatment with ACM may still cause an effect
on the major proteins of the TJ complex. Therefore, the effect of ACM on the
expression of claudin-5, occludin, and ZO-1 were explored on both the mRNA and

protein levels.

For these experiments, endothelial cells were seeded onto a transwell and allowed
to settle overnight. The next day, the media was removed, and fresh endothelial
media added to the apical chamber. Diluted (50%) ACM, diluted (50%) AM
control, or undiluted EM control was added to the basolateral chamber. Treatments
were incubated for 6, 24, and 48 hours. After completion of the timecourse, cells
were either lysed in TRIzol (for RNA isolation) or RIPA buffer (for protein

isolation).

There were no statistically significant changes in CLDN-5, OCLN or ZO-1 gene

expression after incubation with ACM at any time point (Figure 3.7)
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Figure 3.7 TJ gene expression after incubation with diluted ACM. The expression
of claudin-5 (A), occludin (B), and ZO-1 (C) were explored after 6 hours (left), 24
hours (middle), and 48 hours (right) incubation. Fold change values determined by
qgPCR. For 6 and 24 hours, n =2. For 48 hours, n = 3.

110

Post-examination Copy 12/08/26



On the protein level, there were no statistically significant differences in claudin- 5
protein expression at any timepoint (Figure 3.8). Trends indicated, however, that
after 48 hours, this protein appeared to be down regulated by treatment with AM (-
0.683+0.429, p > 0.05) while treatment with ACM seemed to attenuate protein
expression (0.653+1.55, p > 0.05) in 2 out of 3 replicates (Figure 3.8C).
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Figure 3.8 Claudin-5 protein expression analysis in response to ACM after 6 hours (A),
24 hours (B), and 48 hours (C). Black dots indicate individual data points. n =2 (A, B). n
=3(B, C). Data is presented as the median fold change + SD. Data analysed using one-way
ANOVA. Representative blots for claudin-5 at each time point are presented below each

boxplot. GAPDH was used as a loading control.
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There was no significant change in occludin gene expression levels after ACM
treatment at any timepoint (Figure 3.9). However, AM treatment significantly
reduced occludin protein expression levels after 48 hours of incubation (0.449 +
0.127, p = 0.00537) (Figure 3.9C). Although only approaching significance, ACM
seemed to attenuate this somewhat (0.775 £ 0.178, p = 0.0529).
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Figure 3.9 Occludin protein expression analysis in response to ACM after 6 hours (A),
24 hours (B), and 48 hours (C). Black dots indicate individual data points. n = 2 (A, B).
n = 3(B, C). Data is presented as the median fold change + SD. Data analysed using one-
way ANOVA. Representative blots for occludin at each time point are presented below each

boxplot. GAPDH was used as a loading control.
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Z0-1 expression also remained statistically unchanged on the protein level at any

timepoint (Figure 3.10).
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Figure 3.10 ZO-1 protein expression analysis in response to ACM after 6 hours (A) and
48 hours (B). Black dots indicate individual data points. n=2 (A). n = 3 (B). Data is
presented as the median fold change + SD. Data analysed using one-way ANOVA.
Representative blots for ZO-1 at each time point are presented below each boxplot.

GAPDH was used as a loading control.
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3.3 Discussion

This chapter examined the effects of ACM on the viability and BBB integrity of
HBMVECs. As an initial step, the lineage of both primary astrocytes and HBMvECs
were confirmed through the expression of several classical markers. Once the
identity of these cells was confirmed, a bank of 48-hour conditioned media samples
was prepared from both astrocyte and endothelial cell cultures maintained in
standard culture conditions. The initial aim towards examining how the astrocyte-
derived secretome influences HBMVEC phenotype required assessment of the
impact of the secretome on HBMVEC viability with respect to concentration and

time.

Although there was no significant change in HBMVEC viability after treatment with
ECM, the viability of these cells decreased in a time and concentration-dependent
manner upon apical treatment with both AM and ACM. This suggested that the
chemical composition of the astrocyte base media itself has a detrimental effect on
the viability of the cells, as diluting AM with EM resulted in an attenuation of this
effect. Similar results were found upon basolateral exposure of HBMVECs to ACM.
Studies looking at endothelial cell viability following ACM incubation are lacking
in literature. However, Leopold et al., (2019) compared the effect of 7 purchasable
endothelial culture media on key biological properties of primary human
endothelial cells and found that viability varied widely. Since even some medias
targeted for endothelial cell use resulted in poor viability, it is perhaps of no surprise

that another media type would produce the same results.

Interestingly, after 48 hours of basolateral exposure, EM-diluted ACM significantly
improved viability of HBMVECs in comparison to undiluted ACM. This suggests
that the toxic effects of astrocytic media components on HBMVECs are being
diluted. Furthermore, both diluted and undiluted ACM improved viability of
HBMVECs in comparison to AM, pointing to the astrocyte secretome having a
protective effect on the viability of HBMVECs and implying that the secretome of

human brain astrocytes has a beneficial effect on these cells.

However, the crystal violet assay detects the maintained adherence of cells to the

well as an indirect measure of viability (Mineiro et al., 2020; Gungor et al., 2026).
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Therefore, these results may be attributed to AM and ACM affecting the adherence
of HBMVECs but not viability. As a result, the adherence of cells after treatment
with ACM was explored (Figure A.l, Appendix). There was no significant
difference in the number of live cells found in the apical chamber after treatment
with AM or ACM. If this treatment had affected adherence, then an increase in live
cells would have been found. This result suggested that the results of the crystal
violet assay are not due to changes in adherence but in viability. However, this could
be further confirmed through the use of other assays that have been used to measure
viability in endothelial cells such as PrestoBlue (Boncler et al., 2014; Luzak et al.,
2022), MTT (F. Cheng et al., 2020; Parenti et al., 2026), and Cell Counting Kit-8
(CCK-8) (C. Song et al., 2024; Ryu et al., 2025).

By contrast, diluted ACM did not have a statistically significant effect on the
integrity of the barrier at any timepoint. This contradicts other studies that have
looked at the effect of ACM on endothelial cell permeability (Arthur et al., 1987,
M. Torok et al., 2003; Baumann et al., 2021). To overcome inter-species
differences, this discussion will be limited to studies involving human endothelial
cells and human-derived ACM. Siddharthan et al., (2007) found that static co-
cultivation of primary human endothelial cells with ACM from human foetal
astrocytes for 5 days was able to improve integrity of the BBB. The expression
profile of astrocytes changes during development (Cahoy et al., 2008; Lattke et al.,
2021), which may explain the contrasting results. However, Kuo & Lu (2011) also
found that the barrier properties of primary human endothelial cells were improved
upon long-term (14 days) treatment with diluted ACM from primary human
astrocytes in the basolateral chamber, with increased electrical resistance and
decreased permeability by 70%. Since the incubation time was much shorter in our
study (i.e., up to 48 hours), this may explain the differences between results. By
contrast, Guo et al., (2025) also found that ACM from human astrocytes was
decreased permeability of HBMVECs, even after a shorter incubation period (3

days).

The aforementioned studies also used tracers of different sizes, varying from very
small ( >1kDa (Siddharthan et al., 2007; Kuo & Lu, 2011; Baumann et al., 2021))
to 66 kDa (Guo et al., 2025). Other studies used electrical resistance as a
measurement of barrier integrity (M. Torok et al., 2003; Kuo & Lu, 2011). In this
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study, a fluorescent tracer (FITC-dextran) of 40 kDa was used, which could explain
the contrasting results seen in comparison to these studies. FITC-dextran of 40 kDa
is commonly used to explore the selective permeability of the BBB (Hoffmann et
al., 2011; Greene et al., 2024). However, FITC-dextran is available in a variety of
molecular weights, ranging from 0.4 kDa to 20,000 kDa (Sigma). 4 kDa and 70 kDa
FITC-dextran are also used in BBB permeability assays (Hoffmann et al., 2011;
Alves et al., 2019; Couto et al., 2019; J. Sun et al., 2022), in order to explore the
permeability of the BBB to low and high molecular weight proteins, respectively.
Due to material constraints, a decision was made to use a medium molecular weight
FITC-dextran in order to capture an overview of the barrier’s integrity. However, a
limitation of this approach is a lack of insight into the integrity of the BBB to low
and high molecular weight proteins in particular. Unlimited time and materials
would have allowed for an exploration into the integrity of the barrier to both low
and high molecular weight proteins. Additionally, while unavailable for this study,
exploring the electrical resistance of HBMVECs would have allowed for a
comprehensive analysis of the health of the TJs and barrier (Srinivasan et al., 2015;

S. Shan et al., 2022).

Another rationale that could explain these contrasting results was that viability was
significantly compromised upon HBMVEC exposure to both AM and ACM, likely
due to a toxic effect of the astrocyte media composition on endothelial cells.
Interestingly however, although viability decreased significantly upon treatment
with AM, there was no significant difference in permeability between HBMVECs
treated with AM and the control. This suggests that while both undiluted AM and
ACM significantly decreased viability, the composition of the media itself may not
be the cause of the significant increase in permeability. Additionally, this was not
caused by changes in the adhesion of the cells as there was no significant difference
in the amount of detached live cells found in the apical chambers of HBMVECs
treated with undiluted AM or ACM (Figure A.1, Appendix). These results suggested
that there may be an aspect of the astrocyte secretome that was able to modulate the

barrier integrity of HBMVECs.

In further studies, the expression levels of the major TJ proteins were explored on
both the mRNA and protein levels after HBMVEC incubation with diluted ACM.
There were no statistically significant changes in claudin-5 gene expression at any
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timepoint, although claudin-5 protein expression was observed to change, albeit not
consistently, after 48 hours of incubation with ACM. In this respect, a study
reported that primary human ACM had no effect on claudin-5 mRNA expression
on a healthy human endothelial cell line after 6 hours of incubation (Stafford et al.,
2022). An even earlier study, however, found that human ACM increases claudin-5
mRNA expression in brain endothelial cells after 24 hours (Alvarez et al., 2011). Y.
Wang et al., (2014) found that claudin-5 protein levels increased in MBEC4 cells
(a mouse brain capillary cell line) after incubation with undiluted mouse primary
ACM for 24 hours. Another study also found that conditioned media from an
immortalised astrocyte cell line, U251, was also able to increase claudin-5 protein
levels in hCMEC/D3 cells after 6 days incubation, with media refreshed every 24
hours (L. Yang et al., 2024).

There were also no significant changes in occludin gene expression levels at any
timepoint. In this respect, other studies on occludin expression after ACM treatment
seem to be limited. However, Guo et al., (2025) found that ACM from human
astrocytes was able to increase occludin mRNA expression in HBMvVECs after 3
days incubation. Also in our studies, there appeared to be a significant decrease in
occludin protein levels in HBMVECs incubated with AM which was attenuated by
ACM after 48 hours, although no significant effect was observed at shorter
timepoints. Another study also found that there was no significant change in
occludin protein expression after a short period of incubation of the mouse brain
endothelial cell line cerebEND with ACM derived from the rat glioma line, C6 (W.
Neuhaus et al., 2014). However, Y. Wang et al., (2014) found that occludin protein
levels increased in MBEC4 cells after incubation with mouse primary ACM for

only 24 hours.

Z0-1 gene and protein expression remained consistent with control levels at all
timepoints, in direct contrast to Siddharthan et al., (2007) who found that ZO-1
protein levels were increased upon treatment of primary human brain endothelial
cells with ACM. Again, as Siddharthan et al., used foetal astrocytes, this increase
in ZO-1 may be limited to a developmental stage of the astrocytes. Additionally,
endothelial cells in this study were incubated with ACM for 5 days, a longer
exposure time than that used in our study. Gardner et al., (1997) also found that
50% ACM was able to increase ZO-1 protein expression after only 3 days of
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exposure. By contrast, Stafford et al., (2022), found that ZO-1 levels remain
unchanged after 6 hours of incubation with ACM, which may suggest that changes

to ZO-1 expression do occur but only after longer incubation times.

Interestingly, Zamproni et al., (2025) found that 103 genes were differently
expressed in human endothelial cells cultivated with human astrocytes.
Remarkably, however, these did not include claudin-5, occludin, or ZO-1. This
contributes to the frequently contradicting results regarding TJ gene expression
found across the literature. This variability could potentially be attributed to the
differences in cells used, variations in the chemical composition of base media, and
discrepancies in incubation times. One reoccurring aspect in these studies is that the
same media used for conditioning was used for the maintenance of endothelial cells.
This may have also played a role in the differences of our results. One paper found
that the composition of medias resulted in variability of endothelial cell
permeability of endothelial cells as well as in claudin-5 expression levels (Helms et
al., 2010). Although this was a factor considered during experimental planning,
there were concerns as to how the different composition of the media could affect
the secretome of the astrocytes, as different culture media is known to result in
differences in cellular properties (Combe & Sokolenko, 2021; J. Lee et al., 2025),
including in astrocytes (Wolfes et al., 2017; Tsukuda et al., 2019).

Exploring the expression levels of TJ genes and proteins is an important initial step
in understanding the underlying mechanism of BBB function as several studies
have found a correlation between TJ expression levels and barrier function
(McCarthy et al., 1996; Nitta et al., 2003; Jiao et al., 2011; Sugiyama et al., 2023).
However, functional TJs rely on protein interactions between the transmembrane
proteins at the cell periphery, which depends on the proper localisation of TJ
proteins to the cell periphery. Gene and protein expression levels do not provide
information about the location of these proteins in the cell and therefore only show
an incomplete insight into the effect of ACM on TlJs. Initially, plans were made into
exploring the effect of ACM on the localisation of these TJ proteins and an attempt
was made into staining of HBMVECs on transwell membranes. However, due to
lack of antibody specification, issues with fixation in addition to a lack of time, as

well as due to the confounding effect of the AM on HBMVECs, and seemingly
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negligible effect of ACM on the integrity of BBB, other experiments were

prioritised

In conclusion, although AM itself seemed to cause a decrease in viability,
conditioned media attenuated this effect when cells were given access to endothelial
media, regardless of whether ACM was diluted with EM itself or not, clearly
indicating that ACM has a protective effect on HBMVECs. Similarly, incubation
with AM resulted in a decrease in occludin protein levels but ACM was able to
attenuate this effect Whilst there appeared to be no statistically significant change
in permeability with either AM or ACM, the ACM did appear able to modulate
claudin-5 protein levels following extended incubation times, albeit not statistically.
This collective evidence indicates that there is some factor in ACM that does affect
the barrier properties of HBMvVECs. However, determining the exact component(s)
is difficult due to the complexity of the astrocyte secretome (Matafora et al., 2023;
J. Liu et al., 2025). The potentially toxic effects of the astrocytic base media
chemical composition on the HBMVECs is also a confounding factor in these

experiments.

Determining and isolating the beneficial factor(s) in ACM would allow us to
explore their effects on the cells directly, without any confounding effects from the
astrocyte media itself. Astrocytes have also been shown to release EVs as part of
their secretome (Forr¢ et al., 2024; Nieland et al., 2025). As EVs are mediators of
cellular communication (J. Wang, Li, et al., 2022; Y. Yu et al., 2024), this may be
one of the main secreted factors that is causing the increase in permeability and/or
attenuating the effect that astrocyte media has on the viability of HBMVECs. The
contents of EVs reflect the state of the donor cell (Hoshino et al., 2020; K. S. Lee
et al., 2021) which may support the levels of statistical variability seen in some
experimental results. Hence, the following chapters will now deal with EV isolation
from conditioned media (Chapter 4) and their effect on the barrier function and TJ
gene expression (Chapter 5) as well as on the transcriptome of HBMvVECs (Chapter
6).
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Chapter 4 :

Verification and

Quantification of EV
Isolation Methods
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4.1 Introduction

Intercellular communication is a key component of a variety of physiological
functions (Ramilowski et al., 2015; X. Zhou et al., 2018; M. Tian et al., 2025). The
importance of the cellular secretion and uptake of extracellular vesicles (EVs) in
cell-cell communication has recently emerged (Irmer et al., 2023; T.-L. Liao et al.,
2025), with EVs being consistently exchanged by different cells over short and long
distances in vivo (Hoshino et al., 2015; Linxweiler et al., 2021). EVs are
heterogeneous nanoparticles, containing cytosolic proteins and RNA, enclosed by

a transmembrane protein-containing lipid bilayer.

The contents of these particles often reflect those of their donor cell, offering an
insight into the state of their source (Tkach et al., 2017; O’Hara et al., 2020). As
they can be found in practically all biological fluids, including blood (Abdelmohsen
etal., 2023; Y. Ren et al., 2011), urine (Pisitkun et al., 2004; Filipovi¢ et al., 2024),
and cerebral spinal fluid (Balusu et al., 2016; Gu et al., 2021), EVs have gathered
much attention as a non-invasive biomarker for several diseases (A. Kumar et al.,
2023; Z. Zhang et al., 2023; M. A. Kumar et al., 2024). For example, EV content
differs significantly between head and neck squamous-cell carcinoma cells
(HNSCC) and normal cells (Langevin et al., 2017; Theodoraki et al., 2021). In
addition to this, EVs isolated from HNSCC patients who showed complete
responses to treatment contained different proteins (Lim et al., 2019; Rodrigues-
Junior et al., 2019), highlighting EVs not only as biomarkers of disease but their

potential as predictors of therapeutic efficacy.

However, EVs also act as dynamic mediators of cellular communication by
transferring their contents to recipient cells. This allows them to play important
roles both physiologically (J. S. Choi et al., 2016; B. Li et al., 2020) and in disease
progression (Cooks et al., 2018; S. Zhao et al., 2020). EVs have been shown to
accumulate in multiple organs (Gupta et al., 2020; Liam-Or et al., 2024). As a result,
discerning their effect on specific cell types is difficult in vivo. Therefore, using
translational in vitro models allows for the isolation of EVs from one type of donor
cell and the exploration of their effect on a particular recipient cell. Several studies
have investigated EVs isolated from cell culture conditioned media in vitro in order

to determine their properties (Silachev et al., 2019; Z. Wang et al., 2020) as well as
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to study their therapeutic potential in pathological conditions (Jin et al., 2021;
Turovsky et al., 2022).

Although several methods have been developed in order to isolate EVs both from
biological sources and conditioned media, each of these methods has its own
limitations. Research has shown that yield, purity, and preservation of the
biophysical properties of isolated EVs depends on the method chosen (Nordin et
al., 2015; Gamez-Valero et al., 2016; Brennan et al., 2020; Veerman et al., 2021;
Suresh & Zhang, 2025). The gold standard for the isolation of exosomes has been
through differential centrifugation (DC), which is the most commonly reported
strategy (Gardiner et al., 2016; Konoshenko et al., 2018). First published by
Johnstone et al. (1989), this method uses high centrifugal speeds (typically 100,000
-150,000 x g) in order to separate and purify EVs, following the removal of
increasingly smaller debris through repeated centrifugation steps of increasing
speeds. Repeated centrifugation can reduce the amount of non-EV particles that co-
precipitate with the EVs. However, as a result, EVs can get lost or damaged,
consequently reducing particle yield. As particle sizes have different sedimentation
rates during centrifugation, larger particles like MVs can be isolated through
centrifugation at a lower speed (14,000-20,000 x g) (F. A. Martin et al., 2014;
Menck et al., 2017).

As DC requires access to high-speed centrifuges, polymer-based isolation methods,
which require much lower centrifugation speeds, have become a more accessible
option. Polyethylene glycol (PEG) is a polyether compound which is used to
concentrate and purify viruses (Adams, 1973; Alexander et al., 2020). As viruses
and EVs share similar biophysical properties, methods used to isolate viruses have
been adapted in order to isolate EVs. Specifically, Rider et al (2016) developed a
polymer-based EV isolation method using PEG (ExtraPEG) that has been routinely
employed in EV research (Crewe et al., 2021; K. Yang et al., 2022; X. Xie et al.,
2023). This method involves the overnight incubation of conditioned media with
PEG, followed by a low-speed centrifugation step (1,500 - 2000 x g) in order to
isolate the vesicles. The addition of highly hydrophilic polymers creates a
hydrophobic micro-environment in the solution through their interaction with water
molecules surrounding the EVs. This decreases the solubility of EVs and allows
them to precipitate more easily with a lower speed centrifugation step as compared
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to DC. Commercial polymer-based EV isolation reagents, such as ExoQuick""
(Systems Biosciences) and EXO-Prep™ (HansaBioMed), have also been widely
used (C.-H. Lu et al., 2021; Y. Huang et al., 2022; Reseco et al., 2024). These are
user-friendly and tend to result in higher yields in comparison to other methods
(Tangwattanachuleeporn et al., 2022; Williams et al., 2023). However, one study
found that RNA yield was lower using the ExoQuick " kit in comparison to DC
(Aziz et al., 2022). These also tend to be expensive whereas the ExtraPEG isolation
method is comparatively cheaper and produces similar results. Polymer-based
precipitation methods can result in high yields, but these can be of low purity due
to coprecipitation of non-EV components. Additionally, remnants of the polymer
may affect downstream processes, such as mass spectrometry (Coughlan et al.,

2020).

In order for this body of research to investigate the biological influence of EVs, it
was necessary to determine an effective method of isolating them from the sample
matrix (i.e. cell culture media). As mentioned above, different isolation methods
can affect the characteristics of the isolated EVs (Nordin et al., 2015; Gdmez-Valero
et al., 2016; Brennan et al., 2020; Veerman et al., 2021; Suresh & Zhang, 2025).
This is particularly important given that different cell lines may require specific
isolation methods for optimal EV isolation (Jeppesen et al., 2014; X. Xie et al.,
2023). Therefore, it is essential to select a method that yields the optimum results
in terms of both yield and purity for the specific cells used. As such, in this chapter
it was endeavoured to isolate and characterise EVs released from both astrocytes
and HBMVECs cells using both DC and PEG methods of EV isolation.
Additionally, the effect of applying two different DC speeds (20,000 x g and 50,000

x g) was explored.
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4.1.1 Chapter Aims

e To compare two different methods of isolating EVs derived from both
astrocyte and endothelial cell conditioned media in terms of purity,
heterogeneity, and absence of confounding factors with a view of selecting

the best method.
e To optimise this isolation method with a view of maximising EV yield.

e To characterise the physical (size, heterogeneity) and molecular (protein)

properties of the EV isolates.
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4.2 Results
4.2.1 Comparison of EV methods

In order to compare three popular EV isolation methods, conditioned media was
banked from both HBMVEC (ECM) and astrocyte (ACM) cultures. Large cells and
cellular debris were removed from the media via centrifugation prior to storing of
the supernatant at -20°C. EVs were isolated from batched media by following the

methods below.
4.2.1.1 Microvesicle Isolation (MV)

For MV isolation, EVs were isolated using the method described in Section 2.2.2.2,
based on a modification of the method previously published by Martin et al., (2014).

Figure 4.1 summarises these steps.
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Figure 4.1 Flowchart summarising the Microvesicle Isolation method. The stepwise
removal of conditioned media constituents utilising centrifugal forces of increasing
speeds and times. Following the removal of cells, cellular debris, proteins, etc, a
spin at 20,000 x g results in an isolated pellet enriched in EVs. This pellet was
resuspended in PBS to remove any unwanted co-precipitants and spun again.
Figure created by author using Affinity Designer (v 1.10.6.1665).
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4.2.1.2 Differential Centrifugation (DC)

Based on the protocol of Théry et al. (2006), EVs were isolated using differential

centrifugation as described in Section 2.2.2.3. The steps taken are summarised in a

flowchart in Figure 4.2.
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300xg || 2000xg || tube
e —_— —_— e
10 min B 20 min i Spin at
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' o [ 1 30 min
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media (48hrs) E C
Discard Discard Discard
pellet pellet pellet
PreCIGarance (cells) (dead cells) (cell debris
& large EVs)
Transfer supernatant to
ultracentrifuge tube
/ N\ 7N\ N\
Spin at Resuspend Spin at
max. speed EV pellet max. speed
(50,000 x g) in PBS * (50,000 x g)
— — . ® —_—
70 min J 70 min
4°C 4°C
EV pellet EV pellet
(unwashed) (washed)
Isolation Wash

Figure 4.2 Flowchart summarising the Differential Centrifugation Isolation method.
This involves a series of centrifugations of increasing speeds and times before a spin at the
maximum available speed for 70 minutes. The pellet from this step was resuspended in PBS
and spun again at maximum speed to remove any contaminating proteins. The final washed
pellet was then resuspended or lysed according to the downstream application. Figure
created by author using Affinity Designer (v 1.10.6.1665).
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4.2.1.3 ExtraPEG

Unlike the two previous methods described above, ExtraPEG does not require an
ultracentrifuge. EVs were isolated using the polymer-based isolation method based
on the protocol developed by Rider et al. (2016), with modifications described in

Section 2.2.2.4 and summarised in Figure 4.3.

| Spin at max. | Filter
Spinat | speed | supernatant |
1500xg | (3100xg) | (0.22 um)
E —— —_— — = D —
I5min | 45 min I I~
4°C | 4°C | T | T

Collect conditioned T t | .
media (48hrs) 1 i L

Discard Discard
pellet pellet
Preclearance S (Gebris)

Add 3.75 M NaCl to 2% (v/v) final concentration

Add PEG6000 to 10% (v/v) final concentration

| C C_ Resuspend
| Mix gently |- Spinat | EV pellet Spin at
and incubate |— 1500xg | in PBS 17,000 x g
. — | — | 8 — —
L 16 hrs max. | 60 min | 130 min
| 4°C |8 4°C | 4°C
A\ 4 NS oA B plle
EV pellet MRsuc
2 unwashed
Isolation ( ! Wash

Figure 4.3 Flowchart summarising the ExtraPEG Isolation method. This involves one
spin post the pre-clearance step at maximum available speed. The resulting supernatant is
then filtered before PEG and NaCl (3.75 M) are added. After an overnight incubation, the
solution is spun at 1500 x g to isolate EVs. The resulting pellet can then be washed in 0.9%
NaCl and spun at the maximum available speed. Both the unwashed and washed pellets
are resuspended or lysed according to the downstream process. Figure created by author
using Affinity Designer (v 1.10.6.1665).
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4.2.1.4 Comparison of Methods to Isolate ACM-derived EVs

EV pellets were isolated from media conditioned on astrocytes for 48 hours using
the three different methods described above — MV, DC and ExtraPEG. The
confluency of the astrocytes and the number of plates used were noted at the time
of collection. All pellets were washed and either resuspended in PBS for size
analysis or lysed in 200 pL TRIzol® and then frozen and stored at -80°C before

further processing according to the method described in Section 2.2.5.1.

The total amount of RNA isolated was normalised to RNA isolated per 1,000,000
cells. This was calculated by using the confluency and the number of plates at the
time of media collection in order to estimate the total number of cells generating
EVs and account for differences in confluency upon media collection. There was
no significant difference in ACM-derived EV RNA per 1,000,000 cells across all
methods (p = 0.69) (Figure 4.4). MV isolation resulted in the lowest median yield
of RNA per 1,000,000 cells (31.2 £ 64.8 ng). While DC isolation resulted in the
highest median yield, there was a large amount of variability in yield (60.6 + 64.4
ng). ExtraPEG isolation seemed to result in the most consistent isolation yield (49.1

+ 13.9 ng)
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Figure 4.4 Comparison of MV, DC, and ExtraPEG methods to isolate ACM derived EV's
(RNA). Results presented as the average amount of RNA (ng) isolated per 1,000,000 cells
with the number of replicates ran per method denoted in the boxplot. Means compared
using ANOVA. P = 0.690 (non-significant (ns)).
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The average size distribution of EV pellets was analysed using DLS (Figure 4.5).
MYV isolation yielded particles ranging between 60 nm and 1400 nm in size, with
the majority of EVs isolated being around 488.7 nm. There was a secondary peak
at 169.9 nm. Interestingly, particles isolated through the DC isolation method had
a larger range of sizes, 60 nm to 1635 nm. However, the most frequent size of ACM-
derived EVs isolated using this method was 420.2 nm, smaller than the majority of
EVs isolated using the MV isolation method. There was a secondary peak of IEVs,
of which the majority were 893.8 nm in size. The ExtraPEG method resulted in
particles with a narrower spread in size distribution, with particles ranging from 60
nm to 900 nm. The most frequent size of particles isolated through this method was

197.6 nm.
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Figure 4.5 DLS Analysis of the Average Size Distribution by Intensity of EVs isolated
from ACM using Microvesicle (MV) Isolation, Differential Centrifugation Isolation (DC)
and ExtraPEG isolation. Peak size (nm) denoted above peak. Intensity measures the
percentage of EVs that fall under a particular size. Line graphs show the average of 3
isolations for each method.
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4.2.1.5 Comparison of Methods to Isolate Endothelial Conditioned Media
Derived EVs

EV pellets were isolated from media conditioned on HBMVECs for 48 hours using
the three different methods described above — MV, DC and ExtraPEG. The
confluency of the endothelial cells and the number of plates used were noted at the
time of collection. All pellets were washed and either resuspended in PBS or lysed
in 200 uL TRIzol®. The latter were then frozen and stored at -80°C before further
processing according to the method described in Section 2.2.5.1. The total amount

of RNA isolated was normalised to RNA isolated per 1,000,000 cells, as in 4.2.1.4.

There was no significant difference in RNA isolated per 1,000,000 cells across all
methods (p= 0.687) (Figure 4.6). ExtraPEG isolation resulted in the highest
average amount of RNA per 1,000,000 cells isolated (36.2 + 35.3 ng). Both MV
and DC isolation resulted in similar amounts of RNA isolated (24.8 + 19.7 ng and

26.1 £ 35.8 ng, respectively).
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Figure 4.6 Comparison of MV, DC, and ExtraPEG methods to isolate ECM derived EV's
(RNA). Results presented as the average amount of RNA (ng) isolated per 1,000,000 cells
with the number of replicates ran per method denoted in the boxplot. Means compared

using ANOVA. P = 0.687.
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The average size distribution of EV pellets resuspended in HEPES/NaCl buffer was
analysed by DLS (Figure 4.7). The size of particles isolated through MV isolation
ranged between 50 nm and 2000 nm, peaking at 420.2 nm. Particles isolated
through the DC isolation method had a narrower spread, falling between 100 nm
and 1200 nm. The most frequent size of ECM-derived EVs isolated using this
method was also 420.2 nm. However, there was also a secondary peak of IEVs, with
the majority of these being 768.5 nm. Particles isolated through the ExtraPEG
method had a narrower range, between 20 nm to 1040 nm, which the majority of

EVs isolated through this method peaking at 229.8 nm.
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Figure 4.7 DLS Analysis of the Average Size Distribution by Intensity of EVs isolated
from ECM using Microvesicle (MV) Isolation, Differential Centrifugation Isolation (DC)
and ExtraPEG isolation. Peak size (nm) denoted above peak. Intensity measures the
percentage of EVs that fall under a particular size. Line graphs show the average of 3
isolations for each method.
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4.2.2 Verification of the ExtraPEG method

Due to the smaller heterogeneity of EV sizes, ExtraPEG isolation was found to be
the most optimal EV isolation technique and was decided upon as the chosen
isolation method. This method involves incubation with PEG and several
centrifugation steps (Rider et al., 2016; S. Ma et al., 2025) with an added
modification step of filtration as described above. To assess the effectiveness of EV
isolation using this method, samples of the supernatants (distinguished as SX,
where X is a number denoting where in the process the supernatant was generated)
and pellets (distinguished as PX, where X is a number denoting where in the process
the pellet was generated) were taken and used for protein analysis (Figure 4.8A).
Briefly, a sample of the thawed media (S1) was taken before being centrifuged at
maximum speed on a benchtop centrifuge (3000 x g) for 45 minutes. A sample of
the supernatant was taken (S2) and the pellet resulting from the centrifugation was
resuspended in PBS (P2). The remaining supernatant was then syringe-filtered
through a 0.20 pum filter into a new 50 mL tube. A sample of the supernatant post-
filtration was then taken (S3). PEG and NaCl were then added to the remaining
supernatant, and the mixture was incubated overnight at 4°C. The solution was then
centrifuged at 1500 x g for 30 minutes in a benchtop centrifuge. A sample of the
supernatant was then taken (S4) and the remaining supernatant discarded. The pellet
(containing unwashed EVs) was resuspended in PBS and a sample of this was taken
(P4). This solution was centrifugation at maximum speed on an available centrifuge
(17,000 x g) for 2 hours and 10 minutes. A sample of the supernatant (S5) was taken
and the remaining supernatant discarded. The final pellet (containing washed EVs)
was then resuspended in PBS (P5). This sequential sampling was used to assess the
presence of EVs throughout the isolation process in order to confirm their
accumulation in the final washed pellet. Additionally, this was used to identify any
potential yield losses occurring throughout the process and critical points during the

isolation process where adjustments could enhance EV recovery.

Proteins in these fractions were first concentrated using acetone protein
precipitation. Although there was an attempt to repeat this with ACM-derived
samples, the protein concentrations of these samples were too low, even after

protein precipitation. Therefore, samples were run from ECM only. The presence
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of two EV positive markers, CD63 and CD9, and an EV negative marker, Annexin
V, in these fractions were explored through SDS-PAGE and western blotting. As
FBS contains EVs (Benz & Moses, 1974; Pham et al., 2021), an endothelial cell
media control was also incubated for the same length of time (48 hrs), without cells
in the vessel. EM refers to endothelial cell media conditioned without exposure to
cells. Additionally, whole cell endothelial proteins were loaded to confirm the
specificity of EV-associated proteins, ensuring accurate characterisation. Twenty

uL of sample were loaded per well. Samples were loaded between 0.1 — 0.4 ug/uL.

A strong CD9+ band was present in the P4 fraction derived from ECM (Figure
4.8B). Additionally, there was a much weaker band seen in P5. There were no other
CD9+ bands found in any fraction derived from EM or in endothelial cells.
Endothelial cells were positive for annexin V, with a large band seen at 35 kDa and
smaller band visible at ~55 kDa. While the ECM derived S2 fraction was positive
for annexin V, the media control was not. Only the P3 fraction of both medias was
positive for this marker, with the later fractions showing no band. Table 4.1
describes the presence and sizes of CD63+ bands in both ECM and EM derived

fractions.
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Figure 4.8 Verification of the ExtraPEG isolation method through western blot analysis
of EV markers, CD63 and CD9, at various points of the isolation process (4). (A) created
by author (2025) using Affinity Designer (v 1.10.6.1665). Representative images of samples
from endothelial cell medias (conditioned (ECM) and control (EM) (B)). Molecular weight
according to company specifications indicated below protein name.
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Table 4.1: CD63+ bands in the fractions derived from ECM and

EM
Fraction Step in Isolation Bands Bands
Present in Present in
ECM EM
Supernatant after initial clearance ~70 kDa
o1 (1,500 x g; 15 min)
- Supernatant  after cellular  debris  ~70 kDa ~70 kDa
clearance (4,000 x g; 45 min)
~70 kDa
P2 Pellet (Cellular debris) ~55 kDa
~35 kDa
S3 Supernatant after filtration ~70 kDa ~70 kDa
" Supernatant after incubation with PEG ~70 kDa ~70 kDa
and EV isolation (1,500 x g; 30 min)
~70 kDa ~70 kDa
P4 Unwashed EV pellet ~55 kDa
~35 kDa
S5 Supernatant post EV wash step ~70 kDa ~70 kDa
(17,000 x g; 130 mins)
P5 Washed EV pellet ~70kDa ~70kDa
~55 kDa
~55 kDa
Cells EV Donor Cells
~35 kDa
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4.2.3 Optimisation of EV Yield using ExtraPEG isolation
4.2.3.1 Protein and RNA Yields from Unwashed EVs (P4) Are Higher Than

Those from Washed EVs (P5)

The loss of signal in CD9 from P4 (unwashed EVs) to P5 (washed EVs) in the
previous section indicated that a portion of the EVs were lost during the washing
step. In order to verify this, protein and RNA yields were explored from unwashed
and washed EVs isolated from both ACM and ECM, conditioned on astrocytes and
HBMVECs, respectively, for 48 hours. Following the ExtraPEG protocol, the
unwashed EV pellet (i.e. the pellet following the overnight incubation (1500 x g,
30 minutes)), was lysed in TRIzol® (for RNA isolation) or RIPA buffer (for protein
isolation) (“unwashed” EVs) or washed by being resuspended in 0.9% NaCl and
centrifuged (17,000 x g, 130 minutes). The pellet after centrifugation (“washed”
EVs) was then lysed in TRIzol® or RIPA buffer. Both protein and RNA values

were normalised per 1,000,000 cells, as described in Section 4.2.1.4.

There was a significant difference in protein concentration per 1,000,000 cells
between unwashed and washed EV pellets derived from both astrocyte and
endothelial cell conditioned media (Figure 4.9). The average amount of protein
isolated from washed ACM-derived EVs was 0.488 + 0.25 pg (Figure 4.9A).
However, unwashed EVs had an average protein concentration of 33.048 + 22.778
ug. Welch's Two Sample t-test revealed that there was a highly significant

difference between these means (p = 0.011).

There was a similar result between unwashed and washed ECM-derived EVs
(Figure 4.9B). The average amount of protein isolated from washed ECM-derived
EVs was 10.217 + 5.64 pg. However, unwashed EVs had an average protein
concentration of 98.04 + 22.78 ng. Welch's Two Sample t-test revealed that there

was also a highly significant difference between these means (p = 0.013).
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Figure 4.9 Comparison of EV protein concentration isolated from unwashed and washed
EV pellets derived from A) ACM and B) ECM. Results presented as average amount of
protein (ug) isolated per 1,000,000 cells. Welch's Two Sample t-test was used to analyse
this data. * p < 0.05
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A similar trend was observed in RNA isolated from both ACM- and ECM-derived
EVs (Figure 4.10). The average amount of RNA isolated from washed ACM-
derived EVs was 45.82 + 10.85 ng. However, unwashed EVs had an average RNA
isolation of 73.307 + 8.65 ng. Welch's Two Sample t-test, however, revealed that
the p value was above the cut-off value and was therefore not low enough to reject

the null hypothesis.

Similarly, there was no significant difference between unwashed and washed ECM-
derived EV RNA values. The average amount of RNA isolated from washed ECM-
derived EVs was 50.64 + 35.26 ng. Unwashed EVs had an average RNA
concentration of 243.111 = 112.91 ng. The p value approached significance (p =
0.0925) but was above the cut-off value to be able to reject the null hypothesis.

A Unwashed vs Washed Pellets B Unwashed vs Washed Pellets
Astrocyte Derived EVs Endothelial Cell Derived EVs

f
JRER R |
f =

W as"h'e d Unwashed Washed

p=0.1318 4001 p=0.0925

' 1

0
o

-1
o
Lo
(o]
L=

L
o
L
—
o
o

RNA /1.000,000 cells (ng)
3

RNA /1.000,000 cells (ng)
0 :
o

1

Unwashed

Figure 4.10 Comparison of EV RNA concentration isolated from unwashed and washed
EV pellets derived from A) ACM and B) ECM. Results presented as average amount of
RNA (ug) isolated per 1,000,000 cells. Welch's Two Sample t-test was used to analyse this
data. A) p value = 0.0594 B) p- value = 0.0925
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4.2.3.2 Size analysis of Unwashed vs Washed EVs

Although higher yields were obtained by removing the wash step, the size of EVs
isolated using these needed to be verified. As a result, after ExtraPEG isolation of
ACM- and ECM-derived EVs, unwashed EVs were resuspended in a 1 mL of PBS.
100 pL of this was kept (unwashed EVs) and the rest of the sample centrifuged at
17,000 x g for 130 mins. After centrifugation, the pellet (washed EVs) was
resuspended in 200 pL PBS. The particle size distribution of both sample types was
then analysed using DLS.

Size analysis revealed that the majority of unwashed ACM-derived EVs fell
between 80 and 280 nm, with a peak at 162.6 nm (Figure 4.11A). There was also a
small peak ranging between 18 and 51 nm, with 29.97 nm as the most common size
of particles of this range. Again, washed ACM-derived EVs fell between 170 nm
and 490 nm, with a peak at 276.9 nm (Figure 4.11B).
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Figure 4.11 Average Size Distribution by Intensity of A) Unwashed and B) Washed EVs
derived from ACM, analysed using DLS. Peak size (nm) denoted above peatk.
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Size analysis revealed that the majority of unwashed ECM-derived EVs fell
between 108 and 770 nm, with a peak at 317.4 nm (Figure 4.12A). Again, there was
also a small peak ranging between 24 and 108 nm, with 52.21 nm as the most
common size of particles of this range. Washed ECM-derived EVs ranged between
20 nm to 1040 nm (Figure 4.12B). The most frequent size of these particles was
248.9 nm.
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Figure 4.12 Average Size Distribution by Intensity of A) Unwashed and B) Washed EVs
derived from ECM, analysed using DLS. Peak size denoted (nm) above peatk.
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4.3 Discussion

Results from chapter 3 indicated that there was a protective factor present in ACM
that mediated HBMVEC viability and TJ gene expression. However, due to the
negative effect of the unconditioned media on the survival of the endothelial cells
as well as the complexity of the astrocyte secretome, it was decided that one key
aspect of the secretome, specifically EVs, would be isolated and their effect on the
BBB would be explored. EVs are key mediators in cell-cell communication,
suggesting that they could potentially play a role in the astrocytic control of BBB
integrity. They carry bioactive molecules that represent the molecular composition

of the donor cell, allowing us to compare their effects in health and in disease.

In order to explore the effect of EVs on the BBB, isolation of EVs was required. As
a result, this chapter focused on an exploration of three different EV isolation
methods; namely MV isolation, DC isolation, and ExtraPEG isolation, in order to
determine the most effective method(s) to isolate EVs from ACM and ECM. A
reported 81% of all EV isolations up until 2016 used DC to isolate small EVs (sEVs
(< 200 nm)) (Gardiner et al., 2016). This is likely due to the affordability of the
technique but requires the use of an ultracentrifuge. Additionally, the high speeds
required (100,000 - 150,000 x g) can result in the impaired biological activity of
EVs isolated using this method (Mol et al., 2017). LEVs (>200 nm), such as M Vs,
require much lower speeds. Polymer-based isolation methods, such as ExtraPEG,
have been found to preserve the functionality of EVs (Z. Niu et al., 2017). This,
along with the lack of need for specialised equipment, has grown their popularity
among EV researchers. These isolation methods are commonly used but each varies
in yield of EVs, depletion of contaminants, and labour-intensity (Brennan et al.,
2020; Figueroa-Hall et al., 2025). As a result, the yield and size of EVs were
compared amongst the three methods using both ACM and ECM. EVs were isolated

from two conditioned media in order to assess each method’s reproducibility.

EVs have been found to contain RNA (S. He, Liang, et al., 2023; Chitti et al., 2024),
and as such, RNA yield was used as an indirect measurement of EV yield. With
respect to EVs isolated from both cell types, there was variation in the amount of
RNA isolated amongst the three methods and types of media as evidenced by high

standard deviation values. Even EV populations released by individual cells tend to
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be heterogeneous, varying in size and cargo (Nikoloff et al., 2021; Woo et al., 2025).
Moreover, the RNA content of different classes of EVs varies (Jeppesen et al., 2019;
Barranco et al., 2024). Following comparison of the isolates obtained from the three
methods, there was no significant difference in RNA yield among the three. While
RNA quantification is somewhat limited in its application to quantify EVs due to
the variability of RNA populations between even the same subtype of EV and due
to potential non-exosomal RNA contamination (Jeppesen et al., 2019; Gutiérrez
Garcia et al., 2020), it appeared that each method was as effective as the other. As
such samples from each respective method were then analysed by using DLS to

profile the samples more effectively.

Methods of measuring EV size such as DLS, are also able to give estimates of
particle concentrations. However, this requires a minimal amount of 1 mL of
sample. Our sample yields were too low and would have been too dilute if they
were brought up to this minimum volume. Increasing the sample yields would have
required considerably larger amounts of conditioned media, which was not feasible,
for reasons of cost and practicality. However, Malvern Panalytical also offers a low
volume sizing kit. This kit allows the use of much smaller volumes (as little as 3

pL) for size measurement alone.

As such, EV size was explored using this kit in order to determine the best method
for EV isolation. DLS revealed that both MV and DC isolation yielded EVs of a
greater wider size range than ExtraPEG for both types of media. Both MV and DC
methods resulted in very heterogeneous populations of EVs, with the majority being
part of the large EV class (>200 nm). The recommended speed for the isolation of
EVs via centrifugation is between 100,000 and 150,000 x g. The maximum speed
on the available ultracentrifuge is 50,000 x g, at least a 2-fold decrease in speed. As
larger particles sediment more quickly and more readily at lower centrifugation
speeds, using higher g-force (>100,000 x g) would allow for more efficient pelleting
of small particles (<100 nm) in comparison to using 50,000 x g. Being unable to
reach the speeds required for the sedimentation of these smaller particles is likely
the reason behind the much higher range and peak sizes of EVs isolated through
this method.
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Only a few studies have analysed EVs which have been isolated using lower
centrifugation speeds by DLS. Xu et al., (2015) isolated IEV's from the human colon
carcinoma cell line, LIM1863 using a similar method but with a lower
centrifugation step of 10,000 x g. They found that the majority of these EVs ranged
between 450 and 1300 nm, with a peak around 650 nm. Patel et al., (2017) looked
at the differences between EVs derived from pancreatic cancer cells treated with
gemcitabine, a leading chemotherapy medication, or PBS. The average size of EVs
isolated through a centrifugation step of 16,500 x g, which is closer to the speed
used in this study, but for a shorter time (30 minutes) was over 800 nm. EVs from
cells treated with gemcitabine were larger than those treated with the vehicle (883
nm vs 846.1 nm). However, Patel et al., (2017) do not describe the spread of EV
sizes in their study. Therefore, our results are comparable to these published works

and others, despite the modifications from the original protocols.

DC isolation is the gold standard for EV isolation and tends to isolate much smaller
EVs. DC isolation resulted in a smaller size range than the MV isolation method.
While the size ranges varied for the two types of conditioned media, the majority
of EVs isolated were approximately the same size. However, 1EVs isolated from
ECM were smaller than those isolated from ACM. Xu et al., (2015) also isolated
sEVs from LIM1863 conditioned media using an ultracentrifugation step of
100,000 x g for 1 hour. The majority of these EVs were between 50 - 80 nm, much
smaller than those typically isolated with the methods that were used in this study.
However, there was also a smaller secondary peak of EVs between 120 - 300 nm,
similar to that which were observed in the isolate preparations from this study. Patel
et al., (2017) also isolated sEVs from treated and untreated pancreatic cancer cells
using an ultracentrifugation step of 120,000 x g for 2 hours. They found that the
average size of treated SEVs was 124.8 nm and the average size of untreated sEVs
was 103.6 nm. Again, the distribution of size of these was not reported. Kumar et
al., (2018) isolated sEVs from a mixed culture of primary rat cerebrocortical
neurons and astroglial cells using an ultracentrifugation step of 100,000 x g for 45
minutes. The isolated EVs were between 40 - 400 nm, with an average diameter of
137 - 149 nm. This is around 2x smaller than the average diameter of EVs isolated
by the modified DC isolation method that was employed in this study. Mattera et

al., (2020) isolated EVs from primary rat astrocytes using an ultracentrifugation
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step of 100,000 x g for 70 min. The mean of EVs isolated at 4°C was 256 + 22 nm,
with a range of around 70 — 1000 nm. There is a large amount of variety between
these published results, likely due to the variety of cell-conditioned media used. The
average size and size range of our ACM-derived EVs are much closer to those of
Mattera et al., (2020), who also used primary astrocytes. Mattera et al., (2020) also
isolated EVs from Neuro-2A (a mouse neuroblastoma cell line) and OLN-93 (a rat
oligodendroglioma cell line) conditioned media using the same method. They found
that the average size of these EVs were 167 + 24 nm and 182 + 19 nm, respectively.
This suggests that primary astrocytes produce larger EVs, which our results

corroborate.

ExtraPEG isolation resulted in a much less varied population of EVs, with EVs
isolated via this method being much smaller than those isolated via DC and MV.
Thomas et al.,, (2022) isolated EVs from murine bone-marrow derived
mesenchymal stromal cells using Exoquick-TC ULTRA, which is a commercial
polymer-based EV isolation kit similar to ExtraPEG. Using this kit, the resulting
EVs were between 200 - 1000 nm in diameter. Yue et al., (2019) isolated EVs from
primary human umbilical endothelial cells (HUVECs) using a similar ExtraPEG
method but with a final concentration of 12% PEG and higher centrifugation
(12,000 x g for 1 hour). The majority of isolated EVs were around 100 nm in size
but ranged between 10 and 1000 nm. This range is similar to the ECM-derived EVs
isolated using ExtraPEG at a lower concentration of PEG and a lower centrifugation

speed.

The ExtraPEG isolation features a filtration step that is intended to remove particles
and aggregates larger than 200 nm. This means that only particles under 200 nm
should remain in the supernatant prior to the addition of PEG. However, DLS
analysis reveals that the majority of EVs isolated are larger than expected. This may
be a result of improper resuspension of vesicle aggregates, as EVs are particularly
prone to aggregation (Nizamudeen et al., 2021; S. Kim et al., 2025). While intensity
size distribution is the best method for reporting DLS results, DLS analysis is
skewed towards larger particles as these scatter more light, which can result in
seemingly increased populations of larger particles. This could affect the peak mean

sizes as well as the range (Khan et al., 2022).
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While there was no significant difference between EV yield between the three
isolation methods based on our approaches, ExtraPEG isolation resulted in a much
less heterogeneous population of EVs, in contrast to MV and DC isolation.
Additionally, RNA values did not differ much between ACM-derived EVs and
ECM-derived EVs. Owing to the modifications required to both DC and MV
isolation methods due to the limitations in centrifugation speeds available that may
have impacted on the EV population profile, ExtraPEG was preferred as the method

to use moving forward.

In addition to verifying the isolation of EVs by their size, EVs were also verified
by confirming the presence of several proteins associated with EVs. Samples of the
supernatants and pellets were taken throughout the isolation process in order to
confirm the accumulation of EVs throughout the isolation process. The presence of
two exosomal markers, CD9 and CD63 were explored in these fractions through
western blot analysis. Both CD9 and CD63 are tetraspanin proteins which are
enriched in EVs (Escola et al., 1998; Tognoli et al., 2023). CD63 regulates
intracellular transport and localisation (Pols & Klumperman, 2009). CD63 is also
highly expressed in microvascular endothelial cells and seems to play a role in fatty
acid uptake (Tugues et al., 2013; Peche et al., 2023). While the predicted molecular
weight of this tetraspanin is 25 kDa, western blotting experiments have
demonstrated that the molecular weight ranges between 32-75 kDa, likely due to
heavy N-linked glycosylation (Ageberg & Lindmark, 2003; Mathieu et al., 2021)

which is known to cause gel smearing.

Interestingly, endothelial cells were positive for CD63 but seemed to be particularly
enriched for a band of approximately 50 kDa. Signal for proteins around 60-70 kDa
was visible in several fractions isolated from both ECM and EM, which could
suggest that this a component of the unconditioned media itself rather than being
released by endothelial cells. Only ECM pellet fractions were positive for bands at

35 and 55 kDa, corresponding with bands seen in the cell protein lane.

Annexin V is a protein that is typically associated with apoptotic cells. This protein
binds to phosphatidylserine, a phospholipid that is transferred from the inner cell
membrane to the outer cell membrane during apoptosis. Another subcategory of

EVs, apoptotic bodies are released by dying cells in the final stage of apoptosis.
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These apoptotic bodies are much larger than microvesicles or exosomes (up to 5000
nm) (L. Yu et al., 2023). The ExtraPEG isolation process effectively removes any

larger EVs and cell debris from media using a centrifugation step and filtration step.

One of the limitations of this study was the consistently low yield of EVs from
ACM. Supernatant fractions and pellets collected later in the isolation process had
extremely low protein concentrations. While an attempt at verifying the presence
of ACM-derived EVs was made, it may be that samples were simply too dilute for
effective probing. Therefore, EVs may be present in the various fractions but
outside the limits of detection. However, results from the aforementioned protein
analysis of ECM EVs alone show the effectiveness of ExtraPEG in generating clean

EV isolations.

The verification of the ExtraPEG method also revealed the presence of EV markers
in the unwashed pellet fraction generated by the ExtraPEG method. The enrichment
of CD9 particularly in the unwashed pellet inspired a thorough investigation into
the effect of washing on the pellet. Many studies using EVs wash the isolated pellet
in order to remove any contaminating proteins. However, several studies have
recently published results featuring unwashed EVs from cell conditioned media (He
et al., 2023; Li et al., 2023; Park et al., 2023; Skrika-Alexopoulos & Mark Smales,
2023).

There was a significant difference in protein concentration found between
unwashed and washed EV pellets derived from both astrocytes and HBMvVECs. This
may be due to the fact that the unwashed pellet may contain both remaining PEG
and contaminating proteins. PEG has been found to interfere with BCA results, with
a false positive relationship between concentration and absorbance. However, this
trend continued in RNA yield, with unwashed EVs from both astrocytes and
HBMVEC:s resulting in higher amounts of RNA. These results were not significant

although the p-values for these studies approached significance.

As previous results showed that washed EVs were much larger than expected, the
size of the unwashed EVs was also explored. DLS size analysis results revealed a
small peak under 60 nm in both unwashed ACM and ECM samples. These may be
sEVs that are lost through the wash step, which also results in lower RNA and
protein yields. This is likely due to the low speed used in pelleting the washed EVs,
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17,000 x g, which may not be high enough upon the removal of PEG from the
solution. This may explain the higher concentrations of both protein and RNA in
the unwashed fractions as well as the presence of CD9 solely in the unwashed

fraction derived from ECM and not in the washed.

Another factor that could potentially affect EV yield is storage at -20°C. Studies
have shown that both the storage of freshly isolated EVs and the isolation of EVs
from previously-stored biological samples may affect the properties of the vesicles
(Jeyaram & Jay, 2018; Ahmadian et al., 2024). Although the ISEV had
recommended preserving isolated EVs in PBS in siliconized vessels at -80 °C in
2013 (Witwer et al., 2013), their most recent guidelines do not provide standard
recommendations for pre- and post-isolation storage as studies have reported
conflicting effects on EV properties (Théry et al., 2018; Welsh et al., 2024). Studies
exploring the effect of storage of conditioned cell media on EV properties are
limited. However, one recent study found no significant difference in the number
of EVs isolated from conditioned media collected from five mesenchymal stromal
cell lines, stored at several different conditions, including room temperature, 4 °C,
-20 °C and -80 °C (Wright et al., 2022). This was consistent with results suggesting
that there was no significant difference in RNA amounts isolated from frozen and
non-frozen ACM media (Figure A.2, Appendix). This indicates that EVs in
conditioned media can be frozen at -20°C without decreasing particle concentration

significantly.

In conclusion, a method for isolating EVs was determined and verified. During the
verification of this isolation method, it was discovered that a significant population
of sEVs is lost through the wash process. However, the effect of these EVs on cells
is yet to be determined. The following chapter will focus on the effect of these
astrocyte-derived EVs on the barrier properties of primary human endothelial cells.
Due to the increased concentration of EVs in the unwashed fraction in comparison

to the washed EV fraction, unwashed EVS will be used going forward.
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Chapter 5 :
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5.1 Introduction

Astrocytes have long been known as the secretory cells of the CNS, secreting a
variety of gliotransmitters (Fukuyama et al., 2023; H. Li et al., 2025),
neuromodulators (Vanacker et al., 2021), growth factors (Fernandez-Garcia et al.,
2020), ExM proteins (Irala et al., 2024) and hormones (Torres et al., 2024). During
neuroinflammation, a common hallmark of many CNS disorders, astrocytes
promote inflammation in the CNS through the release of pro-inflammatory
mediators (Rothhammer et al., 2016; Valentin-Torres et al., 2018; Wheeler et al.,
2019).

In addition to these, astrocytes have also been shown to release EVs, under both
physiological and pathological conditions (Chun et al., 2021; Tankov et al., 2024;
L. Wu et al., 2025). Healthy astrocyte-derived EVs have been shown to play
important roles in the CNS, including promoting neuronal survival and neurite
outgrowth (Wang et al., 2011), promoting dendrite spine and synapse formation (M.
R. Patel & Weaver, 2021), and promoting neuronal postsynaptic function (Levy-
Myers et al., 2023). Additionally, astrocyte-derived EVs contain heat shock protein
70 (Hsp70), which displays a neuroprotective effect in the CNS (Taylor et al., 2007).

Although the relationship between astrocytes and the BBB has been well
documented, studies looking at the effects of astrocyte-derived EVs on endothelial
cells in brain are limited. Primary rat astrocyte EVs contain fibroblast growth
factor-2 (FGF-2), which is known to maintain BBB integrity (Proia et al., 2008; B.
Huang et al., 2012; Grabiec et al., 2016). Moreover, EVs from human iPSC-derived
neural stem cells contain agrin, PTX3, hemopexin, and nidogen-1, which have all
been also indicated as players involved in BBB integrity (Upadhya, Madhu, et al.,
2020). Some of the most abundant proteins in EVs derived from astrocytes include
fibronectin 1, collagens and TNFa induced protein 3 (TNFAIP3) (Chun et al.,
2021). Astrocytes are known to secrete fibronectin 1 and collagens to support BBB
integrity (Hirano et al., 2004). TNFAIP3 is a negative regulator of NF-«xB
signalling, potentially suggesting an anti-inflammatory role (Giordano et al., 2014;
T. Kim et al., 2020). EVs from retinal astrocytes were able to suppress vessel
leakage and angiogenesis in the retina of a mouse model of choroidal

neovascularization (Hajrasouliha et al., 2013). Overall, these studies suggest that
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healthy astrocytes may secrete EVs that can positively affect the BBB properties of

endothelial cells.

EVs derived from inflamed astrocytes, on the other hand, are enriched with pro-
inflammatory molecules, such as IL-6 and TNFa, and neurotoxic complement
effector proteins, such as Clq, C4b, and complement factor B (Goetzl et al., 2018,
2020). Additionally, these pro-inflammatory EVs can be taken up by neurons,
resulting in reduced neurite growth, dendritic complexity, neuronal activity and
increased apoptosis (Chaudhuri et al., 2018; Datta Chaudhuri et al., 2020). The pro-
inflammatory chemokine, CCL2, has been found to be encapsulated in EVs isolated
from inflamed astrocytes (Rong et al., 2021). CCL2 has been found to increase BBB
permeability, suggesting that reactive astrocytes could contribute to BBB
breakdown during neuroinflammation (Dimitrijevic et al., 2006; F. Guo et al.,

2020).

To our knowledge, no study has looked at the effect of primary human astrocyte-
derived EVs on primary human brain microvascular endothelial cells, both
physiologically and during neuroinflammation. This chapter explores the effect of
astrocyte EVs on endothelial cells in order to determine whether they effect the

barrier in a cell-state dependent manner.

5.1.1 Chapter Aims

To optimise astrocyte-derived EVs treatments on endothelial cells by

exploring dose, time and direction of treatment.

e To explore the effect of healthy astrocyte-derived EVs on endothelial cell

permeability as well as tight junction gene and protein expression levels.
e To optimise a model of inflammation in astrocytes.

e To explore the effect of EVs isolated from inflamed astrocytes on

endothelial cell permeability and tight junction protein expression levels.
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5.2 Results

5.2.1 Astrocyte-derived EVs affect HBMVEC permeability in a
treatment orientation- and time- dependent manner

Astrocyte EV treatments on HBMVECs were first optimised through analysis of
endothelial barrier strength. HBMVECs were seeded to confluency in the apical
chamber of a 12 well transwell insert. EVs were isolated from media on the day of
treatment. Two concentrations of EVs were explored: 6.25 ng/mL and 12.5 pg/mL.
Firstly, direction of treatment was explored by the addition of EVs into either the
apical or basolateral chamber for 24 hours. Although not statistically significant,
the orientation of treatment did affect barrier strength in a way that approached
significance (Apical vs Basolateral, p = 0.0556) (Figure 5.1). There appears to be a
dose-dependent decrease in barrier permeability in HBMvVECs when treated
basolaterally, although this was not found to be significant. However, there was no
dose-dependent effect seen after apical treatment of EVs. As a result, HBMVECs

were treated basolaterally in further studies.
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Figure 5.1 Astrocyte derived EVs affect HBMvEC permeability in a treatment
orientation - dependent manner. A) shows a graphical representation of the direction of
treatment in transwells. B) shows the permeability (% TEE FD40) of endothelial cells after
24 hours of EV exposure apically over the course of the assay (0 — 180 mins) (LHS) and at
180 mins, with permeability fold changes normalised to the vehicle control (PBS). C) shows
the permeability (%TEE FD40) of endothelial cells after 24 hours of basolateral EV
exposure over the course of the assay (0 — 180 mins) (LHS) and at 180 mins, with
permeability fold changes normalised to the vehicle control (PBS). Results are averaged
from three independent experiments = SD. Results were analysed using two-way ANOVA.
Black dots indicate individual data points.
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The effect of a shorter (6 hour) and a longer (48 hour) incubation period was also
considered (Figure 5.2). After 6 hours of incubation, there is a clear decrease in
barrier permeability over the course of the assay although this does not seem to be
dose dependent. This was not found to be significant. Additionally, there were no
differences in barrier strength after 48 hours of incubation at either EV
concentration. As a result, HBMVECs were incubated with the higher concentration

of EVs for 24 hours in further experiments.
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Figure 5.2 Astrocyte derived EVs affect HBMvEC permeability in a time-dependent
manner. A) shows the permeability (%TEE FD40) of endothelial cells after 6 hours of
basolateral EV exposure over the course of the assay (0 — 180 mins) (LHS) and at 180 mins,
with permeability fold changes normalised to the vehicle control (PBS). B) shows the
permeability (%TEE FD40) of endothelial cells after 48 hours of basolateral EV exposure
over the course of the assay (0 — 180 mins) (LHS) and at 180 mins, with permeability fold
changes normalised to the vehicle control (PBS). Results are averaged from three
independent experiments + SD. Results were analysed using two-way ANOVA. Black dots
indicate individual data points.
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5.2.2 Astrocyte EVs decrease permeability of HBMVECs but do not
affect tight junction expression levels

Following optimisation, the effect of astrocyte EVs on HBMVEC permeability was
explored, accounting also for the effect of serum-derived EVs in the media itself.
HBMVECs were exposed basolaterally to 12.5 pg EVs for 24 hours. These EVs
were isolated using the ExtraPEG method, as described in Chapter 4, from media
that had been conditioned on astrocytes for 48 hours (ACM EVs) or an incubation
time- and media batch-matched control (AM EVs). Figure 5.3 briefly illustrates the

acquisition of these EVs.

AM PEG

Isolation
Preclearance
Steps
Add
PFGGOOO
395 M NaCl

Incubation
and
centrifugation

~ resuspend in

\ PBS

Jf resuspend in

? \ PBS

AM ACM
I
P EVs EVs

Figure 5.3 Illustration of AM and ACM derived EVs isolation. After 48 hours of
conditioning astrocyte media on cells (ACM) or without cells (AM), cell debris and larger
proteins and microvesicles were cleared through preclearance steps as described in
Chapter 4. 50% PEG6000 was added to a final concentration of 10% and 3.75M NaCl
added to a final concentration of 2%. These medias were then incubated overnight and
centrifuged at 1500 x g for I hour. The supernatant was collected (EV-depleted media), and
the pellet was resuspended in 200 uL. PBS. Figure created by author using Affinity Designer
(v 1.10.6.1665).
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HBMVEC:s treated with ACM EVs had a significantly stronger barrier throughout
the 3-hour permeability assay in comparison to both the control and cells treated
with AM EVs (Control vs ACM EV, p = 0.00000446; AM EV vs ACM EV, p =
0.0292) (Figure 5.4A). It can be noted that when the final timepoint was normalised
to the control, this decrease closely trended towards significance (0.679 + 0.153, p
=0.0524) (Figure 5.4B). Nonetheless, this suggests that astrocyte-derived EVs are

able to decrease barrier permeability.
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Figure 5.4 Astrocyte derived EVs decrease HBMvEC permeability. A) shows the
permeability (%TEE FD40) of endothelial cells after EV incubation over the course of the
assay (0 — 180 mins). Results are averaged from three independent experiments + SD.
Results were analysed using two-way ANOVA. * p > 0.05, **** p > 0.0001 between
treatments over the course of the assay. Boxes highlight the data used in B) the permeability
(%TEE FD40) at the end of the assay (t = 180 mins). Fold changes are normalised to the
vehicle control. Black dots show individual data points. Results analysed using one-way
ANOVA.
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This decrease in barrier permeability does not appear to be due to changes in the
gene expression of the major tight junction proteins: claudin-5, occludin, or ZO-1.
There were no significant differences seen in levels of these after incubation with
ACM EVs (Figure 5.5). There were also no significant differences seen in the

expression of these proteins (Figure 5.6).
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Figure 5.5 gPCR analysis in response to astrocyte derived EV treatment of the tight
Jjunction genes claudin-5 (A), occludin (B), and ZO-1 (C). HBMvECs were treated
basolaterally with ACM derived EVs or AM derived EVs for 24 hours. Black dots indicate
individual data points. n = 4 (Claudin-5, ZO-1); n = 3 (Occludin). Data is presented as the
median fold change + SD. Gene expression calculated using the 2" method and
normalised to vehicle control. Data analysed using one-way ANOVA.
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Figure 5.6 Protein expression analysis in response to astrocyte derived EV treatment of
the tight junction genes claudin-5 (4), occludin (B), and ZO-1 (C). HBMvECs were treated
basolaterally with ACM derived EVs or AM derived EVs for 24 hours. Black dots indicate
individual data points. n = 3 (A, B) Data analysed using one-way ANOVA. n = 2 (C). Data
is presented as the median fold change = SD. D) showcases representative blots for each
TJ protein. GAPDH was used as a loading control.
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5.2.3 Astrocytes are inflamed by a cytokine cocktail but not LPS.

Two methods of inflammation were optimised prior to inflamed EV generation
(Liddelow et al., 2017; Tarassishin et al., 2014). Firstly, astrocytes were exposed to
two concentrations of lipopolysaccharide (LPS): 0.1 pg/mL and 1 pg/mL in order
to determine the optimal concentration for further experiments. The gene
expression levels of several genes known to be upregulated during
neuroinflammation, namely c-c motif chemokine ligand 2 (CCL2), interleukin-1
beta (IL1p), interleukin-6 (IL6), tumour necrosis factor alpha (TNFa) and glial
fibrillary acidic protein (GFAP), a marker of reactive astrocyte, were explored in
order to determine the effect of LPS on the inflammatory status of astrocytes
(Figure 5.7) There was no significant change in gene expression level in these genes
after LPS treatment at either dose, although the gene expression of TNFa did
approach significance at the higher LPS concentration in comparison to the control
(3.31 £ 1.93, p = 0. 0963). Due to the negligible changes in gene expression, the

lower concentration of LPS was chosen for further experiments.
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Figure 5.7 Gene expression analysis of astrocytes after LPS treatment using qPCR.
Several genes known to be upregulated after inflammation were quantified: CCL2 (A), IL-
1B (B), IL6 (C), TNFa (D). Levels of GFAP (E) were also explored. Astrocytes were treated
for 24 hours with PBS (Control) or LPS (0.1 ug/mL; 1 pug/mL) Black dots indicate
individual data points. n = 3(4, E); n = 4 (B, C, D). Data is presented as the median fold
change + SD. Gene expression calculated using the 2" method and normalised to vehicle
control. Data analysed using one-way ANOVA.
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Although no significant change in the expression of genes associated with
neuroinflammation was found when astrocytes were treated with LPS, a specific
phenotype of neurotoxic reactive astrocytes has been able to be replicated in vitro
through treatment with a cocktail of cytokines: TNFa, IL1a, and Clq (Liddelow et
al., 2017; Barbar et al., 2020; Gomes et al., 2024). After astrocytes were exposed to
these cytokines (TNFa (30 ng/mL), IL1a (3 ng/mL) and Clq (400 ng/mL)), the
expression levels of these genes changed dramatically (Figure 5.8). CCL2 gene
expression was increased by 25.3 + 31.8 after cytokine treatment, although this only
approached significance (p = 0.0906). Expression of IL6 increased to 69.6 = 101
after cytokine treatment, again only approaching significance (p = 0.0688). IL1J
expression was significantly upregulated after cytokine treatment, in comparison to
the control (6.57+5.41 vs 1, p=0.0406) and in comparison to LPS treatment ((6.57
+ 5.41 vs 0.879 = 0.712, p = 0.046). TNFa expression was also significantly
upregulated after cytokine treatment, both in comparison to the control (33.4 + 17.1
vs 1, p = 0.006) and in comparison to LPS treatment (3.20 + 2.21, p = 0.00967).
Although GFAP was downregulated after cytokine treatment, with expression

lowering to 0.467 £ 0.143, this was not found to be significant.
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Figure 5.8 Gene expression comparison of astrocytes after treatment with LPS and
cytokines using qPCR. Several genes known to be upregulated after inflammation were
quantified: CCL2 (A), IL-15 (B), IL6 (C), TNFo (D). Levels of GFAP (E) were also
explored. Astrocytes were treated for 24 hours with PBS (Control), LPS (0.1 ug/mlL), or
cytokines (TNFo (30 ng/mL), IL1a (3 ng/mL), Clg (400 ng/mL)). Black dots indicate
individual data points. n = 3(4, E); n =4 (B, C, D). Data is presented as the median fold
change + SD. Gene expression calculated using the 2" method and normalised to vehicle
control. Data analysed using one-way ANOVA.
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Interestingly, this downregulation of GFAP expression was also seen on the protein
level (Figure 5.9). GFAP protein expression was decreased by ~30%, but this only
approached significance (0.722 + 0.239, p = 0.0803).
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Figure 5.9 GFAP protein expression in astrocytes after cytokine treatment, normalised to
control. Astrocytes were treated with cytokines (TNFo. (30 ng/mL), IL1a (3 ng/mL), Clg
(400 ng/mL)) for 24 hours. Black dots indicate individual data points. n = 3 (4, B) Data
analysed using one-way ANOVA. Data is presented as the median fold change + SD. B)
showcases a representative blot for GFAP. GAPDH was used as a loading control.
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5.2.4 EVs derived from inflamed astrocytes increase permeability of
HBMVECs

Based on results from Section 5.2.3, astrocytes (at 70-90% confluency) were
exposed to the cytokine storm (TNFa (30 ng/mL), IL1a (3 ng/mL), Clq (400
ng/mL)) for 24 hours. As a control, astrocytes were treated with an equal volume of
PBS. Additionally, unconditioned media was incubated for 24 hours in order to
isolate EVs indigenous to the media as a control (AM EVs). Upon completion of
the timepoint, this media was collected and stored for a maximum of 6 months prior

to EV isolation.

EVs were isolated from these medias using the ExtraPEG method, as described
above and their size was analysed via dynamic light scattering (Figure 5.10). There
was no visible difference in the size of EVs derived from inflamed astrocytes
(EVnE) in comparison to EVs derived from healthy astrocytes (EVy). Both ranged
in size from ~15 nm to ~650 nm, with a peak at 197.6 nm. However, the majority
of small (<200 nm) EVinr were larger than those of small EVy (43.7 nm vs 32.3

nm).
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Figure 5.10 Dynamic Light Scattering Analysis of the Average Size Distribution by
Intensity of EV’s isolated from healthy and inflamed ACM. Peak size denoted above peak.
Intensity measures the percentage of EVs that fall under a particular size. Line graphs
show the average of 3 isolations for each condition. As the medias were filtered prior to
EV isolation, readings above 200 nm (denoted by the dashed line) are likely to be due to
EV aggregation.
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The effect of these EVs on the barrier property of endothelial cells were then
explored (Figure 5.11). As previously described, confluent HBMVECs grown in
transwells were treated basolaterally with 12.5 ug/mL EVs for 24 hours.

As with previous results, endothelial cells treated with EVs derived from healthy
astrocytes (EVh) trended towards a ~10% decrease in permeability (0.913 +0.232).
However, endothelial cells treated with EVs derived from inflamed astrocytes
(EVnE) showed a ~10% increase in permeability (1.11 + 0.0167). These results

were found to be non-significant.
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Figure 5.11 EVs derived from inflamed astrocytes increase HBMvEC permeability. A)
shows the permeability (%TEE FD40) of endothelial cells after EV incubation over the
course of the assay (0 — 180 mins). Results are averaged from three independent
experiments = SD. Results were analysed using two-way ANOVA. Dashed box highlights
the data used in B) the permeability (%TEE FD40) at the end of the assay (t = 180 mins).
Fold changes are normalised to the vehicle control (Control). Black dots show individual
data points. Results analysed using one-way ANOVA.
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The protein levels of claudin-5, occludin, and ZO-1 were then explored (Figure
5.12). Again, there were no significant results in claudin-5 protein levels after
incubation with EVs isolated from both healthy and inflamed EVs. Interestingly,
occludin expression after inflamed EV exposure seemed to increase over 2-fold
(2.18 £0.329) while ZO-1 expression seemed to decrease after incubation with EVs
derived from inflamed astrocytes in comparison to EVs derived from healthy

astrocytes (0.609 += 0.114 vs 1.13 £ 0.0867).
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Figure 5.12 Protein expression analysis in response to inflamed astrocyte derived EV
treatment of the tight junction genes claudin-5 (4), occludin (B), and ZO-1 (C). HBMvECs
were treated basolaterally with ACM derived EVs (healthy and inflamed) or AM derived
EVs for 24 hours. Black dots indicate individual data points. n = 3 (4) Data analysed using
one-way ANOVA. n =2 (B, C). Data is presented as the median fold change + SD. D)
showcases representative blots for each TJ protein. GAPDH was used as a loading control.
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5.3 Discussion

This chapter showed that astrocyte-derived EVs appeared to strengthen the barrier
properties of endothelial cells. Interestingly, basolateral but not apical exposure to
EVs decreased HBMVEC barrier permeability. This reflects the spatial distribution
of the cells in vivo, suggesting that the abluminal surface of endothelial cells plays
a key role in mediating indirect communication with astrocytes. Several studies
have shown that EV uptake is mediated via EV interactions with a variety of cell-
surface proteins (Christianson et al., 2013; Svensson et al., 2013; Castro-Cruz et al.,
2023), suggesting that the specific mechanism of EV uptake is dependent on both
the EVs used and the recipient cells (Laulagnier et al., 2018). One study found that
human epithelial cells also show an orientation preference for EV uptake (B. K.
Singh et al., 2020). This study found that very few (~<1%) HEK-293T-derived EVs
were taken up by these cells when treated apically. However, basolateral incubation
resulted in more internalisation of these EVs (B. K. Singh et al., 2020). Epithelial
cells are known to establish an apical-basal polarity through conserved polarity
protein complexes (Kemphues et al., 1988; Bilder & Perrimon, 2000; Choi et al.,
2019). Similarly, endothelial cells are also polarised along the apical-basolateral
axis and exhibit asymmetric protein expression and function (Cornford & Hyman,
2005; Torcq et al., 2024). As EVs seemed to only strengthen the barrier upon
basolateral treatment, this may suggest that the protein(s) or membrane receptor(s)
that mediate astrocyte-derived EV interactions are localised to the abluminal side

of the endothelial cell.

The most significant effect of EV treatment was seen after 24 hours incubation,
with some strengthening of the barrier seen at 6 hours and no effect seen after 48-
hour incubation, suggesting that astrocyte EVs are quickly taken up by the cells but
do not result in long-term changes in endothelial cell barrier strength. Across the
literature, EV treatment time tends to vary from short term (a few hours) exposure
to several days of exposure (Y. Li et al., 2023; Forero et al., 2024; X. Liang et al.,
2025). However, 24 hour treatment seems to have become a common incubation
time for EV studies in endothelial cells (Durak-Kozica et al., 2018; Collado et al.,
2024). Again, EV internalisation is dependent on both the cells involved in the
secretion of the EVs and in the uptake of these secreted EVs. Additionally, dose can
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affect treatment time as higher doses are internalised faster and therefore treatment
time may be shortened (Jurgielewicz et al., 2020; Bonsergent et al., 2021; Hagey et
al., 2023). As a result, the ISEV recommends performing dose-response and time-

course studies (Welsh et al., 2024).

Healthy astrocyte-derived EVs were able to tighten the barrier of healthy
endothelial cells significantly more than FBS-derived EVs. Tight junction protein
complexes are the main contributors to barrier properties. However, astrocyte-
derived EVs did not appear to significantly affect the gene or protein levels of the
most studied tight junction proteins (claudin-5, occludin, and ZO-1). The scientific
literature is quite mixed as to how these proteins may change in response to
endothelial barrier-modifying stimuli. One study found that EVs derived from
immortalised mouse astrocytes increased TEER values in hCMEC/D3 cells, an
immortalised cerebral microvascular endothelial cell line but also found significant
increases in the protein expression levels of claudin-5 (Kriauc¢itinaite et al., 2021).
However, this study also found that levels of occludin or ZO-1 were unchanged in
western blots after incubation with astrocyte-derived EVs. This contradiction in
results could be caused by differing EV populations. In the aforementioned study,
EVs were isolated from conditioned media from an immortalised mouse astrocyte
line using differential centrifugation. The majority of these EVs isolated were 140
nm in diameter but ranged between ~60 — 500 nm in diameter, which differs from
those isolated and described in chapter 4 of the current thesis. Additionally, these
EVs were incubated on hCMEC/D3 cells for 4 days, rather than 24 hours.
Regardless, transcriptomic analysis of endothelial cells after treatment with
astrocyte-derived EVs could reveal more comprehensive transcriptional changes
resulting in a stronger barrier other than changes in tight junction protein expression
levels. Chen et al., (2020) found that EVs derived from an immortalised astrocyte
cell line containing miR-195 could improve the stability of claudin-5 and ZO-1
protein expression and decreased BBB permeability of mouse cerebral endothelial

cells by suppressing TJ degradation.

Results from several experiments in this study revealed pronounced variability
across replicates. This was seen both in EVs isolated from AM and ACM. The cargo
of EVs is known to depend on the state of the donor cell (J. S. Choi et al., 2016; K.
Tripathi et al., 2023). In addition to this, there is high variability in the populations
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of EVs released even by a single cell, including in their cargo (Dechantsreiter et al.,
2022; Nikoloff et al., 2021). One study found that during herpes simplex virus 1
infection, HEL cells released EVs that had an overall pro-viral effect, a population
of these were found to be antiviral (Dogrammatzis et al., 2021). This could suggest
that variability seen in this study is due to the net effect of differences in the

heterogeneous population of EVs released by astrocytes.

Treatment with cytokines, but not LPS, induced a neuroinflammatory response in
astrocytes, as indicated by changes in several genes associated with reactivity in
astrocytes. Although LPS is known to result in activation of astrocytes, particularly
in model organisms (Xingi et al., 2023), this has been shown to be mediated by
microglial activation in human models (Liddelow et al., 2017). LPS induces the
production of cytokines via activation of toll-like receptor 4 (TLR4). Although
human astrocytes express TLR4, unlike murine astrocytes, they lack CDI14, a
glycoprotein which presents LPS to the complex which results in the activation of
intercellular signalling pathways (Tarassishin et al., 2014; J. Y. Park et al., 2017).
As a result, LPS treatment alone does not result in significant changes in pro-

inflammatory gene expression.

As expected, however, treatment with cytokines resulted in the upregulation of
CCL2, IL1B, IL6 and TNFa, therefore confirming the production of activated
astrocytes. Inflamed astrocytes produce CCL2, a chemokine which recruits immune
cells to the CNS as well as continuing to activate glial cells (R. Y. Kim et al., 2014;
Orchanian et al., 2024). IL1p is a pro-inflammatory cytokine upregulated in the
brain after injury and is known as a marker of astrocyte activation (Baazm et al.,
2021; Szpakowski et al., 2022; Gureev et al., 2024). Levels of IL-6 secreted by
astrocytes are also increased after inflammation (Van Kralingen et al., 2013;
Hyvirinen et al., 2019). IL-6 is a cytokine known to have both a neuroprotective
and a detrimental effect on the brain (L. Sun et al., 2017; Pons-Espinal et al., 2024;
C.Shanetal., 2024). TNFa, another pro-inflammatory cytokine, is also upregulated
in activated astrocytes (Trindade et al., 2020; L. Wu et al., 2024).

Interestingly, GFAP expression was downregulated in the astrocytes used in this
study after stimulation with cytokines. Typically, upregulation of GFAP is viewed
as a marker of reactive astrocytes (Sofroniew, 2015; Pelkmans et al., 2024). The
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paper that originally identified TNFa, IL-1a and Clq as promoting a neurotoxic
astrocyte phenotype also found that GFAP was upregulated in astrocytes after
treatment (Liddelow et al., 2017). However, the astrocytes used in that study were
isolated from mice. Several studies focusing on human astrocytes have also seen a
decrease in GFAP expression after stimulation with pro-inflammatory cytokines.
Human iPSC-derived astrocytes co-stimulated with TNFa (10 ng/mL) and IL-13
(10 ng/mL) for 7 days showed ~8-fold decrease in both GFAP mRNA and protein
levels (Hyvérinen et al., 2019). Astrocytes derived from human ReN cells also
showed a decrease in GFAP mRNA expression after 24-hour exposure to TNFa (10
and 30 ng/mL) and IL-1B (30 ng/mL) (Pamies et al., 2021). This contributes to the

growing awareness of moving beyond GFAP as a marker of reactive astrocytes.

While EVs isolated from healthy astrocytes were able to decrease permeability of
HBMVECs, EVs isolated from inflamed cells appeared to marginally increase
HBMVEC permeability. Similarly to previous results, there were no significant
changes in claudin-5 or occludin expression on either the mRNA or protein levels.
However, ZO-1 expression seemed to trend towards downregulation. Only two
replicates were completed for this experiment and therefore at least one other
replicate would be needed to confirm the significance of this. In the literature,
studies exploring the effect of EVs from inflamed astrocytes are limited. A study
focusing on the effects of EVs isolated from TNFa/IFNy (10 ng/mL) stimulated
hCMEC/D3 cells on healthy hCMEC/D3 cells showed a ~10% decrease in TEER
values after 24 hours exposure (Hosseinkhani et al., 2023), suggesting that EVs
isolated from inflamed cells in general damage BBB integrity. However,
Kriaucitnaité et al., (2021) looked at the effect of EVs isolated from immortalised
astrocytes from mouse model of Alzheimer’s disease on endothelial cells. There
were no significant changes in TEER values after exposure to these EVS,
suggesting that these EVs had no effect on the barrier. However, these values were
taken after a longer exposure time (4 days), potentially allowing damage to the
barrier to repair itself. Interestingly, the protein levels of the tight junction genes in
hCMEC/D3 cells followed the same trends as those observed in this chapter after
exposure to these EVs. Levels of both claudin-5 and occludin remained unchanged

although ZO-1 protein expression was also downregulated.
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Gene expression analysis alone is not sufficient to assess barrier function. Barrier
function depends on protein abundance and their proper assembly into functional
junctions, which require further experimentation. Studies have shown that there is
poor correlation between mRNA and protein expression levels (Schwanhiusser et
al., 2011; Wang et al., 2019; reviewed in Samih et al., 2026), however one study
has suggested that there is better correlation between mRNA and protein expression
levels of differentially expressed genes (Koussounadis et al., 2015) and another has
suggested that correlation efficiency can be improved by the introduction of a gene-
specific RNA-to-protein conversion factor (Edfors et al., 2016). These studies
suggest that gene expression and protein expression levels are not as poorly
correlated as once thought. Protein expression alone is also not sufficient to assess
barrier function. However, several studies have found a correlation between TJ
expression and barrier function (McCarthy et al., 1996; Nitta et al., 2003; Jiao et
al.,, 2011; Sugiyama et al., 2023). Therefore, exploring both gene and protein
expression levels is an important initial step in understanding the underlying

mechanisms of barrier function.

Given unlimited materials, protein localisation and post-translational modification
levels could have also been explored which would have allowed for a more
thorough exploration into the biochemical and biophysical mechanisms of barrier
function after EV treatment. Phosphorylation of TJ proteins in particular is known
to modulate barrier activity (Yamamoto et al., 2008; Murakami et al., 2012; K.
Wang, Qu, et al., 2025). The effect on barrier integrity seen after EV treatment could
potentially be due to effects on the phosphorylation of TJ proteins. Additionally, the
expression levels members of the adherens junctions were not explored in this
study. Adherens junctions also affect the permeability of the BBB (Steiner et al.,
2014; C.-M. Chen et al., 2020). Future studies should be done to explore both TJ
phosphorylation and the stability of adherens junctions after astrocyte-derived EV
treatment to determine whether EVs modulate BBB integrity via changes to either

of these.

While the majority of studies report that late-passage astrocytes are more reactive
in comparison to early-passage astrocytes (M. Bang et al., 2021; W. Zhang et al.,
2022; Pérez et al., 2024), the process of isolation may stress primary cells (reviewed
in Berenyi, 2026). It has also been reported that astrocytes in culture are reactive in
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comparison to quiescent in vivo astrocytes, due to being cultured in the presence of
serum (Prah et al., 2019; White et al., 2024). As the cells used in this study were
cultured in a serum-containing medium, this could mean that these cells were
inherently reactive and therefore released EVs containing inflammatory cargo.
Therefore, these results may not accurately reflect the impact of healthy astrocytes
on endothelial cells in vivo. While this had been considered during experimental
planning, a preliminary study revealed that these cells did not survive in serum-free
media. Regardless, the use of serum-containing media is not uncommon in similar
studies focusing on reactive astrocytes (S. Li et al., 2022; Cameron et al., 2024).
While the use of the term “control astrocytes” may have described this cohort better,

the use of “healthy astrocytes” ensures clarity in terms of treatments used.

In conclusion, astrocyte derived EVs are able to impact the barrier properties of
endothelial cells. However, their impact depends on the condition of the cell upon
media collection. EVs from healthy astrocytes tend to improve barrier function but
not through any notable effect on TJ gene or protein expression levels. EVs from
inflamed astrocytes, by contrast, tend to disrupt the barrier with some evidence of
this resulting from decreased expression of ZO-1, suggesting potential instability
of the TJ complex. As BBB dysfunction is a known hallmark of neuroinflammation,
this points to a potential mechanism by which inflamed astrocytes destabilise the

barrier, both locally and widespread across the brain.

While the TJs play a significant role in the integrity of the BBB, treatment with
astrocyte-derived EVs in our study did not significantly affect their expression
levels. However, other factors also affect BBB permeability, including
inflammation (Haruwaka et al., 2019; Hilbrig et al., 2026). The dysregulation of
several signalling molecules has been noted during neuroinflammation, including
cytokines and MMPs, both of which are known causes of BBB leakage (J. Liu et
al., 2012; A.-Q. Chen et al., 2019). Wnt signalling is also known as the master
regulator of the BBB, as it is known to be involved in the activation of several BBB-
related genes (Stenman et al., 2008; Guérit et al., 2021). EVs contain a variety of
cargo and therefore, can affect multiple pathways in recipient cells. Therefore, in
order to determine what effect EVs have on HBMVECs that may result in changes

to barrier integrity, exploring the transcriptome of these cells post-treatment in
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addition to the transcriptome of the EVs themselves could potentially identify

affected pathways thus informing future experiments.
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Chapter 6 :
Transcriptomic Analysis
of Astrocyte-Derived EV

Treated HBMvECs
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6.1 Introduction

As part of their cargo, EVs are known to carry different types of RNA, including
both coding (mRNA) (Skog et al., 2008; H. Zong et al., 2023) and non-coding (e.g.
long non-coding (IncRNA) (Gezer et al., 2014; X. Wei et al., 2022), microRNA
(miRNA) (Valadi et al., 2007; X. Liu et al., 2023), and circular (circRNA) (C. Ding
et al., 2021; Z. Pan et al., 2022)) RNA. Although the exact sorting mechanism(s)
are yet to be determined, there is evidence that donor cells are able to selectively
load cargo into EVs (Guduric-Fuchs et al., 2012; B. He et al., 2021). This cargo has
been found to be biologically active, altering the behaviour of recipient cells and
corroborating the role of EVs in intercellular communication (Valadi et al., 2007;

G. Wang et al., 2023).

In particular, miRNAs are enriched in these vesicles in comparison to their donor
cells (Goldie et al., 2014; Jeppesen et al., 2019; Sork et al., 2021). These non-coding
small RNAs are typically around 20-25 nucleotides (nt) in length and act as
regulators of gene expression (Hutvagner & Zamore, 2002; Mohamed et al., 2025).
As a result, they are known to play roles in a variety of cellular function such as
proliferation (Tao et al., 2019; M. Lu et al., 2023), differentiation (Hara et al., 2013;
G. Zhang et al., 2022), and apoptosis (Dahiya & Atreya, 2021; Y. Ding et al., 2021).
In addition, miRNAs have been shown to play roles in disease (Du et al., 2009;
Peng et al., 2017; M.-L. Chen et al., 2021).

The miRNA transcriptome of EVs changes during disease (Banack et al., 2022; A.
Kumar et al., 2023). Although one study found that EVs derived from healthy
astrocytes contain miRNAs that regulate correct neuronal functions (Gordillo-
Sampedro et al., 2024), astrocytes under inflammatory conditions were found to
release EVs that were enriched in miRNAs that dampened the excitability of
neurons (Chaudhuri et al., 2018). Another study found that EVs isolated from
astrocytes in a model of TBI were found to promote mitochondrial dysfunction and

apoptosis in neurons (Q. Hu et al., 2024).

Studies exploring the effect of astrocyte-derived EVs on other cells of the brain,
including endothelial cells are limited. However, some studies have shown that EV's

were able to induce changes in the transcriptome of endothelial cells (X. Li et al.,
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2023; J.-J. Pan et al., 2024). Neuronal-derived EVs containing miR-132 were able
to regulate the integrity of the BBB through the expression of VE-Cadherin (B. Xu
et al., 2017). On the other hand, EVs from inflamed non-brain cells were found to
drive inflammation in non-brain endothelial cells through the upregulation of
several pro-inflammatory genes (F. Jiang et al., 2020). These studies reveal that EVs
are capable of modulating the transcriptome of endothelial cells. As such, this
chapter aims to discover the wider transcriptomic changes that occur in HBMVECs
following treatment with EVs isolated from healthy and inflamed astrocytes, and
whether these might explain the functional changes in these cells observed in

chapter 5.

6.1.1 Chapter Aims

e To analyse the small RNA population of EVs isolated from healthy and

inflamed astrocytes.

e To identify differentially expressed genes in HBMVECs treated with EVs

derived from both healthy and inflamed astrocytes.

e To identify the cellular regulatory pathways these differentially expressed

genes are putatively involved in.
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6.2 Results

In order to analyse the miRNA transcriptomes of EVs from healthy (EVu) and
inflamed (EVinr) astrocytes, EVy and EVine were first isolated and lysed in
TRIzol® (Figure 6.1). Healthy and inflamed astrocytes were also lysed in TRIzol®
in order to allow for comparison between the miRNA transcriptomes of astrocytes
and their corresponding EVs. These were then stored at -80°C prior to shipment to
Macrogen (South Korea) where RNA extraction, quality assessment, library
preparation, and sequencing were performed. Verification of miRNA isolation was
performed by RNA size distribution analysis using the Bioanalyzer Small RNA chip

run on the 2100 BioAnalyzer Instrument.
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Figure 6.1 Illustration of EV isolation from healthy and inflamed cells. After 24 hours of
conditioning astrocyte media on healthy astrocytes or inflamed astrocytes, cell debris and
larger proteins and microvesicles were cleared through preclearance steps as described in
Chapter 4. 50% PEG6000 was added to a final concentration of 10% and 3.75M NaCl
added to a final concentration of 2%. These medias were then incubated overnight and
centrifuged at 1500 x g for 1 hour. The supernatant was then removed, and the pellet
resuspended in TRIzol (for RNA isolation) or PBS (for cell treatment). Figure created by
author using Affinity Designer (v 1.10.6.1665).
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6.2.1 Primary human astrocyte-derived EVs do not seem to contain
miRNA, likely due to negligible amounts of miRNA in their donor

cells.

Total RNA quality was assessed after RNA isolation. Figure 6.2A, B revealed that
EVs carry a small quantity of a variety of RNAs with the majority of RNAs isolated
being >200 nt, peaking at 117nt for EVH (A(1)) and 119nt for EVine (B(i)). These
small RNAs were then further resolved using a Bioanalyzer RNA Small RNA chip
in order to determine the integrity and quantity of the small RNA populations prior
to library preparation and sequencing (Figure 6.2A(ii), B(ii)). This revealed that
there were no differences in small RNA populations between EVy and EVing. The
populations of small RNAs in these EVs were between 150-200 nt in size.
Surprisingly, no peaks at around 20nt were seen, suggesting that these EVs carried

very few, if any, EVs.

This was repeated on representative astrocyte cell samples. Again, Figure 6.3A, B
reveals no changes in RNA populations between healthy (A) and inflamed (B)
astrocytes. Although analysis of the small RNAs revealed many RNA populations
that were not reflected in the small RNA transcriptome of EVs, these astrocytes

again seemed to lack any substantial populations of miRNAs.
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Figure 6.2 Total RNA quality analysis of EVs isolated from healthy (A) and inflamed (B)
astrocytes via BioAnalyser. Representative electropherograms and gel-like images from
preparations using the RNA 6000 Pico Chip kit (i) and the Bioanalyzer RNA Small RNA
chip (ii), run on the 2100 BioAnalyzer Instrument by Macrogen. n = 3.
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Figure 6.3 Total RNA quality analysis of healthy (A) and inflamed (B) astrocytes via
BioAnalyser. Representative electropherograms and gel-like images from preparations
using the RNA 6000 Pico Chip kit (i) and the Bioanalyzer RNA Small RNA chip (ii), run on
the 2100 BioAnalyzer Instrument by Macrogen. n = 3.
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6.2.2 Astrocyte-derived EVs modify the transcriptome of HBMVECs

Although astrocyte-derived EVs did not appear to contain miRNA, results from
chapter 5 suggested that they were able to affect the permeability of HBMVECs.
Moreover, whilst TJ genes appear unaffected, these EVs may have affected the
expression of other endothelial genes indirectly impacting HBMVEC permeability.
As such, the transcriptomes of HBMVECs after 24-hour treatment with PBS
(control), EVH, and EVINF were analysed. Following completion of the
treatments, HBMVECs were lysed in TRIzol®. These were then stored at -80°C
prior to shipment to Macrogen (South Korea) where RNA extraction, quality
assessment, library preparation, and sequencing were performed. Total RNA quality

(Figure A.3, Appendix).and library quality (Figure A.4, Appendix). were assessed.

A principal component analysis (PCA) was first performed on normalised gene
expression profiles of HBMVECs treated with PBS, EVy, or EVine in order to
explore variation in the dataset (Figure 6.4). The first two principal components
explained 75% (PC1) and 22% (PC2) of the variance (Figure 6.4A). Rather than
clustering according to treatment status, samples primarily clustered by
experimental date, suggesting that the variance was mostly attributable to biological
differences between stocks of HBMVECs used. However, one replicate (Repl:
Healthy EVs) varied widely from both cells treated on the same day and the second
replicate. Removing healthy EVs from the analysis showed similar results,
revealing a clear separation between replicates (Figure 6.4B). In this PCA, PC1
explained 96% of the variance. However, PC2 accounted for 3% of the variance
and shows some similarity between HBMVECs treated with inflamed EVs. Based
on these findings, the analysis will proceed focusing on the HBMVECs treated with
control and EVinr only, in order to find significant changes in the HBMVEC

transcriptome after EVnr treatment.
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Figure 6.4 PCA of gene expression data. Each point represents one sample. A) shows data
from HBMvECs treated with control (PBS), EVs from healthy astrocytes (Healthy EV), and
inflamed astrocytes (Inflamed EVs). B) shows the variance of HBMvECs treated with
control and inflamed EVs only. X-axis shows the first principal component. Y-axis shows
the second principal component.
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In order to detect differentially expressed genes (DEGs) in HBMVECs treated with
EVinE in comparison to control, a pairwise comparison between these conditions
was then performed using edgeR (Robinson et al., 2010; Y. Chen et al., 2025).
Thirty four DEGs were identified (Figure 6.5). Of these, 19 genes were
downregulated (listed in Table 6.1) and 15 genes were upregulated (listed in Table
6.2) in cells treated with inflamed EVs.
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Figure 6.5 Volcano plot of differential gene expression of HBMvECs treated with vehicle
control (PBS) vs. EVs isolated from inflamed astrocytes. Each point represents the
average value of one transcript in 2 replicate experiments. X-axis shows the log, fold
change value. Y-axis shows the value of logi) (P value). The expression difference is
considered significant for a non-zero log; fold change in gene expression (threshold
denoted by vertical dashed line) and for a P value of <0.05 (-logoP of >1.3, denoted by
horizontal dashed line). Genes that are considered significantly downregulated are
coloured blue while those that are considered significantly upregulated are coloured red.
Points that are grey are non-significant.
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Table 6.1: Genes downregulated in HBMVECs after treatment with inflamed EVs in comparison to control, in order of largest fold
change

NTSR1 Neurotensin Receptor -0.56034  0.017293  G-protein coupled receptor that binds to the neuropeptide neurotensin
1 (Tanaka et al., 1990; Libanje et al., 2023). NTSR1 has recently been found
to play a role in vascular remodelling (Z.-X. Wei et al., 2024).
FZDS§ Frizzled Class  -0.51728 | 0.021004 A member of the Frizzled receptors for Wnt signalling proteins (S. Kumar
Receptor 8 et al., 2014; Murillo-Garzoén et al., 2018).
TCIRG1 T-cell Immune -0.48453 | 0.010332  Encodes the a3 isoform of the a subunit of the vacuolar ATPase proton
Regulator 1 pump, located primarily on lysosomes and regulates late phagosome-

lysosomal fusion (Sun-Wada et al., 2009; Q. Chen et al., 2024). Mutations
in this gene are associated with osteopetrosis (Frattini et al., 2000; Kocak

et al., 2019).
MAN2A2 Mannosidase Alpha -0.38481 | 0.030319 @ Required for N-glycan trimming/maturation for proper post-translational
Class 2A Member 2 modifications of proteins (Akama et al., 2006; Mahajan et al., 2023). A

genome-wide association study has found genetic variability in this gene
is associated with blood pressure (Buniello et al., 2019). This gene has also
been found to be linked to ischemic stroke risk (Y. Liu et al., 2024).

LAMP1 Lysosomal- -0.37619  0.006247  Highly abundant glycoprotein component typically associated with
Associated lysosomes (J. W. Chen et al., 1985; X.-T. Cheng et al., 2018) and involved
Membrane Protein 1 in normal lysosomal function such as autophagy and exocytosis (Huynh et
al., 2007; Yogalingam et al., 2008; Wilke et al., 2012; Chaudhry et al.,
2022).

Continued on next page
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Table 6.1 (continued)

PTMS

APLN

SNED1

DGKZ

MYRIP

RN7SL3

Parathymosin

Apelin

Sushi, Nidogen And EGF
Like Domains 1
Diacylglycerol
Zeta

Kinase

Myosin VIIA And Rab
Interacting Protein

RNA Component Of
Signal Recognition
Particle 7SL3

Continued on next page
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-0.37444

-0.36755

-0.36507

-0.35414

-0.32378

-0.3179

0.032091

0.006569

0.006569

0.026969

0.035479

0.011888

Has been shown to inhibit NF-«xB transcriptional activity (Okamoto
et al., 2016; Takami et al., 2023). Knockdown of PTMS has been
shown to result in severe, age-related neurodegeneration (B. Yu et
al., 2020; Jung et al., 2025).

A regulator of angiotensin-converting enzyme 2 (ACE2) which is
known to regulate vascular tone (Tipnis et al., 2000; Z.-Z. Zhang et
al.,, 2017; X.-T. Li et al., 2021). Apelin signalling has also been
found to play important roles in maintaining cardiovascular
homeostasis, including driving angiogenesis (Helker et al., 2020;
Chang et al., 2021), increasing contractility (Kuba et al., 2007;
Charo et al., 2009; Besserer-Offroy et al., 2018), and lowering blood
pressure through its effects as a vasodilator (D. K. Lee et al., 2000;
Japp et al., 2008; Schinzari et al., 2017)

Encodes for the ExM protein glycoprotein SNED1 (Barqué et al.,
2021; Vallet et al., 2021).

Phosphorylates diacylglycerol (DAG), playing an important role in
signalling (Bunting et al., 1996; Riese et al., 2011; Furuta et al.,
2023).

Regulates exocytosis of vVWF by linking Rab27a and Myosin Va to
the actin cytoskeleton (Nightingale et al., 2009; Rojo Pulido et al.,
2011; Conte et al., 2016)

Long, non-coding RNA component of the signal recognition
particle complex which targets proteins to the endoplasmic
reticulum (Regalia, 2002; Bujisic et al., 2025)
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Table 6.1 (continued)

T -

NBEAL2 Neurobeachin Like 2 -0.30879  0.028149  Required for a-granule maturation and packaging of a-granule
proteins (Kahr et al., 2013; Kat et al., 2023). Loss of function in this
gene results in grey platelet syndrome (Albers et al., 2011; Posey et
al., 2025)

EHD2 EH Domain Containing 2 = -0.3039 0.023484 | An ATPase that is a nuclear-cytoplasmic shuttle protein and inhibits
gene transcription in the nucleus (Pekar et al., 2012; Torrino et al.,
2018). Involved in several biological processes including
endocytosis (Benjamin et al., 2011; Bar et al., 2014; Webb et al.,
2022) and metabolism (S. Y. Park et al., 2004; Sackmann-Sala et al.,
2014; M. Neuhaus et al., 2023)

COLSA1 Collagen Type V Alpha 1 -0.29786  0.010332  Encodes for the alpha 1 chain of the ExM protein collagen type V
(Lebovitz et al., 1996; Kumskova et al., 2025)

HSPB1 Heat  Shock  Protein -0.2875 0.032137 | A member of the heat shock protein family which are primarily

Family B 1 (also known involved in maintaining homeostasis in the cell (Quraishe et al.,

as Hsp27) 2008; R. Shan et al., 2021). Hsp27 chaperones the correct folding

of proteins (Z. Liu et al., 2012; Selig et al., 2020) and in inhibiting
apoptosis (X. Tian et al., 2016; Kennedy et al., 2017). Also has been
shown to be neuroprotective during protein aggregation in the brain
(King et al., 2009; Vicente Miranda et al., 2020)

Continued on next page
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Table 6.1 (continued)

Guetmbil Geelams | gt Tvwe fwem

SCARA3

TIMP2

CLEC14A

LMNA

Scavenger Receptor -0.27536
Class A Member 3

Tissue  Inhibitor  of  -0.25317
Metalloproteinases 2

C-Type Lectin Domain -0.23901
Containing 14A

Lamin A/C -0.22533
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0.017293

0.030319

0.035479

0.047213

A member of the class A scavenger receptor family which mediates
endocytosis by binding to and internalising a variety of targets
(Arukuusk et al., 2013; Q. Song et al., 2021) and act as pattern
recognition receptors of the innate immune system (Balla et al.,
2009; J. He et al., 2014; Taban et al., 2022).

An inhibitor of matrix metalloproteinases (MMPs), which are
involved in degrading ExM proteins (Lukomska et al., 2020; Hayun
etal., 2023)

Enriched in vascular endothelial cells and shown to play roles in
cell-cell adhesion (Rho et al., 2011; Jang et al., 2017), migration (X.
Zhuang et al., 2011; Ki et al., 2013), and angiogenesis (Mura et al.,
2012;Y. Liao et al., 2024)

A nucleoskeletal intermediate filament that provides structural
support to the cell nucleus, regulates gene expression (M. Singh et
al., 2013; Bera & Sengupta, 2020) and plays a role in
mechanotransduction (Lammerding et al., 2004; H. Liu et al., 2024).
Mutations in this gene impair angiogenesis, potentially due to
reduced NO production in cells (Bonello-Palot et al., 2014; Sayed
et al., 2020; Gete et al.,, 2021) and result in cardiovascular
complications in humans(Mosbah et al., 2020; J. Wang, Yu, et al.,
2022).
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Table 6.2: Genes upregulated in HBMVECs after treatment with inflamed EVs in comparison to control, in order of largest fold change

CCL2 C-C Motif Chemokine | 1.277241 | 1.48E-05 | A key inflammatory chemokine that regulates the recruitment of
Ligand 2 peripheral mononuclear cells (Strieter et al., 1989; Qian et al., 2011;

Husain et al., 2025)
JAK3 Janus Kinase 3 1.072022 | 0.006247 | A member of a family of non-receptor tyrosine kinases that play a

crucial role in the immune system by mediating downstream
cytokine signalling in the JAK-STAT pathway (Takahashi &
Shirasaw, 1994; Macri et al., 2023). JAK3 selectively associates
with the cytokine receptor subunit yc, which is shared by several
heteromeric cytokine receptors (Kirken et al., 1994; Dai et al.,
2022). Mutations in JAK3 cause immune dysregulation (Thomis et
al., 1995; Cornejo et al., 2009; Lahera et al., 2024).

POLR2J4 RNA  Polymerase IT | 0.754924 | 0.029789 | IncRNA, acts as a miRNA sponge (Shpakovski et al., 2004; X. Lu
Subunit J4 (Pseudogene) et al., 2019). Regarded as an oncogene, promoting cancer cell
proliferation and migration (Ji et al., 2024; M. Song et al., 2025)
RASA4CP RAS p21 Protein Activator | 0.754924 | 0.029789 | IncRNA, has been suggested as a biomarker for cervical cancer (W.
4c (Pseudogene) Wu et al., 2019)

ZNF17 Zinc Finger Protein 17 0.706411 | 0.047269 | Potentially involved in transcriptional regulation (GeneCards
identifier GC19P057411). Mutations in ZNF17 result in ciliopathies
(Castro-Sanchez et al., 2017) and have been identified in
hepatocellular carcinoma (Kassem et al., 2024)

Continued on next page
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Table 6.2 (continued)

IL32 Interleukin 32 0.529649 | 0.017293 | A (mostly) proinflammatory cytokine that plays a role in a variety
of inflammatory diseases (Shioya et al., 2007; Heinhuis et al., 2011;
Q. Yao et al., 2019) and in immune response to viruses (Mesquita et
al., 2016; Collister et al., 2019; Assou et al., 2023)

ICAM1 Intercellular Adhesion | 0.497513 | 0.003781 | Recruits leukocytes to sites of inflammation (Byeseda et al., 2009;

Molecule 1 Wiesolek et al., 2020)

LIPG Lipase G, Endothelial Type | 0.450942 | 0.001177 | Plays a role in signal transduction by regulating high-density
lipoprotein (HDL) cholesterol metabolism (Tatematsu et al., 2013;
Ruff et al., 2021; Y. Wang, Huang, et al., 2025).

MGP Matrix Gla Protein 0.448615 | 7.09E-05 | A vitamin-K dependent protein that regulates vascular homeostasis
via inhibition of vascular calcification (G. Luo et al.,, 1997;
Malhotra et al., 2022)

TNFSF10 Tumour Necrosis Factor | 0.429489 | 0.007268 | Part of the tumour-immune system by inducing apoptosis in tumour

Superfamily Member 10 cells (Wiley et al., 1995; De Wilt et al., 2024). Has been shown to
(also known as TRAIL) inhibit VEGF-induced angiogenesis (Cantarella et al., 2006; Na et
al., 2014)

ZNF587 Zinc Finger Protein 587 0.399428 | 0.017293 | Upregulated in gastric cancer (J. Liu et al., 2021) and prostate
cancer (T. Wu et al., 2022). Repressor of retroviral infection (Turelli
et al., 2020; B. Yang et al., 2022)

SOD2 Superoxide Dismutase 2 0.357064 | 0.030319 | A member of the superoxidase dismutase family which protect
against oxidative stress by catalysing the dismutation of superoxide
radicals in mitochondria (Lebovitz et al., 1996; Y.-S. Zhang et al.,
2025).

Continued on next page
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Table 6.2 (continued)

Post-examination Copy

ITGAV Integrin Subunit Alpha V. | 0.330863 | 0.002779 | An RGD-recognizing integrin binding to the ExM forming cell-
matrix adhesion complexes (Sims et al., 2000; Mariasoosai et al.,
2024). Also associated with pro-inflammatory responses (X. Yao et
al., 2023; Ghasempour et al., 2024)
IL6ST Interleukin 6  Cytokine | 0.329807 | 0.001177 | A shared signal transducing subunit for many cytokine receptor
Family Signal Transducer complexes in addition to IL-6 (Gearing et al., 1992; Jostock et al.,
(also known as GP130) 2001; Osman & Neamati, 2024)
NFKBIA NF-kB Inhibitor Alpha 0.31008 | 0.030319 | Regulates signalling by sequestering
NF-«B in an inactive form in the cytoplasm (Baeuerle & Baltimore,
1988; Jacobs & Harrison, 1998; Fan et al., 2004; Palma et al., 2025)
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The DEGs were then annotated using the Gene Ontology (GO) database, which
allows for the determination of formally defined relationships between them. The
GO classification system revealed that these genes could be classified into groups
according to their biological processes (Figure 6.6). These DEGs were found to be
enriched in several aspects affecting the vasculature, including blood vessel
morphogenesis (which was found to have the lowest p-value), endothelial cell
migration, regulation of vascular development, and artery development, as well as
those affecting cell adhesion and migration. Additionally, several pathways relating
to translation were enriched, including ribosome biogenesis, ribonucleoprotein
biogenesis, cytoplasmic translation, rRNA processing, de novo post translational
protein folding. Unsurprisingly, DEGs were also involved in the cytokine-mediated

signalling pathway.
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Figure 6.6 Gene ontology (GO) enrichment analysis of HBMvECs DEGs after treatment with inflamed EVs. The x-axis displays the GO terms.
The most significant pathways (p < 0.01) are shown, in order of significance. The y-axis shows the normalised enrichment score (NES). A positive
NES score (red) indicates that the genes in that category are enriched at the “top” of the ranked list, typically corresponding to up-regulated genes.
A negative NES score (blue) indicates that the genes involved in that pathway are enriched at the “bottom”, typically corresponding to down-
regulated genes
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6.3 Discussion

This chapter attempted to determine the changes in the miRNA transcriptome of
EVs isolated from healthy and inflamed astrocyte and how they affected the
transcriptome of HBMVECs treated with these EVs. Surprisingly, a lack of miRNA
was found in the EVs isolated in this study, potentially due to the negligible
population of miRNAs in the donor cells. miRNAs have been found both in
astrocyte cultures (J. Chen et al., 2019; Gordillo-Sampedro et al., 2024) and in EVs
derived from cultured astrocytes (Long et al., 2020; Q. Hu et al., 2024).)
Additionally, several studies have shown that miRNAs delivered by astrocyte-
derived EVs affect neuronal function (Varcianna et al., 2019; Q. Hu et al., 2024).
One recent study has also provided evidence that IPSC-derived healthy astrocytes
selectively load miRNAs into EVs (Gordillo-Sampedro et al., 2024). This
corroborates that astrocyte- derived EVs should contain miRNAs. However, these
studies focused on identifying the miRNAs present rather than the total quantity of
miRNA. Therefore, the miRNA population of the cells used in this study may have
been too low to be detected via Bioanalyzer, especially in comparison to the
quantity of other RNAs present. In order to truly confirm the apparent absence of

miRNA in these samples, sequencing of this RNA population should be performed.

Even seemingly lacking a notable amount of miRNA, these EVs induced a
functional change in HBMVECs. While this could be due to other biologically
active molecules in their cargo, there were several small RNA populations between
150 - 200 nt identified in these EVs. Small nuclear RNAs (snRNAs) range between
80 - 350 nt (Z. Lu & Matera, 2015). These form the small nuclear ribonucleoprotein
complex, which is responsible for splicing of pre-mRNA into mature mRNA
(Rogalska et al., 2024; Vorldnder et al., 2024). These have been reported in EVs
(Jeppesen et al., 2019) but no studies focusing on this subpopulation of RNA in EVs
were found. Although IncRNAs present in EVs have demonstrated an effect in
recipient cells (F. Liang et al., 2025; Meng et al., 2024), these RNAs are too short
to be considered IncRNAs, which are typically >200 nt (Bu et al., 2012; Mattick et
al., 2023).
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Another possibility is that these RNAs could be fragments of mRNA. EVs have
been found to contain fragments of mRNA ranging from 25 to 4,000 nt (Berardocco
et al., 2017; Prieto-Vila et al., 2021), whereas intact mRNAs range from 400 to
12,000 nt in mammals (Ravasi et al., 2006; Miceli et al., 2024). These mRNA
fragments have been shown to produce proteins upon delivery (Batagov &
Kurochkin, 2013; Chiang et al., 2023), suggesting that these fragments are able to
play arole in intercellular communication. However, sequencing of these fragments

will be required to determine their identity and predict their function.

Both EVh and EVine were able to induce changes in the transcriptome of endothelial
cells. However, no significant DEGs were identified in cells treated with EVy in
comparison to control or in cells treated with EVing in comparison to cells treated
with EVy (Figure A. 5, Appendix). This is likely due to the high variability between
replicates of cells treated with EVh. One potential explanation for this variation
could be due to the populations of RNAs isolated. The first replicate of HBMVECs
treated with healthy EVs shows a much lower mRNA peak than other samples
(Figure A. 4, Appendix). This could have potentially affected the available mRNAs,
resulting in inflated reads and inaccurate analysis of gene expression data. Variation
between samples were also seen in cells treated with EVine and control cells. All
endothelial cells used in this experiment were derived from the same source and
therefore there should not have been any biological variation between them.
Similarly, all astrocytes used for the generation of conditioned media in this chapter
were also derived from one donor. However, the same batch of media was used to
generate ACM, while different batches of endothelial media were used for the
passage and experimental procedures involving endothelial cells. This could
account for some of the variability seen, as composition of media can result in
variability of endothelial cell gene expression (Helms et al., 2010). Regardless,
several DEGs and affected pathways were identified in cells treated with EVing in

comparison to control and are discussed below.

Chapter 5 revealed that while EVinr increased permeability in HBMVECs, they did
not significantly affect TJ gene and protein expression levels. However,
transcriptomic analysis of the DEGs and the pathways they are involved with have

suggested several possible explanations for this increase in permeability.
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Firstly, vascular inflammation has been associated with increased permeability of
the BBB (Propson et al., 2021; Hermans et al., 2022). Several genes linked with
inflammation were found to be upregulated in HBMVECs after treatment with
EVine. These included 7L32, which has been found to upregulate cytokine
production in endothelial cells (Nold-Petry et al., 2009; Bunet et al., 2023) and
LIPG which mediates inflammation by upregulating pro-inflammatory cytokines
(Badellino et al., 2008; Riederer et al., 2011; C. Hong et al., 2021). In addition, the
expression level of JAK3 was found to be upregulated in our study. The JAK-STAT
signalling pathway is known to promote neuroinflammation (H. Qin et al., 2016; H.
Hong et al., 2024). Of particular note, H. Kim et al., (2022) showed that in an in
vivo co-culture model, inflamed astrocytes were able to induce BBB dysfunction
through the activation of STAT3. Overall, this suggests that EVinrg are able to induce
inflammation in HBMVECs and potentially play a role in the pathogenesis of

neuroinflammation in the CNS.

Neuroinflammation has been closely associated with increased oxidative stress
(Heo et al., 2005; P. Zong et al., 2024). Several DEGs identified after EVinrg
treatment have been linked to oxidative stress. SCARA3, found to be downregulated
in our study, has been found to protect against oxidative stress (H. Han, 1998;
Guadagno et al., 2017). This suggests that treatment with EVixr results in increased
levels of ROS, for which HBMVEC:s tries to compensate by upregulating SOD?2
expression, as seen in other studies (Z. Liu et al., 2014; K. Li et al., 2025). Excessive
reactive oxygen species (ROS) are also known to contribute to cell dysfunction and

to the breakdown of the BBB (Haileselassie et al., 2020; X. Zhao et al., 2024).

Additionally, several DEGs identified in our study have been shown to influence
the permeability of endothelial cells. Firstly, APLN, which encodes for apelin, was
found to be downregulated. While apelin did not show any effect on barriergenesis
(Herdt et al., 2025), apelin-13 treatment was able to reduce BBB permeability in a
mouse model of stroke (Chu et al., 2017). However, in diabetic patient testes, the
blood-testes barrier is leaky and has been linked to a hyperactivated pathway
involving apelin (K. Song et al., 2022). The gene encoding for Hsp27 was also
downregulated in our study. Overexpression of this gene was found to have a

protective effect on the BBB in models of ischemia (Leak et al., 2013; Y. Shi et al.,
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2017) and during hypoxia (Halder et al., 2025). Interestingly, CLECI14A4 was found
to be downregulated. One study found that knockout of Clec/4a in otherwise
healthy mice resulted in a decrease in BBB integrity, without any effect on the levels

of claudin-5, occludin, or ZO-1 (Y. Kim et al., 2020).

CLECI14A4 has been identified as a promotor of endothelial cell migration and
angiogenesis (Ki et al., 2013; Noy et al., 2016) and its overexpression was found to
attenuate cell migration in a recent study (C. Su et al., 2019). Endothelial cells can
acquire migratory properties in a process known as endothelial to mesenchymal
transition (EndoMT), during which endothelial cells dedifferentiate into
mesenchymal stem cells (Zeisberg et al., 2007; J. Zhuang et al., 2023). The integrity
of the BBB is known to be disrupted during EndoMT (Derada Troletti et al., 2019;
Y. Luo et al., 2022). Other DEGs identified in our study were also found to play
roles in cell migration. EHD?2 was found to be downregulated in our study, which
has been associated with migration in cancer (X. Yang et al., 2015; Guan et al.,
2021). Similarly, LMNA depletion was found to increase cell mobility in fibroblasts
(Corne et al., 2017). LMNA has been found to negatively regulate the expression of
epithelial-mesenchymal transition (EMT) in cancer (C. Hu et al., 2022). The
downregulation of LAMP1 was found to also induce EMT in endometrial epithelial
cells (Z. Zhou et al., 2022). Increased expression of LAMP1 inhibited migration of
renal cell carcinoma cells (X. Wang et al., 2024). Additionally, LAMPI has been
found to affect the adhesion of cells to the ExM and basement membrane (Sawada
et al., 1993; Z. Zhou et al., 2022). Other DEGs that have been found to affect cell
adhesion were also identified in our study. Two genes that encode for ExM proteins
were found to be downregulated, SNEDI and COL5A1. SNEDI was recently
identified to mediate cell adhesion by interacting with integrins (Pally et al., 2025).
Zebrafish col5al mutants show spontaneous haemorrhage, showing that COL5A41
plays a role in stabilizing blood vessels (Rajan et al., 2020).

In addition, GO analysis identified the protein localisation to the cell periphery
pathway as significantly altered in HBMVECs after treatment with EVr.
Interestingly, the pro-inflammatory cytokine CCL2 has been shown to cause the
internalisation of TJ proteins from the cell border (Stamatovic et al., 2005;

Dimitrijevic et al., 2006; Y. Yao & Tsirka, 2011; X. D. Mao et al., 2023). This was
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found to occur through the activation of protein kinase C (PKC) (Stamatovic et al.,
2006), which negatively regulates DGKZ (B. Luo et al., 2003; Ard et al., 2021).
Additionally, Tang et al., (2023) found that TIMP1 was able to rescue the
mislocalisation of junctional complexes in hypoxic mice. While CCL2 was
upregulated in our study, both DGKZ and TIMP1 were downregulated, suggesting
that the increased permeability of HBMVECs seen after EVinr treatment may be a

result of mislocalisation of the TJ proteins.

The adherens junctions (AJs) also play a role in barrier stability (Steiner et al., 2014;
Kruse et al., 2019; Z. Zhang et al., 2024). Several DEGs affecting the stability of
VE-cadherin, a major component of AJs were also identified. 7IMP] is known to
stabilise the localisation of VE-cadherin at the junction (Akahane et al., 2004; Tang
etal., 2023). TIMP1 was downregulated in our study, as was NTSR 1, whose ligand,
neurotensin, has been found to decrease permeability in monkey ovarian
microvascular endothelial cells (mMOMECs) via adherens junctions (Pearson et al.,
2024). By contrast, ITGAV, which encodes the av subunit, was found to be
upregulated, activation of the integrin avp3 having previously been found to also
disrupt the localisation of endothelial VE-cadherin (Alghisi et al., 2009; Nader &
Kerrigan, 2022). This suggests that EVine could influence the stability of VE-

cadherin at the membrane and thus induce permeabilisation.

In conclusion, EVinF may negatively affect the permeability of HBMvVECs through
several gene regulatory pathways — including upregulating cell migration and
affecting cell adhesion by activating the EndoMT pathway. Similarly, the stability
of the adherens junctions may also influence BBB integrity. Additionally, although
TJ gene or protein expression were not affected by treatment with EVinr, these
proteins may have undergone posttranslational modification by phosphorylation to
induce their relocalisation away from the HBMVEC peripheral space, which would
increase permeability (Yamamoto et al., 2008; Murakami et al., 2012; K. Wang, Qu,
et al., 2025). Further studies will be required in order to determine the true

underlying cause of permeabilisation after EVnr treatment.
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Chapter 7 :
Overall Discussion and

Future Directions
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7.1 Overall Summary

The relationship between astrocytes and the BBB, along with other members of the
NVU has been well documented (Abbott et al., 2006; Heithoff et al., 2021).
Astrocytes are well known to aid in the formation and maintenance of the BBB
(Araya et al., 2008; Zamproni et al., 2025). However, during neuroinflammation,
astrocytes contribute to the breakdown of the barrier (H. Kim et al., 2022). EVs are
well-known mediators of cell-cell communication (Valadi et al., 2007; Balusu et al.,
2016). However, the role they play in the communication between astrocytes and
the endothelial cells that line the microcerebral blood vessels and the maintenance
of the barrier has been under researched. This thesis aimed to identify how the
secretome of astrocytes affect the BBB both in health and during

neuroinflammation.

This thesis has shown that the secretome of astrocytes is beneficial to endothelial
cells (chapter 3 and 5). The complete astrocyte secretome was found to have
protective effects on HBMVEC viability (chapter 3) and EVs isolated from healthy
astrocytes was found to improve HBMVEC barrier integrity (chapter 5). Although
the effects of astrocyte-derived EVs on endothelial cells are understudied, the
astrocyte secretome has been known to decrease BBB permeability (Arthur et al.,
1987; Barar et al., 2010; Baumann et al., 2021). EVs from other cell types have also
been shown to improve barrier function (Brodeur et al., 2023; Hosseinkhani et al.,

2023).

Although EVs isolated from healthy astrocytes were beneficial, EVs isolated from
inflamed astrocytes increased barrier permeability and inflamed endothelial cells
(Chapter 5 and 6). EVs from inflamed astrocytes have been shown to contribute to
inflammation in other cells (G. Hu et al., 2018; Ibafiez et al., 2019; K. Liao et al.,
2022). However, until now, the role they play in the loss of barrier integrity
remained unclear. BBB breakdown is a hallmark of neuroinflammation (C.-Y. Chen
et al., 2020; L. Zhang et al., 2022). Activated astrocytes have been known to cause
BBB through increased expression of pro-inflammatory cytokines and other
molecules (Dimitrijevic et al., 2006; F. Guo et al., 2020; H. Kim et al., 2022).
However, EVs have now been implicated in the decrease of barrier integrity. This
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is of particular importance considering that EVs are regarded as long-distance
mediators of communication (C. Bang & Thum, 2012; Y. Feng et al., 2021). This
could suggest that astrocyte EVs could contribute to a globalised inflammatory

effect in the CNS.

7.2 Future Directions

This thesis has shown that astrocyte-derived EVs play a role in modulating the
barrier but not through any effect on the expression levels of the TJs. Therefore,
exploring the mechanism(s) behind the changes to BBB integrity are of great
importance. Transcriptomic analysis of endothelial cells treated with EVing have
shown several potential pathways affected by EV treatment (Chapter 6). These
include the mislocalisation of TJs, potentially due to post-translational changes in
addition to changes to cell adhesion and migration. Although the expression levels
of TJ proteins were explored, post-translational modifications of these TJs were not.
Post-translational modifications of TJ proteins have been shown to affect barrier
integrity (Yamamoto et al., 2008; Murakami et al., 2012; K. Wang, Qu, et al., 2025).
Additionally, during EndoMT, cell adhesion and migration changes, thus disrupting
the barrier (Derada Troletti et al., 2019; Y. Luo et al., 2022). Therefore, exploring
whether post-translational modifications are affected or whether the cells begin to
undergo EndoMT could reveal more about the breakdown of the blood-brain barrier

during neuroinflammation.

The main aim of this thesis was to explore the paracellular barrier function of
endothelial cells after treatment with astrocyte-derived EVs. As such, permeability
assays were the main functional assay used, specifically using a medium weight
fluorescent tracer. However, as mentioned in chapter 3, the use of fluorescent tracers
of other weights and TEER could have provided a better understanding of the
impact these EVs have on the barrier integrity of endothelial cells. Additionally,
immunocytochemical analysis of TJ proteins could have provided insight into the
localisation of these proteins and could have provided an explanation into the
changes in barrier integrity seen. Nevertheless, the physical yield of EVs from
astrocytes was insufficient to conduct more assays, which was a key limitation of

this thesis.
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With a higher yield of EVs, it would have been possible to conduct additional
functional assays to gain a more thorough understanding of the effect astrocyte-
derived EVs in endothelial cells, beyond studying barrier integrity. As indicated by
the transcriptomic study in Chapter 6, exploring the angiogenic properties of these
cells after EV treatment through cell migration studies (e.g. scratch wound assay)
and/or proliferation assays would have revealed whether astrocyte-derived EVs
control this aspect of endothelial cells in either health or disease. Additionally,
several endothelial inflammatory genes were upregulated after treatment with EVs
isolated from inflamed astrocytes (Chapter 6). Therefore, exploring a key
component of the endothelial inflammatory response through a leukocyte adhesion
assay would confirm the propagation of inflammation through EV-mediated

communication.

Although EVs are now known to play a role in BBB integrity, their contents remain
a mystery. Although miRNAs found in EVs have been shown to play roles in the
CNS, both in health and during disease pathogenesis (C.-Y. Chen et al., 2020; M.-
L. Chen et al., 2021; K. Liao et al., 2022), our samples were not found to contain
any meaningful populations. However, several longer small RNAs were found.
Sequencing these could potentially provide information as to the mechanism behind
the changes seen in BBB integrity. However, in addition to their transcriptome, EVs
are known to carry proteins and other signalling molecules (Jeppesen et al., 2019;
Abdelmohsen et al., 2023). Proteomic and lipidomic analysis of EV cargo would
reveal the changes that occur during neuroinflammation but may also reveal the
potential mechanisms by which the transcriptome of HBMVECs change after EV

treatment.

Additionally, transcriptomic analysis of endothelial cells treated with EVy was
unsuccessful. Therefore, potential mechanisms behind the decrease in BBB
permeability remain unknown. Repetition of this experiment could provide these
answers. Several pathways linked to protein translation were upregulated after
EVr treatment in Chapter 6. Whether this is a result of inflammation or related to

treatment with EVs in general could be elucidated by this.

One potential limitation of this study was the use of FBS, due to both potential

contamination of serum-derived vesicles in the isolation of astrocyte-derived EVs
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as well as the potential activation of the “healthy” astrocyte cohort (Prah et al.,
2019; White et al., 2024). While the first was managed with the use of
unconditioned media as a control, more studies could have been conducted in order
to confirm the health status of the astrocytes used to condition media. The media
that was used was recommended by the company that provided the astrocytes.
Additionally, the use of serum-containing media is not uncommon in similar studies
focusing on reactive astrocytes (Li et al., 2022; Cameron et al., 2024). However, a
non-serum containing media could have been used in order to avoid this issue, such
as one supplemented with fibroblast growth factor 2 and epidermal growth factor

which has been shown to maintain quiescent astrocytes in vitro (Prah et al., 2019).

In addition, had resources and time not been a limiting factor, several aspects of this
study could have been improved. Firstly, while the use of DLS to measure EV size
is not uncommon, the gold standard in the field is the use of nanoparticle tracking
analysis (NTA), which allows for a more accurate measurement of EV size and
concentration (Comfort et al., 2021; Y. Han et al., 2026). Although this had been
explored, the machinery was unavailable due to its cost. However, this would have
provided a much more accurate reading of the isolated particles and would have
also allowed us to quantify particle concentration, which would have allowed for
more accurate treatments. Secondly, using a 2D static transwell model of the BBB
allowed for a preliminary exploration into the effect of astrocyte-derived EVs on
endothelial cells. However, the BBB is influenced by shear stress introduced by
blood flow (DeOre et al., 2022; Yates et al., 2025). Therefore, introducing shear
stress into this static model would have reflected the in vivo environment more

accurately and may have influenced results.

Another aspect that could have been explored was the uptake of EV's by endothelial
cells and the potential receptors involved. Results from chapter 5 show that EVs
affected barrier integrity in an orientation-dependent manner. This suggests that
EVs are taken up via interactions with receptors found on the abluminal side of
endothelial cells. An investigation into the particular receptor-ligand interaction
could provide further insight into the EV-mediated communication between
endothelial cells and astrocytes. In addition, this study could have been expanded

to include a model of A2 astrocytes in order to explore how neuroprotective
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astrocytes affect the integrity of the BBB and how the cargo of EVs released by

these cells is affected by their state of reactivity.

Additionally, although an attempt had been made to identify changes in the cargo
through transcriptomic analysis, this was unsuccessful prior to the completion of
the thesis. Prioritising transcriptomic analysis earlier, in addition to proteomic and
lipidomic analyses, would have allowed for a multi-omic characterisation of EV
cargo dynamics during neuroinflammation. Although the changes in cargo
identified through these approaches alongside their downstream effects would
require substantial experimental validation, this would have revealed novel
molecular targets. These insights could then inform the development of targeted EV
therapeutics designed to attenuate neuroinflammation and enhance endothelial cell

barrier integrity.

In summary, this thesis has shown that the astrocyte secretome plays a beneficial
role in the biological properties of endothelial cells, at least in part due to astrocyte-
derived EVs. The effects EVs play in endothelial cells depends greatly on the state
of the donor cell. During neuroinflammation, astrocyte EVs contribute to the spread
of inflammation by potentially upregulating pro-inflammatory genes and resulting

in loss of BBB integrity.
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Figure A.1: The effect of astrocyte conditioned media on cell adhesion. HBMvECs were
seeded to confluency in 6-well transwells and treated basolaterally with undiluted AM and
ACM for 48 hours. After this timepoint, the media in apical chamber was collected. 1 part
0.4% trypan blue was added 9 parts collected media. 10 uL of this solution was loaded
onto a haemocytometer and the number of live cells (unstained) and dead cells (stained)
were counted. The number of live cells is represented above as a percentage of total cells
counted. Black dots signify individual data points. Results analysed via one-way ANOVA.
p=0.207.
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Figure A.2: Comparison of EV RNA isolated via ExtraPEG isolation using frozen vs
non-frozen ACM. Media conditioned on astrocytes for 48-72 hours was centrifuged at
1500 x g for 15 minutes immediately after collection. Some media was frozen previously
and then thawed at room temperature before being processed (“Frozen” media). “Non-
frozen” media was processed as described but not frozen before ExtraPEG isolation
began. Frozen and non-frozen media was matched as close as possible to passage number
and confluency before processing on the same day. Frozen media used was between 2 and
60 days old. RNA was isolated from the generated EV pellets and the The total amount of
RNA isolated was normalised to RNA isolated per 1,000,000 cells. This was approximated
using the confluency and the number of plates at the time of collection. Isolating EVs from
frozen media resulted in a mean of 58.95 = 22.37 ng per 1,000,000 cells. Non-frozen media
resulted in a mean of 70.47 + 23.04 ng of RNA isolated per 1,000,000 cells. Black dots
signify individual data points. Analysis using Welch's Two Sample t-test revealed that there
was no significant difference between EV RNA amount isolated from frozen media in
comparison to non-frozen media (p = 0.568)
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Figure A.3 Total RNA quality analysis of HBMvECs treated with control (A), EVy (B),
and EVinr (C) after isolation via BioAnalyser. Representative electropherograms and gel-
like images from preparations using the RNA 6000 Pico Chip kit run on the 2100
BioAnalyzer Instrument by Macrogen. n = 2.
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Figure A.4 Total RNA quality analysis of HBMvECs treated with control (A), EVy (B),
and EVine (C) after library preparation via BioAnalyser. Representative
electropherograms and gel-like images from preparations using the RNA 6000 Pico Chip
kit run on the 2100 Bioanalyzer Instrument by Macrogen. n = 2.
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Figure A.5 Volcano plot of differential gene expression of HBMvECs treated with EVy
vs control (A) and EVy vs EVinr (B). Each point represents the average value of one
transcript in 2 replicate experiments. X-axis shows the log: fold change value. Y-axis shows
the value of logy (P value). The expression difference is considered significant for a non-
zero log; fold change in gene expression (threshold denoted by vertical d
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