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“Monsters are real, and ghosts are real too. They live inside us, and sometimes, they

”

win.

- Stephen King -

“Once you've met someone you never really forget them. It just takes a while for

your memories to return.”

- from “Spirited Away”, by Hayao Miyazaki -

“E saber relativizar e respirar!”

-  Jodo Gomes -

“Stat sua cuique dies

Stat sua cuique dies

Maél is mé to féran

Qleto UEV UoL vOOoTOG

Qieto UEV Uot vOoTOG

C'est pour cela que je suis née
ZDHECITS AL LIZ

ZDER DS I

C'est pour cela que je suis née
Ne me plaignez pas

C'est pour cela que je suis née”

- “I' Was Born For This” from Journey, by Austin Wintory -
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Abstract

The brain-derived neurotrophic factor (BDNF) is a neurotrophin that binds to
the TrkB full-length receptor (TrkB-FL), triggering cascades responsible for
neuroprotection. This BDNF/TrkB-FL system is known to be impaired in Alzheimer's
disease (AD) due to an amyloid-p-mediated TrkB-FL cleavage, leading to the
formation of two fragments, a membrane-bound truncated receptor (TrkB-T') and an
intracellular domain fragment (TrkB-ICD). TrkB-ICD has tyrosine kinase activity,
promotes cognitive impairments, and modifies gene expression. Notwithstanding, its
intracellular clearance mechanisms remain elusive. Importantly, TrkB-ICD has been
detected in cerebrospinal fluid of humans, questioning its release pathway.
Interestingly, AD pathological features may be disseminated by extracellular vesicles
(EVs) such as exosomes and microvesicles, which by incorporating harmful mediators,
can drive intercellular propagation of inflammatory, misfolded proteins and toxic
factors. Although AD remains as an untreated disorder, our lab designed a peptide,
TAT-TrkB, capable of preventing TrkB-FL cleavage. As such, this project aimed at: i)
explore TrkB-ICD cellular clearance mechanisms; and ii) evaluate the efficacy of TAT-
TrkB in 5xFAD, an AD mouse model.

Data with TrkB-ICD-expressing SH-SY5Y cells corroborated that TrkB-ICD is a
stable fragment with a half-life of approximately 6-8 h. Studies evaluating the
contribution of both the proteasome and autophagy pathways in TrkB-ICD clearance
did not completely elucidate its degradation mechanisms, so far. We pioneered the
discovery of TrkB-ICD in microvesicles, and exosomes released by SH-SY5Y cells. This
is a remarkable observation that may imply that TrkB-ICD can be disseminated
among cells. propagating its toxicity. The experiments performed to evaluate TAT-
TrkB efficacy in the 5xFAD AD mouse model were done in the context of a pilot study
and did not provide a coherent conclusion, prompting us to redesign this in vivo study
in future work. Nevertheless, the obtained data strongly suggest that TAT-TrkB may
have a beneficial role in learning and memory, as evaluated by the Morris Water Maze

test.

Keywords: Alzheimer's disease, TrkB-FL, TrkB-ICD, extracellular vesicles, TAT-TrkB
peptide, 5xFAD model
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Resumo

No sistema nervoso, o fator neurotréfico derivado do cérebro (Brain-derived
Neurotrophic Factor-BDNF), € uma neurotrofina que, quando ligada ao seu recetor
completo (TrkB-FL), promove neuroprotecao. Todavia, na doenca de Alzheimer
(Alzheimer's disease-AD) o péptido amildide-B (AB) promove a clivagem do TrkB-FL,
levando a formacao de um novo recetor truncado (TrkB-T') e de um fragmento
intracelular, TrkB-ICD. Este fragmento possui atividade tirosina cinase e é capaz de
alterar a expressao génica e promover comprometimento cognitivo. Contudo,
desconhece-se quais 0s mecanismos intracelulares pelos quais é degradado.
Curiosamente, o nosso laboratdrio detetou a presencga deste fragmento no liquido
cefalorraquidiano de doentes com AD, postulando a hipdétese de que possa ser
libertado por vesiculas extracelulares (extracellular vesicles-EVs). Estas vesiculas,
muito envolvidas na sinalizagdo intercelular, foram ja associadas a transmissdo de
mediadores de toxicidade na AD, disseminando proteinas e outros agentes toxicos. A
falta de tratamento nesta doenca, impulsionou o nosso laboratoério a desenvolver um
péptido TAT-TrkB, capaz de prevenir a clivagem do TrkB-FL, restaurando os efeitos
protetores da sinalizacdo BDNF/TrkB-FL. Desconhecendo-se os mecanismos de
depuracado do TrkB-ICD e os efeitos do novo composto, TAT-TrkB, este projeto propds-
se a: i) elucidar possiveis mecanismos de depuracao celular do TrkB-ICD; e ii) estudar
a eficacia do TAT-TrkB em ratinhos 5xFAD, um modelo de AD com patologia AB.

Estudos com células SH-SY5Y a expressar TrkB-ICD corroboraram que o
fragmento tem um tempo de semi-vida de 6-8h. A avaliagcao da possivel contribuicao
da degradacdo proteasomal e lisosomal ndo permitiu clarificar relativamente a
depuracdo do fragmento. IdentificdAmos, pela primeira vez, a presenca do TrkB-ICD
em microvesiculas e exosomas de células SH-SY5Y, servindo como uma forma de
depuragao celular e um possivel mecanismo de propagacao toéxica intercelular. As
experiéncias realizadas em ratinhos 5xFAD ndo permitiram apurar a eficacia do TAT-
TrkB, pela qual serdo redesenhadas. No entanto, dados obtidos pelo teste Morris

Water Maze sugerem um restauro da aprendizagem e memoédria.

Palavras-Chave: Doenca de Alzheimer, TrkB-FL, TrkB-ICD, vesiculas extracelulares,

péptido TAT-TrkB, modelo 5xFAD

XXi



XXii



Table of Contents

PUDIICAIONS ...ttt sttt sttt Vii
ACKNOWIEAGMENTS ... s bbb Xi
ADSEFQCT ...ttt et Xix
RESUIMO..........oo ettt 88t XXii
Table Of CONEENTS.........o ettt sttt xxiii
INAEX OF FIQUIES.............ooo e saenens Xxviiii
Index of tables XXiX
Abbreviations XXX
1 Introduction 1
1.1 Neurotrophins and the Brain-derived Neurotrophic Factor...... e, 1
1.1.1 BDNF receptors and signalling modulation ... 3
1.1.2 BDNF/TrkB-FL system 6
1.2 Alzheimer's disease (AD) 8
1.2.1 Clinical features and therapeutic strategies in AD 9
1.2.2 ELiopathogeNESIS OF AD ...ttt st sae s saenes 10
A) BDNF/TrkB-FL system modulation iN AD ..o n
Al. AB accumulation potentiates TrkB-FL calpain-mediated cleavage............... 12
A2. TAT-TrkB, a novel drug capable of preventing TrkB-FL cleavage.............. 14
1.3 Cellular ClearanCe MECRANISIMNS ...t sss i 15
1.3.1 SECretomME CONSLITUTION oottt sssse bttt esenen 15
A) Secreted SOIUDBIE frACTION ...ttt 17
B) Extracellular vesicles and intercellular communication .........eecereernna. 17
B1. Extracellular vesicle biogenesis, composition, and cargo sorting ................. 17
B2. Extracellular vesicle release, dissemination, and uptake........eeeenneee. 20

B3. Extracellular vesicle signalling in spread of disease and therapeutic
usage 21

XXiii



1.3.2 Ubiquitin-Proteasome System (UPS) and the Autophagy-Lysosomal

PATNWAY (ALP) ettt et s s saes s sssass s sansaes 23

2 AAIMIS ..ottt ss s s ss 8885885888 RS SRR 27
3 Materials aNd MEEROAS ...ttt ssts st sss s ssss e 29
3.1 Animal Handling and TAT-TrkB administration ... 29
3.2 Behavioural @SSESSIMENT TESTS ...ttt st sttt ssesnees 30
3.2.1 MOITIS WaLer MAZE TEST ...ttt ss sttt 30
3.2.2 Elevated PIUS MAzZe TEST ...ttt st s ssss s sss s ssssssnees 31

3.3 Cll CUUIES oottt e e ettt 32
3.3.1 SH-SY5Y Cell line — Neuroblastoma CellS..... i eneissseeresessesesssessesesseenees 32
3.3.2 Primary NEUIONAI CUITUIES. ...t esse s sttt st sssssssssssssssssanees 32

3.4 SH-SY5Y neuronal-like differentiation 34
3.5 Lentiviral transduction 34
3.6 Lipofectamine-based transfection .35
3.7 Characterization and isolation of EVs by differential ultracentrifugation.............. 36
3.8 Secretome Protein PreCiPItatiON et 38
3.9 DIUQG TrEATMIENT .ottt bbb bbbt 39
3.10 Protein quantification and Western DIOT........ e 39
3.11 Cell Imaging and Immunofluorescence 4]
3.12 In silico ubiquitination sites prediction 4]
3.3 STATISTICAl ANAIYSIS ottt 4]
3.14 Reagents, drugs, and antibDOIES. ...t sanas 42
3.14.1 Culture reagents 42
3.14.2 Drugs 43
3.14.3 Antibodies and Dyes 43

4 ReSUIES aNd DISCUSSION ............ooooiiieeeeee ettt ssss s sss s ssss s ssss s sss st 45
4.1 Elucidation on TrkB-ICD cellular clearance mechanisSms .......nneenserneeeonn. 45
4.1.1 Evaluation of TrkB-ICD release into the secretome ..., 45

A) Optimization and validation of SH-SY5Y protocCols ... 45

XXiV



Al. Validation of TrkB-ICD-V5 lentiviral transduction.........eeeeeeceeeeeeeeen. 45
A2. Optimization of RA-BDNF SH-SY5Y neuronal differentiation...................... 46

A3. Characterization of SH-SY5Y-derived extracellular vesicles..........ccu...... 48

SECTETOMIB ettt et e b b bt et 50
4.1.2 Study of TrkB-ICD intracellular stability and degradation..........eeennee. 54
£1.1.3 DIISCUSSION cerieereeeeereeeseeeeeeseesse e ess s st s e st 60

4.2 Effect of TAT-TrkB peptide on learning and MEMOIY ... e 68

421 TAT-TrkB hints for a restoration of spatial memory and does not alter anxiety

levels in 6 MONTNS Ol SXFAD MNICE ... ettt sasaen 68

4.2.2 Administration of TAT-TrkB showed no alteration in TrkB-FL and TrkB-ICD

levels in 6 MONTNS OId SXFAD MUCE ..t sisesssssssasssos 71
£1.2.3 DISCUSSION ..ottt ssssessse i st it s b i ettt 74
5 Final Remarks and Future Perspectives 79
6 References 82

XXV



XXVi



Index of figures

Figure 1.1 - Ligand selectivty of pro-NTs and NTs to their Trk and p75NTR. receptors.

.2
Figure 1. 2 - TrkB receptor homodimer iISOfOMS. ...t sesses 5
Figure 1. 3 - TrkB-FL canonical dowstream signalling pathways.........eeeinninns 7
Figure 1. 4 — Amyloid-p accumulation impairs BDNF/TrkB-FL system. ... ccoorreeveenn. 13
Figure 1. 5 - SeCretome CONSTITULION. ...ttt s 16
Figure 3.1- Representative fluorescent micrographs of SH-SY5Yneuroblastoma............
cells and primary COrtiCal MBUIONS. ...ttt sass s saenes 33
Figure 3.2 - Scheme of differential ultracentrifugation to obtain EV-enriched..................
FTACTIONS oottt as st 8888t 37
Figure 4.1 - Lentiviral GFP- and ICD-V5-transduction in SH-SY5Y cells.......venaae. 46
Figure 4. 2 - Morphological and biochemical changes upon SH-SY5Y ...,
neuroblastoma cell RA-BDNF differentiation. . ssss s ssesssessseeens 47
Figure 4. 3 - Characterization of SH-SY5Y-derived control microvesicles. and
eX0SOMES Via TEM, DLS @NA Wit sasssssas s s s s sassassassases 49

Figure 4. 4 - Characterization of SH-SY5Y-derived microvesicles and exosomes via

TEM and DLS .51

Figure 4. 5 - Detection of both ICD-V5 and its endogenous counterpart, TrkB-ICD, .......

IN DOLN EV POIUIGLIONS .ot sses s sns s sanseas 52
Figure 4. 6 — TrkB-ICD fragment is released in the soluble fraction of the secretome.
53
Figure 4.7 - Determination of TrkB-ICD half-life by a CHX-chase assay........cceerrvennec. 55
Figure 4. 8 - Evaluation of TrkB-ICD protein levels upon MG132-mediated........cnnne.
PrOTEASOMIE INNTIDTION. .ottt sssaeen 56
Figure 4.9 - Evaluation of TrkB-ICD protein levels upon bafilomycin Al-mediated..........
AULOPNAGY INNIDITION. oo bbb bbb 57
Figure 4.10 - TrkB-ICD overexpression does not alter cellular ubiquitin levels.............. 58
Figure 4. 11 - Effect of TAT-TrkB in memory and anxiety of 6 m.o. 5xFAD mice............. 70
Figure 4.12 - TrkB-FL and TrkB-ICD protein levels in hippocampal samples. of
TAT-TrkB-treated 5xFAD mice. 72
Figure 4.13 - TrkB-FL and TrkB-ICD protein levels in cortical samples.... of
TAT-TrkB-treated SXFAD MUCE. .ttt esssssss ettt e ssseson 73

XXVii


file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424028
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424028
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424029
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424030
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424031
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424032
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424033
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424033
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424034
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424034
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424036
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424037
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424037
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424038
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424038
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424039
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424039
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424040
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424040
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424041
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424041
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424042
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424043
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424043
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424044
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424044
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424045
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424046
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424047
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424047
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424048
file:///C:/Users/lapin/Desktop/TCC_Tese_MSc%20-%20MJD.TC.JFG.DB%2024.4.21.docx%23_Toc70424048

XXViii



Index of tables

Table 3.1 - List and titers of lentiviral particles used in this WOrK ... e, 35

Table 3. 2. List of plasmid vectors used in thiS WOIK ... 35

Table 3. 3 - List and purpose of each reagent used in SH-SY5Y and primary ...

CONTICAl NEUION CUITUTES ..ottt s s s s e e e 42
Table 3. 4 - List of drugs USed iN ThiS WOIKu.......eeeeeeeeeeeeee e 43
Table 3. 5 - List of primary and secondary antibodies used in this work ... 43
Table 4.1 - In silico prediction of TrkB-ICD and ICD-V5 ubiquitinated residues.............. 59

XXiX



XXX



Abbreviations

(e)GFP
(e)NMDAr
5xFAD
AD

AICD

Akt

ALIX

ALP
AMPA
APP

APP
ARF1/6
Atg proteins
ATP

AB

BAD

BBB
BDM-PUB
BDNF
BSA
C57BL/63J
CAIl

Ca®
CaMK
cAMP
CD9/63/81
CHX

CMA

CNS

CO;
CREB
CSF

CTR

DAG

(Enhanced) Green Fluorescent Protein

(Extrasynaptic) N-methyl-p-aspartate receptor

AD mice model carrying 5 different familial AD mutations
Alzheimer's disease

APP intracellular domain

Protein kinase B

Programmed cell death 6-interacting protein
Autophagy-Lysosomal pathway
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Amyloid-beta precursor protein gene

Amyloid-beta precursor protein

ADP-ribosylation factor 1/6

Autophagy-related proteins

Adenosine Triphosphate

Amyloid-f

Bcl-2 antagonist of cell death

Blood-brain barrier

Bayesian Discriminant Method of Prediction of Ubiquitination sites
Brain-derived neurotrophic factor

Bovine Serum Albumin

C75 black 6] — common inbred strain of laboratory mice
Cornu Ammonis 1 area

Calcium ion

Ca?/Calmodulin (Ca?*/CaM)-dependent kinases

Cyclic adenosine monophosphate

Tetraspanin 9/63/81

Cycloheximide

Chaperone mediated autophagy

Central nervous system

Carbon dioxide

CAMP response-element binding protein
Cerebrospinal fluid

Control

Diacylglycerol

XXXI



DAPI
DGAV
DIV
DLS
DNA
DOB
DTT

E. coli
El
E17-E18
E2

E3
EDTA
EPM
Erk
ESCRT
EV

EXO
FBS
FDA
FDG-PET
GAPDH
GSK-3B
GTPases
h

HBSS
HCI
HEK293T
HEPES
HSC70
HSP70
i.p.
ICAM-1
ICD-V5
IF

LV

4' 6-diamidino-2-phenylindole

Direcao Geral de Alimentacdo e Veterinaria

Days in vitro

Dynamic Light Scattering

Desoxyribonucleic acid

Days of birth

Dithiothreitol

Escherichia coli

Ubiquitin-activating enzyme

Embryonic day 17-18

Ubiquitin-conjugating enzyme

Ubiquitin ligase

Ethylenediaminetetraacetic acid

Elevated Plus Maze

Extracellular signal-regulated kinase

Endosomal sorting complex required for transport
Extracellular vesicle

Exosome

Fetal Bovine Serum

US Food and Drug Administration
Fluorodeoxyglucose-positron emission tomography
Glyceraldehyde 3-phosphate dehydrogenase
Glycogen Synthase Kinase 38

Family of guanosine triphosphate hydrolase enzymes
Hour

Hank’s Balanced Salt Solution

Hydrochloric acid

Human Embryonic Kidney 293 cells T
N-2-Hydroxyethylpiperazine-N'-2-Ethanesulfonic Acid
Heat shock cognate 70 kDa protein

Heat shock 70 kDa protein

Intraperitoneal injection

Intracellular Adhesion Molecule 1

TrkB-ICD-V5

Immunofluorescence

Intraluminal vesicle

XXXii



P Inositol triphosphate

INK c-Jun N-terminal kinase

K Lysine

k decay rate constant

KCI Potassium chloride

KH,PO, Potassium dihydrogen phosphate

LC3B Microtubule-associated proteins 1A/1B light chain 3B

LRRK2 Leucine-rich repeat kinase 2

LTP Long-Term Potentiation

mA Milliampere

Map2 Microtubule-associated protein 2

MAPK Ras-mitogen-activated protein kinase

MCI Mild Cognitive Impairment

Mg? Magnesium ion

MHCI/II Major Histocompatibility Complex I/II

mMiRNA Micro RNA

mM Millimolar

MOI Multiplicity of Infection

MRI Magnetic resonance imaging

MRNA Messenger Ribonucleic Acid

mTOR Mammalian target of rapamycin

mV Millivolt

MV Microvesicle

MVE Multivesicular endosome

MWM Morris Water Maze

Na;HPO.2H,O | Sodium hydrogen phosphate

NazVO, Sodium orthovanadate

NaCl Sodium Chloride

NADE p75NTR-associated cell death executor

NaF Sodium fluoride

NF-xB Nuclear factor kappa light chain enhancer of activated B cells

NGF Nerve Growth Factor.

NIA National Institute on Ageing

nM Nanomolar

NRAGE Neurotrophin Receptor-interacting Melanoma Antigen-encoding
protein

XXXiii



NT

NT3
NT4/5
NT6

NT7

NTF
NTRK2
N-type
ORBEA
p21

p3 fragment
p53

p62
P75NTR
PBS

PD

PDL
PI3K
PLCy
pre-pro-NT
pro-NT
Prp¢
PSENI1/2
PVDF

Q

RA

Rab
Racl

Ras
RIP2
RIPA
RNA

RT

SDS
SDS-PAGE
Shc

Neurotrophin
Neurotrophin 3
Neurotrophin 4/5
Neurotrophin 6
Neurotrophin 7

Neurotrophic Factor

Neurotrophin tyrosine kinase receptor 2, gene that encodes for TrkB

SH-SY5Y cells displaying a neuroblastic morphology
Orgao Responsavel pelo Bem-Estar Animal
Cyclin-dependent kinase inhibitor 1

3-kDa APP fragment resulting from a- and y-secretase cleavage
Tumor protein p53
Sequestosome-1/Ubiquitin-binding protein p62

P75 neurotrophin receptor

Phosphate buffered saline

Parkinson'’s disease

Poly-D-Lysine

Phosphatidylinositol 3-kinase

Phospholipase Cy

Precursor neurotrophin

Immature neurotrophin

Cellular Prion Protein

Presenilin1/2 gene

Polyvinylidene difluoride

L-glutamine

Retinoic acid

Ras-associated binding family of proteins
Ras-related C3 botulinum toxic substrate 1

Family of small GTPases involved in cellular signal transduction
Receptor-interacting protein 2
Radio-Immunoprecipitation Assay buffer
Ribonucleic acid

Room temperature

Sodium dodecyl sulfate

Sodium dodecyl sulfate polyacrylamide gel

Shr homologous and collagen-like adaptor

XXXIV



SNARE
SOD-1
S-type

T2
TAT-TrkB

TBS-T

TCA

TDP-43

TEM

Tg

TGN

TNF

TNFR
TRAF6

Trk
TrkA/B/C
TrkB-FL
TrkB-ICD
TrkB-ICD-stop
TrkB-ICD-V5
TrkB-T'
TrkB-T1/T2
TrkB-TK (+/-)
TrkB-T-Shc
TrkB-T-TK
TSG101
U/mL

Ub

UPS

V5
V-ATPases
Veh

w/v

WB

Soluble NSF Attachment Protein Receptor complex

Superoxide dismutase 1

SH-SY5Y cells displaying a non-neuronal substrate adherent
morphology
Half-life

Peptide with a TAT domain fused to the cleavage-targeted TrkB-
sequence

Tris-Buffered Saline Tween 20

Trichloroacetic acid

TAR DNA-binding protein 43

Transmission Electron Microscopy

Transgenic

Trans-Golgi network

Tumor necrosis factor

Tumor necrosis factor receptor

TNR receptor-associated facto 6

Tropomyosin-related Kinase

Tropomyosin-related Kinase A/B/C

TrkB Full-length

TrkB-Intracellular Domain (calpain-generated)

Plasmid expressing for TrkB-ICD

Engineered TrkB-ICD fragment with a V5-tag fused in its C-terminal
TrkB Truncated receptor (calpain-generated)

TrkB Truncated receptor 1/2

TrkB tyrosine kinase positive/negative

TrkB truncated receptor with a Shc binding site

TrkB truncated receptor with a partly functional tyrosine kinase domain
Tumor susceptibility gene 101

Unites per millilitre

Ubiquitin

Ubiquitin-Proteasome System

14-amino acid tag

Vacuolar H*-ATPases

Vehicle

Weight per volume

Western-blot

XXXV



Tyrosine

Micromolar

XXXVi



XXXVii



XXXViii



1. Introduction

1 Introduction

1.1 Neurotrophins and the Brain-derived Neurotrophic

Factor

Within the realm of cellular coommunication, neurotrophins (NTs) are a family
of growth factor peptides and proteins essential for the neurodevelopment and
maintenance of both the central and peripheral nervous systems'. These soluble
survival factors are a part of the Neurotrophic Factor superfamily (NTF), alongside
other branches of signalling molecules, including the glial cell line-derived
neurotrophic factor family ligands and the neuropoietic cytokines, both of which also
exert a role in neuronal homeostasis*®. NTs are one of the most well-studied family of
NTFs, as they hold the first growth factor discovered, the Nerve Growth Factor (NGF);
additionally, the remaining members of this family have also been highly studied as
they are linked with the pathophysiology of several neurodevelopment,
neuropsychiatric and neurodegenerative disorders, namely Alzheimer's disease (AD)”
10

NGF was first discovered in 1956 as a growth-enhancing agent capable of
promoting morphological differentiation of sensory and sympathetic ganglia’". This
was followed by the discovery of other ligands similar both in structure and sequence
such as the Brain-derived neurotrophic factor (BDNF), Neurotrophin 3 (NT3), and
Neurotrophin 4/5 (NT4/5), in mammals; additionally, Neurotrophin 6 (NT6) and
Neurotrophin 7 (NT7) in fish'> 8,

Briefly, NTs are initially synthesized on the rough endoplasmic reticulum as
precursor NTs (pre-pro-NTs), followed by the cleavage of their signal peptide. Similar
to other secreted proteins, immature NTs (pro-NTs) are then directed towards the
Golgi apparatus and later to the trans-Golgi network (TGN), where they are proteolytic
processed and sorted into a vesicle-secretion pathway™®2. The fusion of these vesicles
with the dendritic or axon terminal plasma membrane releases these pro- and/or
mature homodimer NTs, capable of triggering the activation of two main receptors -
the tropomyosin-related kinase (Trk) receptor and the p75 neurotrophin receptor
(p75NTR, TNF-superfamily member) - that exert different effects'®?? (Figure 1.1). In
some instances, it is possible to occur the formation of NT heterodimers, also capable
of inducing the activation of both receptors. However, these are not
thermodynamically stable, nor is their dimer binding durable®2*, Depending on their

maturation state, NTs have different binding affinities as to whether they bind to Trk
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receptors or p75NTR receptors. While pro-NTs usually bind with higher affinity to the
TNF-superfamily related receptor, they also are substrates, albeit with lower affinity,
to Trk receptors. On the other hand, mature NTs bind strongly with Trk receptors, and
poorly with p75NTR. Moreover, different NTs bind to different Trk receptors: NGF is the
main ligand of TrkA, BDNF and NT4/5 bind to TrkB and NT3 to TrkC® (Figure 1.1). As
referenced above, the activation of both receptors leads to signalling cascades with
different effects. While triggering the activation of p75NTR receptor promotes
cascades mainly related to neuronal death, Trk receptor activation promotes
downstream pathways responsible for neuroprotection, including neuronal

differentiation, plasticity and survival'?2.

pro-NGF pro-BDNF  pro-NT4/5 pro-NT3 NGF BDNF NT4/5 NT3

Q0O oo OO oo OO GO CO

NGF BDNF NT4/5 NT3 pro-NGF  pro-BDNF pro-NT4/5 pro-NT3

O
e 00 o0
E B E g g extracellular space
| l |

l ' intracellular space

TrkA TrkB TrkC pP75NTR

Figure 1.1 - Ligand selectivty of pro-NTs and NTs to their Trk and p75NTR receptors.

While pro-neurotrophins bind with high-affinity to p75NTR receptors, neurotrophins have high
ligand affinity with their Trk receptor counterparts. TrkA recognizes NGF, TrkB binds both
BDNF and NT4/5 and TrkC recognizes NT3. BDNF — brain-derived neurotrophic factor; NGF —
nerve growth factor; NT3/4/5 — neurotrophin 3,45, p75NTR — p75 neurotrophin receptor;
TrkA/B/C - tropomyosin-related kinase A/B/C.

Considering that this work is mainly focused on the action of the BDNF/TrkB
receptor system, more emphasis will be given to it hereinafter. BDNF was discovered
almost two decades after NGF, when Barde and his team were able to purify, from a
1.5 kg pig brain, a new growth factor able to sustain the survival of embryonic chick
sensory neurons®. Following studies have revealed that BDNF mRNA and protein
levels are abundant in early postnatal and adult human and rodent brains, with high

levels detected in the hippocampus, neocortex, cerebellum, and amygdala®™. Its
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regulation is controlled not only by multiple promoters in a tissue specific expression
pattern, but also modulated by internal and external stimuli like neuronal activity,
exercise, hormones and stress®>?.

As described above, BDNF synthesis starts by translation of its mRNA, in the
rough endoplasmic reticulum, to its pre-pro-BDNF precursor, followed by the
cleavage of its pre-sequence. Pro-BDNF is then transported into the Golgi apparatus
where its pro-domain is targeted by several post translation modifications, creating
recognition moieties latter recognized by proteases. Subsequently, pro-BDNF is
transported into the TGN, and sorted by two vesicle-trafficking pathways. In the
constitutive pathway, prior to its encapsulation, pro-BDNF is converted into its mature
form by action of the TGN-residing enzyme, furin. These small vesicles are transported
by default to the cell periphery, fusing with the plasma membrane in a calcium (Ca?)-
independent mechanism; Conversely, in the regulated pathway, pro-BDNF can be
packaged into larger convertase-containing vesicles, where its pro-domain is
proteolytic cleaved. These vesicles fuse with the plasma membrane in a Ca%-
dependent manner. Depending on the nature of the stimuli, both pathways may
occur. Alternately, pro-BDNF can also be secreted unprocessed, and as a ligand for
P75NTR and/or TrkB receptors, or be extracellularly processed by the action of tissue

plasminogen activator and matrix-metalloproteinases 920280,

1.1.1 BDNF receptors and signalling modulation

Following secretion of neuronal, astrocytic, or microglial pro- and mature
BDNF, both NTs are capable of triggering autocrine and paracrine responses, by
binding to TrkB or p75NTR receptors of neuronal cells®3%. Depending on which cell
receptor and isoform they bind, different outcomes may result. As mentioned earlier,
BDNF binds preferentially to TrkB receptors, and with lower affinity to p75NTR
receptors. On the other hand, pro-BDNF binds preferentially to p75NTR, but also to
TrkB, albeit with low affinity.

The role of pP75NTR receptors has been bewildering scientists, as its
mechanisms of action remain elusive. That said, this receptor is mainly known for
promoting apoptosis; in addition, it seems that depending on its activation conditions,
it can also promote cell survival and increase the synergy between BDNF and its
receptor counterpart, TrkB?*34%, |n an attempt to demystify its regulation, this
receptor has been in the spotlight of several studies since its first appearance. Briefly,

pro-BDNF binds to the extracellular cysteine-rich domains of p75NTR, triggering its
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receptor dimerization, death domain activation, and consequent recruitment of
competitor adaptor proteins involved in the signalling of other TNFR. Among these,
the recruitment of Racl and TRAF6 both activate the IJNK pathway, promoting
apoptosis, augmented also by the recruitment of NADE; RIP2 induces NF-kB pathway
activation, thus promoting cell survival; and NRAGE, a cell cycle arrest promotor,
which ultimately may also lead to cellular death®*%. Accordingly, studies using
alternative splicing isoforms of p75NTR that lack their binding domain, or
pathological-mediated cleaved p75NTR receptors seem to show a decrease in cellular
apoptosis?*+3% |nterestingly, data also shows that p75NTR is capable of forming
heterodimers with TrkB receptors, increasing BDNF affinity and its signal
transduction®.

Several studies have already described TrkB extensively, from its pathways, to
its different isoforms and subsequent BDNF modulation. Aside from its full-length
receptor (TrkB-FL), the predominant alternative splicing protein variants of NTRK2 are
tyrosine kinase negative (TrkB-TK-), reflecting their non-existing tyrosine kinase
domains, in contrast with TrkB-FL (also described as TrkB-TK+). These C-terminal
truncated forms are classified as TrkB-T1, TrkB-T2 and TrkB-T-Shc, depending on their
length. Additionally, there is also an isoform containing a non-functional tyrosine
domain, TrkB-T-TK3*-4 (Figure 1.2).

Briefly, when BDNF binds the extracellular domain of TrkB-FL, it induces
receptor dimerization followed by a trans-autophosphorylation of opposite tyrosine
kinase domains, in their tyrosine residues, thus triggering signal transduction
intracellularly'*® (Section 1.1.2). Interestingly, BDNF is able to bind TrkB-T1, -T2, -T-Shc
and -T-TK, as their extracellular domains are conserved; however, their lack of a
(functional) catalytic domain, prevents the transduction of the canonical TrkB-FL
pathways. Moreover, unlike TrkB-T1 and -T2, both TrkB-T-Shc and TrkB-T-TK possess
the Shr homologous and collagen-like adaptor (Shc) protein binding site, albeit TrkB-
T-Shc dimerization does not induce the recruitment of this adaptor nor its
downstream signalling (Figure 1.2). Curiously, although TrkB-T-TK homodimers do not
promote downstream signalling, their dimerization with TrkB-FL can trigger Shc
canonical pathways“°“* (Section 1.1.2).

As mentioned above, not only neurons but also glial cells contribute to the pool
of secreted BDNF, and likewise, express different TrkB isoforms. Overall, these
receptors portray roles in morphogenesis, evocation of calcium signalling, regulation
of synaptic filopodia and bolstering of glia proliferation“*%5, Interestingly, these

isoforms are also known to completely or partly hinder BDNF/TrkB-FL signalling, due
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to the formation of non-fully-functional heterodimers with TrkB-FL and their ability to
bind and sequester extracellular BDNF#24648 (Figure 1.2).
Understandably, not only the function but also the ratio expression of TrkB

isoforms and p75NTR receptors helps maintaining neuronal homeostasis.

BNDF OO ) cO
@0 oo oo o

g g g E g E extracellular space

|
L
Y515 4 Y515 3 Y515 T Y515 intracellular space
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Figure 1. 2 - TrkB receptor homodimer isofoms.

BDNF binds to homodimers of TrkB-FL, triggering its cannonical signalling pathways.
Conversely, alternative splicing of NTRK2 gene leads to the lack of a functional tyrosine kinase
domain in TrkB-T-TK or its absence in TrkB-T-Shc, TrkB-T1 and TrkB-T2. Moreover, these
receptors are known to sequester free BDNF and form non-functional (aside from TrkB-T-TK)
heterodimers with TrkB-FL. BDNF - brain-derived neurotrophic receptor; TrkB-FL — full-length
tropomyosin-related kinase B; TrkB-T1/T2 - TrkB truncated receptor 1/2; TrkB-T-Shc - TrkB
truncated receptor with a Shc binding site; TrkB-T-TK — TrkB truncated receptor with a partly
functional tyrosine kinase domain; Y515/816 — tyrosine residues 515/816.
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1.1.2 BDNF/TrkB-FL system

As seen in Section 1.1.1, BDNF homodimers bind to TrkB-FL receptors and
trigger mechanisms of neuroprotection. Upon BDNF recognition by extracellular IgG
domains, TrkB-FL receptors homodimerize and trans-autophosphorylate the
adjacent TrkB-FL receptor in a triad of tyrosine residues (Y%, Y7% and Y7%¢) present in
the tyrosine catalytic domain. Consequently, this induces a new phosphorylation of
two other VY residues located at the juxtamembrane and C-terminal regions, Y*"* and
Y& respectively'*®4. Both of these tyrosine residues are docking sites for adaptor
proteins that promote TrkB-FL downstream signalling. The former is the binding site
of the Shc adaptor protein, responsible for promoting the activation of both the 1) Ras
small GTPases-mitogen-activated protein kinase (MAPK) and extracellular signal-
regulated kinase (Erk) pathway and also the 2) phosphatidylinositol 3-kinase (PI3K)-
protein kinase B (Akt) pathway, through the recruitment of Ras and PI3K, respectively;
the latter, which serves as the docking site for phospholipase Cy (PLCy), activates the
3) PLCy-Ca? pathway'*° (Figure 1.3). Additionally, there are other adaptor proteins that
can bind the phosphorylated residues in the tyrosine kinase domain of TrkB-FL, also
enhancing its signalling“®°,

Briefly, the phosphorylation of Y5 induces the docking of Shc adaptor protein,
which in turn, depending on the selected route, recruits different sets of adaptor
proteins. In the MAPK/Erk pathway, Shc induces activation of Ras with a subsequential
increase in both MAPK and Erk proteins, responsible for promoting neuronal growth,
differentiation, and survival through modulation of nuclear transcription factor CREB
(cAMP response-element binding protein), capable of regulating expression of anti-
apoptotic proteins, and modulation of BAD (Bcl-2 antagonist of cell death) and GSK-
3B (Glycogen Synthase Kinase 3), both proteins involved in neuronal apoptosis'*425152,
Additionally, Shc also induces the phosphorylation of intermediate adaptor proteins,
leading to the activation of PI3K and thus increasing Akt levels (PI3K/Akt pathway).
Similar to MAPK/Erk signalling, this pathway also promotes neuronal survival, as it
modulates protein levels of NF-kB, mammalian target of rapamycin (mTOR), a protein
involved in cell growth and survival, and transcription factors such as CREB.
Interestingly, Akt protein is able to phosphorylate proteins capable of enhancing
MAPK/Erk signalling, revealing the synergy between these two pathways®*4%%. Lastly,
docking of PLCy leads to the formation of inositol phosphates and diacylglycerol
(DAG). The former triggers the release of intracellular Ca?', inducing the regulation of
Ca?*/Calmodulin (Ca?*/CaM)-dependent kinases (CaMKIl, CaMKK and CaMKIV), linked

with synaptic plasticity behaviour, neuronal survival and neurite outgrowth
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phenomena, through the regulation of CREB; on the other hand, DAG promotes de

activation of protein kinase C (PKC), also known to modulate synaptic plasticity3425354,
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Figure 1. 3 - TrkB-FL canonical dowstream signalling pathways.

Upon BDNF binding to TrkB-FL, receptor dimerization is induced, phosphorylating (P) the
tyrosine residues present in each catalytic domain together with tyrosine residues located at
the juxtamembrane and C-terminal of the intracellular domain of TrkB-FL. As a
consegucence, the Y5 recruits the adaptor protein Shc, involved in both the MAPK/Erk and
PI3K/Akt pathways, able to modulate neuronal growth, survival and differenitation.
Adittionaly, the phosphorylated Y®® residue recruits the PLCy adaptor protein, promoting and
modulating synaptic plasticity together with neuronal survival. Akt - protein kinase B; BDNF
— brain-derived neurotrophic factor; Ca2*/CaM - calcium/calmodulin-dependent kinases; DAG
- diacylglycerol; 1Pz — inositol triphosphate; MAPK/Erk - Ras-mitogen-activated protein
kinase/extracellular signal-regulated kinase; PI3K - phosphatidylinositol 3-kinase; PKC —
protein kinase C; PLCy - phospholipase Cy; Ras — small GTPase; Shc - Shr homologous and
collagen-like adaptor; TrkB-FL - full-length tropomyosin-related kinase B; Y515/Y816 - tyrosine
residue 515/816.

Ultimately, the correct function of all these pathways helps sustaining
neuronal homeostasis. Understandably, any cellular or molecular process that
uncontrollably alters either the physiology or any of its underlying players, can be seen
as possible pathology mediator. Accordingly, reports have shown multiple

pathologies where BDNF/TrkB-FL system is known to be dysfunctional, both in
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chronic disorders, including AD, Parkinson'’s disease (PD) and schizophrenia, but also
in acute conditions, such as strokes and other excitotoxic events'©>>>8,

Recent studies have described that when certain criteria are meet in AD, TrkB-
FL receptors might be cleaved, thus compromising 1) the ratio of TrkB-FL/TrkB
truncated receptors, alluded in Section 1.1.1 as a risk for BDNF modulation, 2) its
downstream signalling pathways and 3) the formation of intracellular toxic fragments
known to dysregulate cellular processes'®>>*°. Therefore, since this work is mainly
focused on this system in AD, more emphasis will be given to this pathology and also

to the required criteria for this dysfunctional signalling in Section 1.2.

1.2 Alzheimer’s disease (AD)

Throughout the past decades, the rise in health care and cutting-edge
biomedical research has allowed for an increase of population lifespan. Accordingly,
the underlying cellular ageing process has brought forward a set of pathologies
known as neurodegenerative diseases. These disorders are characterized by the
progressive loss of specific groups of neurons alongside a potential accumulation of
specific proteins that promote and disseminate both intra- and intercellular toxicity®°.
Importantly, neuron renewal is incredibly scarce, highlighting the impact that these
diseases have in the lifestyle, diagnosis, and treatment of patients®®2,

AD was first described in 1907 by the German psychiatrist Alois Alzheimer, and
is currently the most prevalent neurodegenerative disorder worldwide as well as the
most common form of dementia, affecting mainly the population over 65 years and
accounting for 60-80% of dementia cases®*®*. Importantly, AD research is paramount
as studies predict that the number of patients will triple by 2050, as well as its
associated socio-economic burden on patients, family members, healthcare systems

and on society in general®,
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1.2.1 Clinical features and therapeutic strategies in AD

As a neurodegenerative disorder, AD is mainly characterized by the loss of
pyramidal and cholinergic neurons in both the cortex and the CAl (cornu Ammonis)
region of the hippocampus, leading to its symptomology of progressive memory loss
and impaired cognitive function. Moreover, AD patients can also suffer from
behavioral changes, depression, apathy, and difficulties in speaking and walking.
Actually, depending on the stage of this disorder, the whole brain can be affected,
ultimately leading to its atrophy, enlarged ventricles and loss of neuronal
processes®®4%5. |In 2011, the National Institute on Ageing (NIA), together with the
Alzheimer's Association proposed a new criteria for monitoring AD progression,
subdividing it into three stages: 1) preclinical AD, thought as a stage where there are
measurable changes in the brain, cerebrospinal fluid (CSF) and blood but with no
direct correlation with the symptomatology; the patient has yet to develop symptoms,
2) mild cognitive impairments (MCI) due to AD or prodromal AD, indicating a stage
where the individual has noticeable cognitive changes but can still carry out daily
activities. Understandably, biomarker levels of misfolded proteins and other
pathological mediators are presumably increased, and 3) dementia due to AD, where
the individual loses the ability to function in its daily life without supervision, usually
accompanied by the characteristic AD symptomatology®+¢®,

As mentioned earlier, AD is molecularly characterized by the accumulation of
two histopathological hallmarks: 1) extracellular senile plaques, which are misfolded
aggregates of amyloid-B (AB) peptide and 2) intracellular neurofibrillary tangles,
comprised of hyperphosphorylated tau protein®%48’. More emphasis on AB peptide
aggregation mechanism will be given in Section 1.2.2, as this will be the main toxic
mediator involved in the dysfunction of BNDF/TrkB-FL signalling described in Section
1.2.2 Al. Accordingly, both histopathological features are the current golden standards
in biomarker assessment, where AB42/AB40 ratio, total tau and phosphorylated tau,
and the synaptic protein neurogranin are key elements of this pathophysiology
present in the CSF of patients®. Additionally, topographical biomarkers obtained
through brain imaging techniques, such as volumetric MRI and rate of metabolic
reductions on FDG-PET (fluorodeoxyglucose-positron emission tomography), have
also been a helping-hand in assessing neurodegeneration and AD progression®2¢8,

Alarmingly, AD remains as a disorder having no effective treatments in
stopping its unfolding. Throughout the last years, several studies, drug development
programs and clinical trials have failed to provide an effective treatment capable of

either halting or reversing its progression®®7°_ Nevertheless, the FDA (US Food and
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Drug Administration) has currently four approved drugs on the market used to
temporarily ameliorate its development: Rivastigmine, Donepezil and Galantamine,
three cholinesterase inhibitors, that act by inhibiting acetylcholine-degrading
enzymes and thus restoring levels of this neurotransmitter, essential for postsynaptic
stimulation”””. Apart from these, memantine, a N-methyl-p-aspartate receptor
(NMDAr) antagonist, has also been used, albeit in later phases of AD (in contrast with
the previous inhibitors, which are used in a more initial stage of the disease). This
agent is used to counteract glutamate-related excitotoxicity, which is known to
accentuate AD progression”"7879, Alongside these, there are also non-pharmacological
interventions aiming to delay AD symptomatology. These involve cognitive training,
emotional, physical, and social stimulation, music therapy and diet, helping in
reducing behavioural symptoms, delay loss of cognitive function and increase quality
of life®®,

The ongoing emergency on studying and developing new effective
treatments for AD or any other neurodegenerative disease has been proven difficult
due to the multifactorial aspect of these disorders. Nonetheless, as of February of last
year, 121 pharmacological agents were being assessed for the treatment of AD; notably
in the last four years, there has been an increase in different mediators other than Ap-
an tau-related drugs, showing emphasis on potential candidates for epigenetic,

neurogenesis and neuroprotection modulators®.

1.2.2 Etiopathogenesis of AD

AD is generally seen as disorder affecting older subgroups of the population.
Indeed, according to the 2020 report issued by the Alzheimer's Association, an
estimate of 5.8 million Americans over the age of 65 years were diagnosed with AD in
2020, with higher percentages projected to increasingly older age groups. Studies
estimate that by 2025, these numbers will round 7.1 million, and that by 2050 will be
projected to 13.8 million, once again reinforcing the emergency in developing new
treatments®.

Nonetheless, people under the age of 65 can develop AD, as genetics also plays
a role in the appearance of this disorder. These cases are rare - up to 5% - compared
to the sporadic cases of AD, thought to be enhanced by environmental and non-
mendelian genetic susceptibility factors, clinical history, diet and ultimately ageing, as
alluded earlier. The early-onset cases of AD are usually defined by mutations in genes

expressing for AD-related proteins, such as APP but also both PSENT and PSENZ2,
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transmitted in an autosomal dominant process®?®3. Altogether, these genes share a
pathway, by which are able to modulate the production of the A peptide, eventually
resulting in its misfolded aggregation and neuronal death®2¢,

AB peptides are originated from the aberrant proteolytic cleavage of amyloid
precursor protein (APP), a membrane protein thought to be linked in neuronal
development, trafficking and signal transduction®=®° Aside from its non-
amyloidogenic degradation pathway, in which APP is sequentially proteolytically
cleaved by a- and y-secretases, originating a p3 fragment and an APP intracellular
domain (AICD), APP can also be targeted by a sequential cleavage of B- and y-
secretases, resulting in the formation of AICD, but also A monomers. The abundant
secretion of these monomers into synapses favors their aggregation conditions in
forming oligomer species, fibrils, and amyloid plaques. Curiously, both the p3
fragment and AICD also modulate neuronal homeostasis, as the former is also capable
to aggregate, albeit not into oligomers, and alongside AICD, promote the activation
of pathways involved in programmed neuronal death®#®7%° Several evidence have
linked the accumulation of AB species, namely soluble AB oligomers, to synaptotoxic
effects, capable of severing neuronal connections by the pruning of dendritic
spines®. Accordingly, studies confirmed an increase in neuronal death associated
with an increase in AB oligomer levels due to whether an overproduction of AR

monomers or defective clearance mechanisms&486,

A) BDNF/TrkB-FL system modulation in AD

As alluded earlier, BDNF/TrkB-FL system signalling is an important modulator
of neuronal survival in the mammalian nervous system. Hippocampal BDNF is also
responsible for synaptic plasticity and maintenance of long-term potentiation (LTP), a
prerequisite for memory formation. Accordingly, studies using BDNF antisense or
BDNF heterozygous knockout mice have shown a deficit in LTP, accompanied by a
reduction in dendritic spines and spatial and learning deficits®?¢. Likewise,
abolishment of TrkB isoforms holding a functional tyrosine kinase domain also result
in learning impairments®%. Accordingly, a link between the dysregulation of this
system has been drawn with AD pathophysiology, as several studies have shown a
decrease in both BDNF and TrkB mRNA and protein levels in the hippocampus and
cerebral cortex®. Changes in BDNF expression are thought to be modulated via
oligomeric AB-mediated downregulation of CREB phosphorylation, resulting in a
reduction of gene expression, including BDNF transcripts®1°°. Concomitantly, TrkB

positive neurons were also found decreased in post-mortem tissue, explained by both

n
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a downregulation in TrkB expression and neurodegeneration. Interestingly, this
raises a conundrum of whether the downregulation of BDNF/TrkB-FL signalling
potentiates neurodegeneration, or if AB-mediated neuronal loss is a precursor in loss
of neuroprotection. Intriguingly, it is known that BDNF dephosphorylates tau protein,
acting as surveillance mediator and thus controlling the rate of neurofibrillary tangle
formation. In that regard, BDNF decreased levels hinder this action and allows an
aggravated mechanism of tau aggregation, contributing to trafficking impairments
and ultimately, neurodegeneration'?'93, Additionally, evidence show that despite the
downregulation of TrkB-FL, other non-functional isoforms seem to be unaffected or
even upregulated, creating an imbalance in TrkB-FL/TrkB-TK- ratio, allowing for an
heterodimer-mediated impaired BDNF signalling'®4°¢. Similarly, the prevalence of
P75NTR receptors over TrkB-FL receptors also shifts downstream signalling of mature
and pro-BDNF7,

Despite TrkB-FL downregulation, BDNF administration in AD models has
revealed promising results. Injection of BDNF-producing lentiviruses in APP
transgenic (Tg) mice seem to show that, albeit unable to recover neuronal density nor
decrease amyloid plague density, it promotes the reestablishment of synapses with
consequent mitigation of spatial memory impairments'©® [n vitro studies also
described that BDNF signalling controls the amyloidogenic route of AB production,
since its administration decreases the formation of this peptide and that BDNF
deprivation allows AB oligomerization™®™,  Additionally, the administration of
memantine increases BDNF and TrkB levels in rats via a mechanism to be explained
in the Section 1.2.2 A1.""2,

Altogether, these sets of data seem to correlate the modulation of the
BDNF/TrkB-FL signalling with the pathophysiology of AD, showing that an alteration
in these players leads to a loss of neuroprotection and consequent
neurodegeneration. Moreover, albeit BDNF administration shows amelioration in

certain aspects, its effects promote only a partial rescue of AD symptomatology.

Al. AB accumulation potentiates TrkB-FL calpain-mediated
cleavage

Aside from previous AB-mediated modulations, this peptide is also able to
promote the proteolytic cleavage of TrkB-FL, impairing this neuronal survival system.
Indeed, when levels of toxic AB species increase (namely AB oligomers), this peptide
triggers excitotoxic events promoting an exacerbated activation of the extrasynaptic

NMDAr (eNMDAr), leading to a major influx of Ca?" intracellularly™. In physiological
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conditions, the activation of this receptor is linked with synaptic plasticity and
memory formation, however in AD pathology, its aberrant signalling results in the
overactivation of calpains, a group of Ca?*-dependent cysteine proteases®™. The role
of calpains has been extensively reported, describing their functions in Ca?
homeostasis, cell development, differentiation, proliferation, and cell death™.
Nevertheless, a growing body of evidence suggests that in certain pathologies, AD
included, the hyperactivation of these proteases leads to the cleavage of multiple
intracellular substrates, including cytoskeleton, signal transduction and synaptic
proteins, as well as transcription factors™. Studies have also revealed that the
endogenous inhibitor that attenuates calpain activity, calpastatin, is depleted in AD,
shifting calpain modulation to a more activated state™ "4 In this regard, studies from
our lab described a mechanism in which AB-mediated calpain overactivation

proteolytically cleaves TrkB-FL receptors® (Figure 1.4).

AB AB TrkB-FL
eNMDAr g E extracellular space
Y515 = C Y515 ¥ intracellular space
TrkB-T'
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©g® W \
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Figure 1. 4 —- Amyloid-B accumulation impairs BDNF/TrkB-FL system.

In AD, the accumulation of AB species promotes the overactivation of eNMDAr, leading to a
major influx of Ca?" intracellularly. Consequently, this triggers and enhanced response by
calpain proteases ultimately cleaving TrkB-FL. This results not only in a loss of neuroprotection,
but also in a gain of toxic function, due to the formation of a non-functional membrane-bound
TrkB truncated receptor — TrkB-T' — and a cytosolic fragment known to promote intracellular
toxicity — TrkB-ICD. A — amyloid-B; Ca?* - calcium ion; TrkB-FL - full-length tropomyosin-related
kinase B; TrkB-ICD - TrkB-intracellular domain (calpain-generated); TrkB-T' - TrkB Truncated
(calpain-generated); Y515/816 - tyrosine residue 515/816.

Following cleavage on an asparagine residue beyond Y®®, two new mediators
are originated: 1) a membrane-bound, tyrosine kinase domain negative truncated

receptor, TrkB-T' and 2) an intracellular fragment withholding the tyrosine kinase
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catalytic center as well as the PLCy binding site, TrkB-ICD (Figure 1.4). Accordingly,
other studies from our group reported that the administration of memantine in
primary neurons decreased TrkB-ICD levels with a recovery in TrkB-FL receptor™. This
data aligns with what was described earlier, as the eNMDAr antagonist prevents an
increase in intracellular Ca?" levels and thus halting AB-mediated calpain
overactivation.

Importantly, follow-up studies have been made to demystify the potential
harmful effects that TrkB-ICD may have, as it is known that several fragments
originated by calpain cleavage gain toxic function™". As for TrkB-T, further studies
need to be made, but its lack of tyrosine kinase domain may hint for a possible TrkB-
FL negative modulation, similar to those of other truncated TrkB isoforms. Following
previous studies, researchers from our lab have reported that TrkB-ICD, albeit cleaved,
is a stable fragment and maintains its kinase activity thus being able to promote the
phosphorylation of axonal and nuclear proteins. Indeed, they have also described the
presence of two nuclear localization sequences in this fragment, allowing for its
translocation into the nucleus overtime®. Up until recently its nuclear activity
remained unknown, but it has since been reported that TrkB-ICD is able to modulate
gene expression, upregulating genes involved in neurotransmitter activity, brain
diseases and neuronal development, including NTRK2". Intriguingly, in light of other
positive-feedback loop mechanisms, the increased expression of NTRK2 may lead to
increase levels of TrkB-FL protein, which will be systematically cleaved, thus
producing more TrkB-ICD fragments. However, data is still missing as to whether this
transcriptomic modulation correlates with its proteomic profile.

Finally, we also described that mice overexpressing lentiviral-induced TrkB-
ICD in the hippocampus developed behavioural memory impairments'.
Simultaneously, studies have revealed the detection of this fragment in CSF samples
of AD patients, raising questions as to if this fragment can be used as a monitoring
biomarker in AD and also opening a world of research in TrkB-ICD trafficking and

secretion pathways"”",

A2. TAT-TrkB, a novel drug capable of preventing TrkB-FL
cleavage

In light of the emerging studies surrounding calpain-mediated TrkB-FL
cleavage and TrkB-ICD fragment formation, our lab proposed a peptide structure
capable of preventing, to a degree, TrkB-FL cleavage. This peptide, TAT-TrkB,

possesses the TAT protein transduction domain, a cell-penetrating peptide that
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increases its diffusion capacity across cell membranes including the blood-brain
barrier (BBB)"”. Moreover, its structure has a sequence homologous to that of the
cleavage site in TrkB-FL suggesting it being a substrate competitor of TrkB-FL. Up to
date, this drug has shown promising results in preventing TrkB-FL cleavage in in vitro

and ex vivo studies"”.

1.3 Cellular Clearance Mechanisms

The ability in keeping the integrity of the proteome is paramount in cellular
function and survival. Proteostasis, commonly referred as protein homeostasis,
alludes to the network of players that maintain protein regulation, assuring their
concentration, folding, function, and cellular location, striving for proteome
stability'??, Amongst this network, there are systems specialized in protein quality
control and degradation pathways triggered upon recognition of harmful misfolded
proteins. Such degradation pathways will be mentioned ahead on Section 1.3.2.
Additionally, molecular chaperones and co-chaperones are also involved in protein
quality control, as they assist in protein folding and aggregation prevention22,
Understandably, dysregulation events in the protein-regulation network, clearance
mechanisms or in altered protein production may lead to accumulation and
dissemination of intercellular toxicity™.

Curiously, as mentioned earlier, within the world of cellular coommunication,
secretion of mediators modulates autocrine and paracrine responses. Concomitantly,
the release process of these intercellular modulators acts as a cellular clearance
mechanism, as it is known that in several neurodegenerative diseases, AD included,
misfolded proteins can be secreted. Interestingly, several studies have already linked
the release of harmful mediators and their dissemination into neighbouring cells, thus

propagating cellular pathology'>7'2%8,

1.3.1 Secretome constitution

Originally described by Tjalsma in 2000, the concept of secretome has evolved
from “both the components of machineries for protein secretion and the native
secreted proteins” to being defined as the overall profile of 1) soluble factors,
regardless of their biogenesis and composition, and 2) extracellular vesicles (EVs)
carrying different signalling molecules, factors and mediators of health and disease

(Figure 1.5). Similar to how proteome refers to the overall proteomic profile, secretome
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comprises all cell- and tissue-secreted factors, mediators and by-products found in
the extracellular space at a given time™®™°, Understandably, depending on the cellular
environment, different secretome signatures can be found?. Actually, secretome-

based therapies have been gaining momentum, as studies show that both their

soluble and vesicle fractions can potentiate both cellular protection and
regeneration™"32,

Congruently, a growing body of evidence has also described the possibility of
using secretome as a potential reservoir of biomarkers, as pathological mediators
have been detected in this medium. Indeed, studies have reported the transmission
of EV-mediated misfolded and aggregated proteins, typically seen in proteinopathies

such as AD and PD, leading to them exerting their putative toxicity in healthy
neighbouring cells'®71%7,
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Figure 1. 5 - Secretome constitution.

Cells partake in cell-to-cell communication through the release of soluble factors and EVs,
making up the secretome. Both microvesicles and exosomes are subtype of EVs with different
origins, cargo, biogenesis, release pathways and sometimes functions. Their composition
comprises multiple proteins, lipids, and nucleic acid species. ALIX — programmed cell death 6-
interacting protein; ARF6 - ADP-ribosylation factor 6; CD9/63/81 - tetraspanin 9/63/81; TSG101 -
tumor susceptibility gene 101; HSC70 — heat shock cognate 70 kDa protein; HSP70 —heat shock
70 kDa protein; ICAM - intracellular adhesion molecule; MHCI/Il — major histocompatibility

complex I/Il; Rab - Ras-associated binding protein

16



1. Introduction

A) Secreted soluble fraction

Secretome soluble factors are non-encapsulated factors and mediators that
promote autocrine and paracrine signalling. Several studies have reported the
presence of a wide group of proteins, including growth factors — as mentioned above
— and cytokines, that exert roles on neuronal survival, differentiation, angiogenesis,
immunomodulation, and neurite outgrowth™4 As expected, these signalling
molecules are not only released by neurons, but also by astrocytes, microglia, and
other neuronal cells in the CNS, highlighting the complexity of intercellular signalling

communication'?.

B) Extracellular vesicles and intercellular communication

In the last few years, EV research has been gaining momentum, due to the
unveiling of their biogenesis, function, and trafficking pathways. Initially thought as a
cellular clearance mechanism, the concept of EV is now seen as vesicles partaking in
cell-to-cell communication™”?8, Indeed, in fact all cell types are able to release these
lipid bound vesicles into the extracellular media, each containing an overall signature
of their original cellular environment. Importantly, secretome-present EVs are not
homogeneous as there are different types of vesicles, with distinct origins, cargoes,
sizes, release pathways and functions, even when secreted by a single cell type™?7'%,
Accordingly, there has been a particular interest in four main EV populations 1)
apoptotic bodies, 2) microvesicles, interchangeably referred to as large EVs, 3)
exosomes, also known as small EVs and 4) exomeres. More emphasis will be given to
both microvesicles and exosomes hereinafter. Importantly, due to the overlapping
size range, cargo content and morphology, new nomenclatures, characterization
protocols and analysis methods are still being proposed to devise a more precise

definition and distinction of all EV types?7135136,

B1. Extracellular vesicle biogenesis, composition, and cargo
sorting

As mentioned above, EVs are small lipidic membranous vesicles released from
all cells, able to provide important modulators and thus playing a role in intercellular
communication. Despite having different origins, both microvesicles and exosomes
are generated intracellularly with the involvement of membrane-trafficking

mechanisms'?71%,
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Briefly, biogenesis of microvesicles underlies the outward blebbing and fission
of the plasma membrane, releasing newly formed vesicles into the extracellular space.
The route of microvesicle formation still remains elusive, nevertheless studies explore
the recruitment of cytoskeleton components such as microtubules, molecular
motors, and fusion machinery proteins to promote its budding™>*’. Additionally, Ca?*-
dependent lipid transporters such as flippases, floppases and scramblases play a role
in membrane asymmetry, inducing its bending and thus helping in membrane
budding®”™® Concomitantly, not only structural membrane proteins and membrane-
associated lipidic components suffer temporary localized changes, modulating
membrane curvature, but there is also a trafficking redistribution of specific cytosolic
and membrane mediators, selectively enriched in microvesicles?”™, Accordingly, a
growing body of evidence has shown that although mechanistically different from the
formation of exosomes, as detailed below, microvesicle formation also recruits
endosomal machinery, including the endosomal sorting complex required for
transport (ESCRT) system™®,

Understandably, a diverse multitude of cytosolic and membrane proteins,
lipids and nucleic acids are shuttled within these blebbing vesicles?” ¢, Protein
content found within microvesicles ranges from membrane organisers such as
tetraspanins, chaperones, heat shock proteins, biogenesis factors, cytoskeleton and
signalling molecules, intracellular trafficking, and cell-type-specific proteins?71%,
Similarly, nucleic acid content includes microRNAs (miRNAs), non-coding and
messenger RNA and DNA (Figure 1.5).

Unlike exosome formation, microvesicle budding is not size-limited, allowing
for the biogenesis of larger vesicles, generally ranging from 150 nm up to 1000
NM125127135136,140,

Conversely, exosomes are a subtype of EVs generated as intraluminal vesicles
(ILVs) within the lumen of early endosomes, by inward budding of their membrane.
Understandably, their size is limited by the outer membrane of the endosome, which
after ILV budding, matures into multivesicular endosomes (MVEs), also known as late
endosomes?741 - Following endosome maturation, MVEs can either fuse with
lysosomes, promoting cargo degradation, fuse with the Golgi apparatus, and thus
recycling their cargo, or fuse with the plasma membrane, releasing its components,
including both soluble factors and exosomes?’™5, Analogous to ILV formation, early
endosomes derive from the inward budding of the plasma membrane, and together
with  MVEs, partake in both intracellular trafficking and endocytosis

mechanisms?735142, Actually, as mentioned above, they are essential players in protein
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trafficking, having functions involved in their sorting, recycling, transport, and
release™”5,

Exosome biogenesis involves tight-regulated mechanisms through the
recruitment of sorting machineries. Initially, and similar to microvesicle formation,
lipids, and membrane proteins form clusters in specific microdomains of the outer
membrane of the MVE (or plasma membrane for microvesicles) through the transient
recruitment of accessory proteins and ESCRT machinery, a known modulator of
membrane rigidity and abscission™'43. Briefly, ESCRT-0 and ESCRT-I complexes
promote clustering of ubiquitinated transmembrane proteins and, together with
endosomal lipid rafts, promote a cytoplasmic sorting of other mediators. As a
sequential mechanism, ESCRT-II recruits ESCRT-IIIl complex, which is responsible for
the invagination and abscission of the endosomal microdomain, resulting in the
formation of ILVs withholding the previous sorted cargo?”1543,

Curiously, studies using interfering RNAs targeting ESCRT complex players
have demonstrated that exosomes can also be formed through an ESCRT-
independent mechanism, as ILVs enriched in CD63 tetraspanin were still
originated4>  Nevertheless, the usage of genetic modulators to deplete or
downregulate either ESCRT complexes or its accessory proteins, lead to a deficiency
in exosome secretion and its cargo'?’'“é, In that regard, one of the drivers of ESCRT-
independent mechanisms is the lipid ceramide, which helps generating membrane
microdomains that induce membrane curvature?”47. Additionally, the metabolization
of this lipid allows for the activation of the Gj-protein-coupled sphingosine 1-
phosphate receptor, a key player in exosomal cargo sorting'?”'8, Apart from ceramide,
tetraspanins, namely CD9, CD63 and CD81 are important transmemlbrane proteins
that also help regulating endosomal sorting without the action of the ESCRT
machinery, promoting membrane and cytosolic protein clustering'?7144145,

Analogous to microvesicle cargo, exosomes also possess a wide range of
proteins involved in cell adhesion, intracellular trafficking, chaperones and heat shock
proteins, biogenesis factors, signal transduction and cell-type specific molecules and
membrane organisers. Additionally, studies suggest that certain post-translation
modifications, ubiquitination inclusive, promote protein incorporation in these
shuttling vesicles™. Furthermore, exosomes are also enriched in lipids and lipid-
associated proteins, with additional prevalence of the already mentioned nucleic acid
species?’™6 (Figure 1.5). Despite the apparent indistinguishable cargo content,
exosomes differ from microvesicle in their size range, varying from 50 nm to 200 nm,

albeit there is still an overlapping size gap'?>27135136140,
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Furthermore, similar to microvesicle formation, the mechanisms of exosome
biogenesis still present missing data, as some cell types do not abide by the explained
biogenesis processes?”'*°,

Altogether, this data reveals that EV research has only scratched the surface
both in theoretical knowledge regarding vesicle biogenesis and trafficking but also in

precise practical methods for EV isolation, characterization, and analysis.

B2. Extracellular vesicle release, dissemination, and uptake

Unlike exosomes, microvesicles are formed directly in the interphase of
intracellular-extracellular environment, and thus, do not need to be intracellularly
transported for their release. Upon membrane-induced curvature and budding, small
GTPases, namely ARF6 and ARFI1, induce the contraction of the plasma membrane
through an ATP-dependent process, involving both cytoskeleton proteins and
molecular motors™@715153 As mentioned earlier, several studies have also linked
microvesicle shedding to a Ca?*-dependent process, as flippases, floppases and
scramblases are Ca?-dependent lipid transporters that induced loss of membrane
asymmetry, thus promoting membrane curvature'?”*¢, Moreover, the generation of
additional ceramide lipids through acidic sphingomyelinase also enhances
microvesicle formation'™.

Contrarily to microvesicles, exosome precursors, ILVs, are originated inside
endosomes, and thus require transportation to the plasma membrane, where upon
fusion, release exosomes. This intracellular transport is mainly guided through the
association of the MVE with cytoskeleton proteins, molecular motors, and molecular
switches, namely Rab proteins®”*5, As expected, the fusion of MVEs with the plasma
membrane is also Ca?*-modulated, as concentrations of this ion promote the
recruitment of SNARE complex proteins, involved in vesicle-membrane fusion,
proteins from the synaptotagmin family, known to be involved in vesicle docking, and
tethering factors®™7'%¢,

The release of both EV subtypes into the extracellular space allows for their
uptake by either the original or by neighbouring cells, exerting autocrine and
paracrine signalling, respectively. As alluded above, the resulting effects of EV
internalization are determined by their vesicle type and cargo. The incorporation of
EVs in recipient cells is a sequential process involving: 1) EV docking on the plasma
membrane of the recipient cell; 2) recognition of EV proteins and lipidic cues, by

receptors and mediators of the targeted cell, and finally 3) vesicle internalization.
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Interactions between EVs and the cellular membrane are made through mediators
such as tetraspanins, lipids, lipid-binding proteins, integrins and the extracellular
matrix?”%7. Importantly, EVs can also bind to specific cells according to their own
cargo content and membrane signature. Indeed, studies show that vesicles enriched
in CD63 are targeted to both neurons and glia, whereas EVs containing APP products
are mainly targeted to neurons’™®. Nevertheless, other studies show that exosomes
and microvesicles are generally cleared by cells with high-phagocytic activity such as
microglia, once again highlighting the complexity of EV research'e°,

Briefly, following vesicle docking, EVs may either remain on the surface of the
cell or be internalized via a clathrin-mediated mechanism, micropinocytosis or
phagocytosis, endocytosis via caveolae, internalisation by lipid rafts or by vesicular
fusion™7157161163 Once internalized, EVs are incorporated into the endocytic pathway,
and like in exosome biogenesis, directed towards MVEs. Once again, and depending
onthetrigger, MVEs can be allocated to lysosomes, thus promoting internalized cargo
clearance'?. That said, internalization by vesicular fusion promotes the release of EV
intraluminal cargo, capable of modulating cellular pathways and/or alter gene
expression. Importantly, this process is quickly susceptible to cellular clearance
mechanisms, as it releases the cargo directly into the cytosol, whereas internalized
cargo-containing EVs safeguard their content'®®> |nterestingly, once vesicles are
incorporated within MVEs, they can also fuse with their membrane, and release their
content onto the cytosol, partaking in the same modulatory responses above

described™®.

B3. Extracellular vesicle signalling in spread of disease and
therapeutic usage

Intercellular EV-based communication is known to trigger beneficial
responses involved in cell maintenance, promoting neurite growth, myelin formation,
neuronal survival and an overall tissue repair and regeneration in neuronal cells™>7-
%9 However, a growing body of evidence demonstrates a harmful side to these
shuttles, as they are able to carry misfolded proteins and toxic mediators, releasing
them into targeting cells®™25727  |ndeed, recent studies in the field of
neurodegenerative disorders have described the presence of AB and tau, alpha-
synuclein and LRRK2 (major misfolded proteins in PD), SOD-1 and TDP-43 (in
Amyotrophic Lateral Sclerosis) and PrP¢ (in prion diseases), amongst others, specially
within exosomes'®. Importantly, these putative toxic proteins are not disease

exclusive, as later stages of neurodegeneration usually impacts multiple brain areas.

21



1. Introduction

In 2006, Rajendran described, for the first time, APP cleavage inside early
endosomes with subsequent release of their content into the extracellular
microenvironment, beneficial for AR extracellular aggregation''. Additionally, other
APP fragments have been detected in exosomes in both in vitro and in vivo studies,
suggesting again that these vesicles may have a role in generation of A
aggregates”?'73, Furthermore, evidence show that during exosome biogenesis, ILVs
may serve as nucleation hubs for AB aggregation, thus helping in oligomerization and
fibrillization4'75, Altogether, these evidence seem to show one of two possibilities:
either 1) exosomes have a neurotoxic role by being pathology mediators, releasing AB
monomers and oligomers into the extracellular media, promoting their aggregation
or 2) they have a neuroprotective function by clustering AB species within MVEs, that
are later fused with lysosomes, promoting their clearance®7417>, |nterestingly, the
former point can also be taken as a cellular neuroprotective mechanism, albeit
allowing for EV-mediated insults to other cells. Moreover, it is known that EVs carry
enzymes able to degrade AB, and miRNAs capable of triggering microglia-derived
phagocytosis on neurodegeneration dendrites, once again alluding for their
neuroprotective role'”¢78, Notwithstanding, depending on the lipid composition of
the exosome, they may promote disassembly of stable AB species, giving rise to toxic
oligomers™17°,

In addition to AB, hyperphosphorylated tau proteins are also detected in
exosomes present in CSF of AD patients'™®. In vitro reports with overexpressing tau
models corroborate with these findings, proposing a means of spreading tauopathy
in AD patients'™.

Interestingly, TrkB-FL protein levels have been detected in exosomes, which
may suggest that TrkB-ICD may also be incorporated and disseminate its toxicity
among other cells'?182,

Still under investigation, exosome release is thought to be modulated by
certain cellular events, including modulation of synaptic glutamatergic NMDAr and
AMPA  (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid) receptors in
differentiated neurons, both systems known to be altered in AD'™°,

Understandably, and for the reasons above mentioned, EVs can be seen as a
disease progression source, as their presence in multiple bodily fluids — urine, blood,
and CSF - facilitates their isolation and analysis™®®, Adding to that, these may
constitute as biomarker carriers, as albeit pre-clinical AD does not show
symptomology, it is characterized by molecular changes®®. Nonetheless,
guantification of both AB and tau in EVs has led to contradictory results, showing that

both proteins are present in variable levels in EVs in multiple models and brain
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areas”. Actually, miRNAs have also been emerging as potential exosome-cargo
biomarkers in AD, as these mMRNA-modulating single-stranded RNAs are known to be
up- and down-regulated?>186187,

Finally, therapeutical strategies implementing EVs have also been sought out,
as they have a variety of advantages: 1) ability to cross the BBB and 2) target specific
cells according to their luminal and membrane content™>27170187 These, together with
encapsulating pharmacological agents, miRNAs, and their ability to scavenge for
misfolded proteins, allows for the development of highly specific engineered

vesicles25170187,188

1.3.2 Ubiquitin-Proteasome System (UPS) and the
Autophagy-Lysosomal Pathway (ALP)

As mentioned in Section 1.3, apart from EV-mediated clearance, there are also
other mechanisms by which cells promote proteostasis. The occurrence of events that
overwhelm the capabilities of the chaperone network, either by altering chaperone
function, promote protein unfolding or increase production of prone-to-aggregate
proteins, trigger the activation of proteolytic systems capable of degrading damaging
and damaged components’?®1%0 These systems are the Ubiquitin-Proteasome
System (UPS) and the Autophagy-Lysosomal Pathway (ALP)'™2189190

The recruitment and action of both UPS and ALP underlies the tagging,
recognition, and delivery of harmful misfolded proteins, to these cellular degrading
machineries, promoting their proteolytic cleavage and consequent by-product
recycling'?1e°,

The UPS relies on the action of ubiquitin (Ub), a small molecule capable of
binding not only to lysine (K) residues but also to serine, cysteine and threonine
residues present in the N-terminal of specific proteins, in a process known as
ubiquitination™%3, Actually, Ub binding serves as a tagging mechanism, distributing
harmful proteins to either the UPS or the ALP™°. These recognitions patterns involve
different Ub chain conformations — polyubiquitination — formed upon the conjugation
of the first Ub molecule or multi-monoubiquitination. Chain formation involves a
sequential binding of Ub proteins to K or other residues of the previous Ub.
Importantly and depending on the originated poly-Ub chain, different cellular
responses may be triggered, including DNA repair, proteasome and/or lysosome
degradation, mitophagy, kinase modification and mechanisms involved in cellular

trafficking'e9,
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The conjugation of Ub to target proteins is promoted by the sequential action
of three different classes of enzymes. Firstly, the ubiquitin-activating enzyme (E1)
activates, through an ATP-dependent process, the glycine residue at the C-terminal
of the Ub molecule, transferring it to the cysteine residue of the ubiquitin-conjugating
enzyme (E2). Finally, a third enzyme, the ubiquitin ligase (E3), promotes the C-terminal
linkage of the E2-transferred Ub molecule to a K residue of the target protein™®". To
counteract the formation of extensive Ub chains and possible errors, there is also a
class of enzymes known as deubiquitinating enzymes that promote the cleavage of
the protein-Ub peptide bond and the Ub-Ub linkage'™®°.

Upon Ub tagging, harmful proteins can be directed towards the 26S
proteasome, a cylinder-like multi-subunit protease complex composed of multiple
rings, creating an internal cavity where proteins are proteolytic cleaved™®9°, Briefly,
once ubiquitinated proteins arrive, recognition proteins on the base of the
proteasome bind, unfold and translocate them into the proteolytic chamber, where
through the action of other enzymes, Ub chain is cleaved™®. Lastly, proteins are
cleaved inside the chamber and their residues recycled.

Interestingly, this system is known to be modulated through post translational
modifications, whereas phosphorylation, the most prevalent proteasomal
modification, is known to increase proteasomal activity'°.

Apart from the UPS, certain misfolded and/or aggregated proteins, as well as
damaged organelles can be engulfed by autophagosomes, a double lipid layer
organelle involved in lysosome-mediated degradation™2®°194 Upon autophagosome
maturation, this organelle fuses with lysosomes, originating the autolysosome, a
hybrid organelle that mediates degradation of the selected engulfed cargo -
macroautophagy™®941% The acidic pH of the lysosome allows to partly unfold protein
structures, helping in the action of hydrolases present within this organelle®°,
Additionally, ALP can also degrade proteins through microautophagy or chaperone-
mediated autophagy. Briefly, microautophagy is also able to clear proteins and
organelles through lysosomal membrane invaginations®19014  Conversely,
chaperone-mediated autophagy is only able to promote the clearance of deleterious
proteins. Notwithstanding, this via considers the recognition of specific motifs by
cytosolic chaperones that deliver the cargo to the lysosome. Upon cargo delivery, a
luminal chaperone mediates its translocation to the lysosome lumen, promoting its
degradation™21%5,

Studies described that both UPS and ALP systems are impaired in AD, as the
accumulation of both AB and hyperphosphorylated tau block their activities and

modulate intermediate players™®419 Alarmingly, AD enhances this loss of function,
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leading to an over-accumulation of misfolded proteins not only due to their
overproduction, but also due to the lack of their cellular clearance. The synergy
between the UPS and ALP, together with the clearance driven by EVs, plays a
paramount role in cellular proteostasis.

Understandably, cellular ageing as that associated to AD is known to promote
loss of proteostasis through aberrant changes in translation, loss of protein function
and gain in toxic function, downregulation of chaperones and dysfunctional protein
degradation machineries?'®4 At the proteasome level, dysfunction may happen by
post translation modifications, decreased expression or aberrant replacement of its
subunits, disassembly, or impairments in substrate recognition™®>198  Similarly,
lysosomal degradation is also hindered with ageing due to downregulation of Atg
proteins, responsible for autophagy induction.

Once again, this highlights that AD is a multifactorial disease, targeting
multiple systems within the cell, and that its research must continue to strive forward

in search of new treatments.
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2 Aims

The discovery of the novel TrkB-ICD fragment by our lab contributed to unveil
a new mechanism that might portray a role in diseases with underlying calpain
activation, in particular AD. The functional characterization of TrkB-ICD by Fonseca-
Gomes and colleagues, brought up new insights on the modulatory capacity of this
fragment highlighting some of its actions in the context of this neurodegenerative
disease®"”1%° |mportantly, and as previously mentioned, TrkB-ICD has been detected
in the CSF of AD patients, leaving room to speculate on whether this fragment can or
not be released by cells and if so, its respective secretion pathways. Accordingly, EV
research has been gaining momentum in the field of cell-to-cell communication and
dissemination of pathology mediators.

Moreover, up until now, the mechanisms by which this fragment is
intracellularly cleared still remain elusive. Its stability and nuclear translocation pose a
threat to cellular clearance, allowing for its prolonged cellular modulation.
Understandably, unveiling its clearance mechanisms may help not only to
understand additional crossing pathways of TrkB-ICD, but also to reveal possible
important pharmacological targets that might be modulated to accelerate its
clearance.

Additionally, a new pharmacological approach was developed by our lab
through the production of TAT-TrkB peptide, a small peptide capable of preventing
TrkB-FL receptor cleavage. Notwithstanding, albeit in vitro and ex vivo studies have
already proven a remarkable action of this peptide, additional in vivo studies need to
be made to confirm its pharmacological action in a close-related environment.

Accordingly, this thesis was developed to 1) give additional insight and
elucidation on the study of TrkB-ICD fragment, but also 2) continue the study of the
formulated TAT-TrkB peptide in an in vivo set. In conformity, this thesis specifically
aimed at a) elucidating TrkB-ICD cellular clearance mechanisms, both ALP- and UPS-
mediated clearance intracellular pathways and its extracellular secretome release
through the isolation and characterization of EV-enriched and EV-depleted fractions
and b) studying the efficacy of TAT-TrkB in 5xFAD mice, an AD mouse model that

develops severe amyloid pathology.
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3 Materials and Methods

3.1 Animal Handling and TAT-TrkB administration

5XFAD mice, and respective controls (C57BL/6J) were purchased from Charles
River (Barcelona, Spain) and Jackson Laboratory (#34840, Maine, USA). All animals
were housed at Instituto de Medicina Molecular Jodo Lobo Antunes, Portugal in a
temperature (22-24°C) and humidity-controlled (55+x10%) room with a 14-hour light-
dark cycle and fed with food and water ad libitum. Animals were handled according
to the current Portuguese Laws (DL 113/2013) for Animal Care for Research Purposes
and with the European Community Directive (Directive, 2010/63/EU). This project was
also approved by the internal committee (ORBEA) of Instituto de Medicina Molecular
Joao Lobo Antunes and the Portuguese Animal Ethics Committee (DGAV - Diregcao
Geral de Alimentagao e Veterinaria).

For experimental design, all animals were carefully identified and distributed
into groups of 4 to 5 animals per housing cage. The number of mice was minimized,
and all efforts were made to reduce animal suffering. Importantly, all animal
procedures were performed by Jodo Fonseca-Gomes and Rita Belo, both certified
with Animal Handling courses and/or by researchers supervised by qualified
personnel.

The behavioural and molecular tests withdraw from these animals were part
of a wider project involving a full behavioural and molecular characterization of 5xFAD
mice upon chronic administration of an in-lab designed drug, TAT-TrkB. Accordingly,
only a small portion of the behavioural tests were incorporated in this document,
whereas the remaining tests were analyzed by fellow colleagues.

Briefly, after 5xFAD mice genotyping, intraperitoneal (i.p.) injections of TAT-
TrkB (25 or 50 mg/kg, TAT25 and TAT50, respectively) or saline solution [NaCl 0.9% — in
Vehicle (Veh) animals] were administrated daily (except weekends) at 4 months old
(m.o.) for a period of 2 months. At 6 m.o., mice were sacrificed, and the brain collected
for molecular studies, amongst them, protein analysis. Upon 1.5 months of daily
administration (at 5.5 m.o.), all animals performed a battery of behavioural tests
evaluating for locomotion, anxiety, spatial memory, and memory impairments and
recovery. Amongst all 36 studied animals there were: 11 Veh wild type (WT), 7 Veh
transgenic (Tg), 8 TAT-TrkB 25 mg/kg WT, 3 TAT-TrkB 25 mg/kg Tg, 3 TAT-TrkB 50
mg/kg WT and 4 TAT-TrkB 50 mg/kg Tg animals.
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3.2 Behavioural assessment tests

As soon as mice completed 5.5 m.o., behavioural assessment tests started to
be performed, in order to evaluate not only whether TAT-TrkB could rescue 5xFAD
mice memory impairments, but also if it had any impact on their anxiety levels by
either increasing it — anxiogenic — or decrease it - anxiolytic effect.

All behavioural tests were performed during the light phase between 8 am and

6 pm in a sound-attenuated room.

3.2.1 Morris Water Maze test

Hippocampal-dependent spatial memory and learning performances were
evaluated through a Morris Water Maze (MWM) test, as previously performed, and
described by our lab™. MWM is capable of giving insight on spatial memory deviations
caused either by drug-induced changes and/or genetic manipulations?°°2°2, The assay
was performed in a circular pool (100 cm in diameter, 60 cm deep) filled with opaque,
non-toxic, white-colored water to create contrast with the animals, thus allowing an
easy recording, and to ensure that animals could not see through it. The temperature
of the water was kept at a constant 23-25°C to avoid hyper- or hypothermia. The pool
was virtually divided into four quadrants: target quadrant, where the platform was
placed/hidden, opposite quadrant (diametrically opposite to the target quadrant) and
left and right quadrant (to the target quadrant). Outside the tank, there were four
stationary visible distal landmarks to be used as spatial navigation cues in line with
each one of the quadrants.

The test was performed over the course of 6 days, divided into three
sequentially phases: 1-day platform habituation training, a 4-day acquisition phase
and a 1-day probe test. After completing the trials of each day, animals were deposit
back in their respective home cages under heat lamps to prevent temperature loss.

For the platform habituation training day, an 8 cm circular escape platform
was placed in the center of the pool, 1 cm above water level, and each animal was put
on top of it for 20 seconds (sec). When an animal fell from the platform, it, was
manually guided towards it again. Each animal had a total of 2 minutes (min) to
succeed in this task. After completing the task, the same procedure was performed,
but this time with the platform 1 cm beneath water level.

During the acquisition phase, animals were released at water-level in a pre-

determined randomized starting point other than the target quadrant, facing the
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outer edge of the pool. They were allowed to freely explore the pool for 60 sec in search
of the platform, now hidden in a randomized fixed position, for each animal, 1 cm
beneath the water surface. If animals reach the platform within 60 sec, they were
allowed to remain there for an additional 10 sec; if not, they were manually guided
towards it and allowed to remain there for 20 sec. During this phase, each animal was
submitted to four trials per day, with a minimum of 30 min interval in-between trials.
Data regarding the latency of the animals to find the platform throughout this period
was recorded, giving insight on their learning curves.

Lastly, during the probe test, animals were given 60 sec to swim freely and try
to find the platform, now removed from its previous fixed position. In this stage, it was
measured the percentage of time that each animal spent in the target quadrant and
the number of platform crossings at 60 sec.

All tracings and recordings were made and analyzed using the SMART
software (PanlLab, Barcelona), using the center of the animal dorsum as the default

tracking point.

3.2.2 Elevated Plus Maze test

Anxiety levels were assessed by performing an Elevated Plus Maze (EPM) test,
as routinely done by our 1ab™2%, The assay was performed in a plus sign-shaped
platform, 50 cm above the floor. This platform is composed of two open (5x29 cm) and
two closed arms (5x29x15 cm), the later enclosed by 3 walls. Animals were initially
placed in the center of the maze, facing an open arm, and were allowed to freely
explore for 5 min.

The number of entries between open and closed arms and the time spent in
each one was used to measure their anxiety. In this regard, the center of the maze
was considered as an open arm and therefore any transition from a closed arm to the
middle of the maze is considered as an open arm entry and vice-versa. Importantly,

an entry was only considered valid if all four limbs were within the arm area.
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3.3 Cell Cultures

3.3.1 SH-SY5Y Cell line - Neuroblastoma cells

Human SH-SY5Y neuroblastoma cells (Figure 3.1A) were kindly gifted by Prof.
Dora Brites from Faculdade de Farmacia da Universidade de Lisboa, Portugal. This
cell line was originally obtained by successive subcloning of the neuroblastoma line
SK-N-SH, established in culture from a bone-marrow biopsy?°42°3,

SH-SY5Y neuroblastoma cells were cultured in Opti-MEM® reduced serum
media supplemented with 10% fetal bovine serum (FBS), 2 mM L-Glutamine, 100 U/mL
penicillin/streptomycin, at 37°C in a humified 5% CO, atmosphere. Cellular
maintenance was kept by splitting every two to four days with ratios of 1.5 or 1:10,
respectively, being washed with Ca?- and Mg#-free Hank's Balanced Salt Solution
(HBSS) followed by the addition of trypsin-EDTA solution 0.05% (w/v). Subculture
allowed for an ongoing exponential growth upkeep while ensuring cellular viability
and preserving the characteristic phenotype. Also, for these reasons, cells were kept
under passage 35. Every two passages, cryovials were prepared, keeping a stock of
SH-SY5Y cells at different growth stages.

For immunofluorescence, neuroblastoma cells were plated in sterile glass
coverslips, previously coated with a mixture of 10 ug/mL poly-D-lysine (PDL) and 4
ug/mL laminin and subsequentially washed twice.

For cell counting and cell viability analysis, cells were diluted in a 0.4% trypan

blue solution (T8154, Sigma-Aldrich, MO, USA) and counted using a hemacytometer.

3.3.2 Primary neuronal cultures

Primary cultures of cortical neurons (Figure 3.1B) were prepared from E17-E18
embryos from previous anesthetized pregnant Sprague Dawley females. Brains were
then dissected in ice cold HBSS, followed by the removal of meninges to avoid
contamination with non-neuronal cells?®®. Next, cerebral cortices were isolated,
mechanically fragmented and digested with 0.025% (w/v) trypsin solution in HBSS for
15 min at 37°C. Following tissue digestion, cells were centrifuged at 200g and washed
three times with a 30% FBS solution in HBSS. Disassociated cells were resuspended in
Neurobasal medium supplemented with 0.5 mM L-Glutamine, 25 yM glutamic acid,
2% B-27, 25 U/mL penicillin/streptomycin. This suspension was then filtered using a
nylon filter (BD Falcon™ Cell Strainer 70 uM, Thermo Fisher Scientific, MA, USA) to

32



3. Materials and Methods

avoid cellular clusters and tissue residues, followed by cell density calculation using a
0.4% trypan blue solution (T8154, Sigma-Aldrich, MO, USA) and a hemocytometer.
Finally, cortical neurons were plated on pos-coating washed 10 ug/mL PDL-coated
dishes at a density of 5x10° cells/cm? for Western-blot (WB) at 37°C in a humified 5%
CO; atmosphere.

For immunofluorescence, primary cortical neuronal cultures were plated in
sterile glass coverslips, previously coated with 10 pg/mL of PDL at a density of

1.5x10%cells/cm? and subsequentially washed twice.

A — SH-SY5Y neuroblastoma cells B — Primary CorticalNeurons

-

€

Figure 3. 1- Representative fluorescent micrographs of SH-SY5Y neuroblastoma cells

and primary cortical neurons.

A. Representative immunofluorescence image of SH-SY5Y neuroblastoma cells. In red it is
probed tubulin, a cytoskeleton protein present in the cytosol and in blue the cell nuclei (DAPI
staining). B. Representative immunofluorescence image of primary cortical neurons. In green it
is probed Map2, a neuron-specific microtubule-associated protein, and in blue it the cell nuclei
(DAPI straining). Both micrographs were acquired using an Axiovert microscope (Carl Zeiss Inc.,
Oberkochen, Germany), 10x magnification (scale bar: 25um).
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3.4 SH-SY5Y neuronal-like differentiation

SH-SY5Y cells are a heterogeneous population of both non-neuronal substrate
adherent (S-type) and neuroblastic (N-type) cells, able to undergo transdifferentiation
upon treatment with retinoic acid (RA) and BDNF?07:208,

As a prerequisite to study TrkB-ICD EV-presence (Section 3.5), SH-SY5Y cells
were differentiated, from a neuroblast-like state into mature human neuron-like cells.
Accordingly, SH-SY5Y cells were cultured in washed plates containing a mixture of 10
ug/mL PDL/4 pg/mL Laminin. Both extracellular matrices are known to enhance
neurite outgrowth and differentiation?®®. Initially, cells were cultured in their previous
established medium, O days in vitro (DIVO) followed by a change into media
supplemented with 5% FBS and 10 uM of all-trans RA (Sigma-Aldrich, MO, USA) at
DIV1. At DIV3, a new media change was performed, now to 2% FBS-supplemented
media alongside the same concentration of RA for 3 days. Two more media changes
were performed at the 6™ and 9% day, replacing it with Neurobasal medium
supplemented with 0.5 mM L-Glutamine, 2% B-27, 27 U/mL penicillin/streptomycin
and 50 ng/mL of BDNF (Regeneron, NY, USA). Afterwards, at the 12" day, SH-SY5Y

neuronal-like cells were ready to be used.

3.5 Lentiviral transduction

In order to stably assess TrkB-ICD intra- and extracellular trafficking, SH-SY5Y
cells were transduced with lentiviral particles capable of expressing GFP or TrkB-ICD-
V5 proteins. These lentiviruses were previously prepared by a colleague from our lab
and purified using a transformation protocol on HEK293T cells, in Helsinki". The
volume of lentiviral particles for the transduction took into account its viral titer (Table
3.1), being optimized to approximately 150 000 cells and a multiplicity of infection
(MOI) of 1.75, meaning that each cell incorporated an average of 1.75 lentiviral particles.
The required volume of virus was diluted into Opti-MEM medium and added to DIV2
SH-SY5Y cells. The following day, new medium was added, to renewal not only the
nutrients but also to remove non-incorporated lentiviral particles. Once cells reached
confluency, cells were split and frozen or used for subsequent molecular analysis: live
imaging (Section 3.11) was performed to confirm the correct expression of GFP

protein alongside sample collection for WB analysis (Section 3.10)
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Table 3.1 - List and titers of lentiviral particles used in this work

. Titer Molecular . .
Lentivirus . Specific antibody
(pg/UL) Weight (kDa)
pCaMKilla-eGFP 68600 = =
anti-Trk C-terminal (C-14)
pCaMKIlla.ICD.IRES.V5 68600 37

anti-V5-Probe (G-14)

3.6 Lipofectamine-based transfection

For experiments regarding cellular degradation pathways and protein
stability, undifferentiated SH-SY5Y cells and primary cortical neurons were transiently
transfected with an empty vector and a TrkB-ICD-stop vector'®® (Table 3.2). Isolation of
both vectors was performed by growing previously transformed E.coli in LB agar,
overnight at 220 rpm and 37°C, followed by plasmid DNA isolation using the
NZYMaxiprep kit (MBO51, NZYTech genes & enzymes, Lisbon, Portugal) according to

the manufacture instructions.

Table 3. 2. List of plasmid vectors used in this work

Vector Molecular Weight (kDa) Specific antibody

Empty vector (EV) - -
TrkB-ICD-stop (TrkB-ICD) 32 Anti-Trk C-terminal (C-14)

The transfection was performed using Lipofectamine® 2000 reagent
(Invitrogen, CA, USA), a lipid-based transfection reagent known as the gold-standard
for its transfection efficiency in a wide range of cells, including difficult-to-transfect
cells®, such as SH-SY5Y?. Lipofectamine® 2000 was used according to the
manufacturer instructions. Briefly, first both lipofectamine and vector DNA were
separately diluted and incubated for 5 min at room temperature (RT) in Opti-MEM®
reduced serum media, as serum tends to interfere with the formation of DNA-
Lipofectamine® complexes. Thereafter, both solutions were gently mixed at RT for 20
min and added to DIV4 undifferentiated SH-SY5Y cells or DIV7 primary cortical
neurons, timepoint corresponding to 80-90% confluency. Several amounts of
Lipofectamine® and DNA vectors were used in the optimization always keeping a 1:1
(w/v) ratio. After optimization, a total of 1.5 pg of vector DNA and 15 pL of
Lipofectamine® was used. After a 16-hour (h) transfection, cells were ready for the

experiments.
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3.7 Characterization and isolation of EVs by differential

ultracentrifugation

Microvesicles and exosomes were isolated and collected from the secretome
of Control (non-transduced, CTR), GFP-transduced (GFP) and TrkB-ICD-V5-
transduced (ICD-V5) differentiated SH-SY5Y cells 48h after incubation with FBS-free
conditioned medium. Initially, cell secretome was centrifuged at 1000g for 10 min to
remove cell debris, and its supernatant was transferred into an ultracentrifuge tube
and centrifuged at 16 000g for 1 h using an Avanti J-251 high-speed Centrifuge
(Beckman Coulter, IN, USA) with a JA-25.50 rotor (Beckman Coulter Life Sciences, IN,
USA) to pellet microvesicles with a diameter size of 200 nm-1000 nm (Figure 3.2). The
microvesicle-enriched fraction was then washed in phosphate-buffered saline (PBS)
(137 mM NacCl, 27 mM KCIl, 8 mM Na;HPO42H.O and 1.5 mM KH,PO,4 pH 7.4),
centrifuged again at 16 000g for 1 h and resuspended in the appropriate buffer for the
analysis. Samples were kept at -20°C until further analysis.

The supernatant resulting from the first 16 000g centrifugation, was then
filtered using a 0.22 um pore size filter to remove microvesicles and other particles
larger than 220 nm. The supernatant was then transferred into another tube and
ultracentrifuged at 120 000g for 2 h to pellet exosomes, using a Beckman Optima XL-
90 ultracentrifuge (Beckman Coulter, IN, USA), with a Type 70 Ti Fixed Titanium Rotor
(Beckman Coulter Life Sciences, IN, USA) (Figure 3.2). The resulting pellet was washed
in PBS and once again ultracentrifuged at 120 000g for 2 h and the EV-depleted
fraction kept for protein analysis (Figure 3.2). The final exosome-enriched fraction was
then resuspended in appropriate buffer and kept at -20°C until further analysis. All

centrifugations and ultracentrifugations were performed at 4°C.
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Conditioned media of CTR,
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Figure 3. 2 - Scheme of differential ultracentrifugation to obtain EV-enriched
fractions

Conditioned medium from CTR and transduced SH-SY5Y cells was initially centrifugated at
1000g to remove cell debris, following by an ultracentrifugation at 16 000g using an Avanti J-
251 high-speed Centrifuge (Beckman Coulter, IN, USA) with a JA-2550 rotor (Beckman
Coulter Life Sciences, IN, USA) to obtain a microvesicle-enriched pellet. This pellet is then
washed and ultracentrifuged at the same speed. The supernatant of the first
ultracentrifugation is filtered and ultracentrifuged at 120 000g using a Beckman Optima XL-
90 ultracentrifuge (Beckman Coulter, IN, USA), with a Type 70 Ti Fixed Titanium Rotor
(Beckman Coulter Life Sciences, IN, USA) to obtain an EV-depleted fraction and an exosome-
enriched pellet. Afterwards, this pellet is washed similarly as before. Both EV-enriched and
EV-depleted fractions are stored until analysis.
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To characterize the isolated microvesicles and exosomes, both EV types were
resuspended in HEPES buffer (10 mM HEPES, 150 mM NaCl) and submitted to
Transmission Electron Microscopy (TEM) using a Tecnai™ G? Spirit BioTWIN (FEI
Company, OR USA) with an Olympus-SIS
Veleta CCD Camera to assess vesicle diameter and shape. This analysis was made by
the Electron Microscopy Unit at Instituto Gulbenkian de Ciéncia in Oeiras, Portugal.
Briefly, a negative staining protocol was applied where a drop of each sample was
placed on a grid and let adsorb for 20 min before being incubated and fixed in 2%
formaldehyde in HEPES. After washing, all samples were stained in 2% uranyl acetate
for 5 min. Dynamic Light Scattering (DLS) technique was performed to assess overall
vesicle population size distribution, using the Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). Finally, to evaluate the expression of typical EV markers, vesicle pellets
were resuspended in Radio-Immunoprecipitation Assay (RIPA) buffer containing: 50
MM Tris-HCI (pH 7.5), 150 nM NaCl, 5 mM EDTA, 0.1% SDS, 1% Triton X-100 and protease
inhibitors [10 MM NaF, 5 mM NazVO4 and cOmplete Mini, EDTA-free protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany)] WB analysis was performed, as

described below.

3.8 Secretome protein precipitation

Protein content released by differentiated, transduced SH-SY5Y cells into the
media, was collected 48 h after switching to conditioned medium. After being
processed by differential ultracentrifugation, EV-depleted fraction was used for
protein precipitation. Total protein extraction for immunoblotting was performed by
adding 10% Trichloroacetic acid (TCA) in acetone to the fraction in 1:10 ratio. The mix
was vortexed and frozen overnight at -20°C followed by a 10 min 15 000g
centrifugation and supernatant removal. The pellet was washed twice by being
resuspended in acetone containing 20 mM of dithiothreitol (DTT) and centrifuged at
15 000g for 10 min to pellet protein content. Pellets were left to dry for 1 h in ice, prior
to being dissolved in RIPA buffer and resuspended by sonication. All centrifugations

were performed at 4°C.
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3.9 Drug Treatment

In order to evaluate TrkB-ICD stability and estimate its half-life (Tiz) in SH-SY5Y
cells, the protocol previously used by Fonseca-Gomes in H4 neuroglioma cells was
performed®®. After 16 h of TrkB-ICD transfection at DIV4, SH-SY5Y neuroblastoma cells
were incubated with 10 pg/mL cycloheximide (CHX), an eukaryotic de novo protein
biosynthesis inhibitor?2. Similar incubation periods were assessed - 0 h, 4 h and 8 h.
Following drug incubation, protein content was collected and analysed by WB
(Section 3.10). The strategy implemented by Belle and colleagues was used to
determine mathematically the Ty, of TrkB-ICD, assuming that the degradation rate of
the protein followed a first-order decay kinetics?®. Therefore, TrkB-ICD levels
(corresponding to N in the equation) were initially Ln-transformed, later used for a
linear regression, obtaining the decay rate constant (k), and then applied to the
equation, calculating for Ty,

Ln(N) —Ln(Ny) = —kt © T/, = LHT(Z)

To evaluate protein degradation mechanisms, specific pathway inhibitors
were used. For assessing protein degradation via the ALP, transfected DIV5
undifferentiated SH-SY5Y cells and transfected DIV8 primary cortical neurons were
incubated with 10 nM bafilomycin A, a specific inhibitor of vacuolar-type H*-ATPase
(V-ATPases), that halts lysosome acidification and thus protein degradation?4?; via
UPS, cells were treated with 10 uM MGI132, a peptide capable of blocking the
proteolytic activity of the 26S proteasome complex, thus increasing ubiquitinated
intracellular protein levels™. Similarly, different incubations times-0h, 4 h,8 hand 24

h - were tested and the resulting protein content analysed by WB.

3.10 Protein quantification and Western blot

Similar to EV-depleted fraction protein extraction, SH-SY5Y cells and primary
cortical neurons were washed with ice-cold PBS and lysed with RIPA buffer for 10 min
in ice. Cell lysates were then sonicated and centrifuged at 4°C at 15 000g and the
amount of protein determined using the Bio-Rad DC reagent kit according to the
manufacturer protocol and measuring the absorbance using a microplate reader
TECAN Infinite M200 (TECAN, Switzerland). Similarly, mice cortex tissue samples were

digested using RIPA, sonicated and quantified using the same kit. All samples were
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chemical and physically denatured by adding protein sample buffer 5x (350 mM Tris
pH 6.8,10% SDS, 30% glycerol, 600 mM DTT, 0.06% bromophenol blue) and by heating
at 95°C for 10 min, respectively.

Afterwards, 20-40 ug of each sample, alongside a NZYColour Protein Marker Il
(MB090, NZYTech genes & enzymes, Lisbon, Portugal), were loaded and separated on
a 10-15% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE), using a standard
migration buffer (25 mM Tris-base (pH 8.3), 192 mM Glycine, 10% SDS) at a constant
voltage between 80 and 120 mV in a Bio-Rad electrophoresis system (Hercules, CA,
USA). The proteins were then transferred onto polyvinylidene difluoride (PVDF)
membranes (GE Healthcare, Buckinghamshire, United Kingdom), previously
activated in methanol, using a standard migration buffer [25 mM Tris (pH 8.3),192 mM
Glycine, 15% methanol] at 350 mA and subsequentially stained with Ponceau S to
confirm the electrotransference efficacy. After washing the Ponceau S solution,
membranes were blocked with 3% Bovine Serum Albumin (BSA) in Tris-Buffered
Saline Tween 20 (TBS-T) (20 mM Tris base, 137 mM NaCl and 0.1% Tween-20) for 1 h at
RT, washed three times with TBS-T and incubated with the primary antibody, also
diluted in 3% BSA, overnight at 4°C with constant agitation. The membranes were
again washed three times with TBS-T prior to being incubated with the respective
horseradish peroxidase-conjugated secondary antibody, once again prepared in 3%
BSA, for 1 h at RT, shaking. Afterwards, membranes were washed for 30 min in TBS-T
and immunoreactivity assessed using the Blotting detection reagent ECL
chemiluminescence system (Amersham-ECL Western Blotting Detection Reagents
from GE Healthcare, Buckinghamshire, UK) on Chemidoc XRS+ (Bio-Rad, California,
USA) or Amersham 680 systems (GE Healthcare, Buckinghamshire, UK). Band
intensities were quantified by digital densitometry using Imaged 1.45 software
(Maryland, USA), normalizing to GAPDH or Ponceau S staining bands and lane,
respectively, quantification as a loading control.

Membranes that required a re-incubation with different antibodies were
incubated with a stripping buffer (200 mM glycine, 0.1% SDS, 1% Tween® 20, 50%
acetic acid glacial, pH 2.2) up to 30 min at RT, followed by three washes with TBS-T
and re-blocked with 3% BSA for 1 h at RT. The remaining procedure follows the same

previously mentioned steps.
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3.11 Cell Imaging and Immunofluorescence

Brightfield micrographs of undifferentiated and differentiated SH-SY5Y
neuroblastoma cells were obtained using an Axiovert 135 TV fluorescence microscope
(Carl Zeiss, Thornwood, NY, USA).

As previously mentioned in Section 331 and 3.3.2, prior to
immunofluorescence assays, neuroblastoma cells and primary neuronal cultures
were plated in washed PDL/laminin and PDL coated glass coverslips, respectively.
Both of these extracellular matrices help in the adhesion and growth of cultured cells,
promoting for a better neurite growth and cell plasticity?®. Cells were rinsed in PBS
and then fixed and permeabilized in methanol for 15 min at RT. Afterwards, cells were
blocked with 3% BSA solution for 1 h and then incubated with the primary antibody
overnight at 4°C. In the following day, the fluorophore-tagged secondary antibody
was added after two washes. Finally, glass coverslips were mount on microscope
slides using Mowiol. Fluorescence imaging was acquired using an Axiovert 135 TV (Carl

Zeiss, Thornwood, NY, USA).

3.12 In silico ubiquitination sites prediction

Since ubiquitination stands as a post translational modification capable in
directing proteins to specific clearance mechanisms, TrkB-ICD and TrkB-ICD-V5
mouse sequences were ran in an in silico prediction tool - BDM-PUB: Prediction of
Ubiquitination sites with Bayesian Discriminant Method. For this prediction, a
balanced cut between high specificity and high sensitivity was chosen with a

threshold of 0.3.

3.13 Statistical analysis

All data, graphing and statistical comparisons, were made using the GraphPad
Prism 8 software (La Jolla, California, USA). Statistical results are expressed as mean +
standard error of mean (SEM) for an n number of independent experiments, where n
is at least 3. Preliminary results include experiments with an n inferior to 3. Statistical
significance between two conditions was calculated by paired/unpaired t-student

tests. Multiple comparisons were evaluated by One/Two-Way ANOVA tests, with
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Dunnett's or Tukey's post-test. Differences were considered significant if the p-value

was inferior to 0.05.

3.14 Reagents, drugs, and antibodies

3.14.1 Culture reagents

Table 3. 3 - List and purpose of each reagent used in SH-SY5Y and primary cortical

neuron cultures

Reagent Description/Purpose Supplier
: Reduced-serum medium ideal to lipofectamine
Opti-MEM , , .
: transfection reagents. Medium used to grow SH- Gibco
Medium
SY5Y cells.
Fetal Bovine Medium supplement which provides nutrients, Merck
erc
Serum (FBS) growth, and attachment factors.
: Unstable amino acid required for the formation of :
L-Glutamine _ Gibco
other building blocks.
Solution composed of both penicillin and
Pen-Strep ) o )
) streptomycin; antibiotics used to keep cell cultures Gibco
solution )
bacteria-free
The enzymatic proteolytic action of trypsin cleaves
adhesion peptides and promotes the detachment
: of cells from the plate. EDTA acts as a metal :
Trypsin-EDTA : . Gibco
chelator, removing Ca? and Mg? ions from
adhesion proteins, weakening the adhesion
strength in-between cells.
Hanks' Balanced Used for washing cells before dissociation while
Salt Solution maintaining the pH and osmotic balance. Also, a Gibco
(HBSS) source of essential inorganic ions.
B-27 supplement Serum-free supplement used in neuronal cultures. Gibco
Neurobasal Basal medium ideal for maintaining neuronal cell Gib
ibco
medium populations. Used in neuronal differentiation.
Glutamic Acid Growth and development of neuronal cultures. Sigma
Lipofectamine® Drug used for transfection of a wide range of cell
Invitrogen

2000

types, SH-SY5Y neuroblastoma cells inclusive.
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3.14.2 Drugs

Table 3. 4 - List of drugs used in this work

Drugs Description/Purpose Concentration Supplier

Reversible inhibitor of
MGC132 proteolytic activity of 26S 10 uM Sigma
proteasome.

o . Induces expression of TrkB-
Retinoic Acid

FL receptors. Used in 10 uM Sigma
(RA)

neuronal differentiation.

3.14.3 Antibodies and Dyes

Table 3. 5 - List of primary and secondary antibodies used in this work

. Technique and .
Antibody/Dye Reference . Supplier
Dilution

anti-V5-Probe (G-14) sc-83849 WB -1:500

anti-TSG101 (C-2) sc-7964 WB -1:1000

anti-HSC70 (B-6) sc-7298 WB -1:1000
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BD Transduction
anti-Flotillin-1 610820 WB - 11000

Laboratories™

) Cell Signaling
anti-pllI-Tubulin (TU-20) #4466 WB -1:500

Technology®

anti-alpha Tubulin ab4074 IF —1:100 Abcam®

DAPI D9564-10MG IF - 11000 Sigma-Aldrich®

anti-mouse IgG-HRP sc-2005 WB - 15000
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4 Results and Discussion

4.1 Elucidation on TrkB-ICD cellular clearance mechanisms
4..1 Evaluation of TrkB-ICD release into the secretome
A) Optimization and validation of SH-SY5Y protocols

Al. Validation of TrkB-ICD-V5 lentiviral transduction

Setting our goal in studying the possible incorporation of TrkB-ICD in secreted
EVs, we decided to use the SH-SY5Y neuroblastoma cell line model. Accordingly, and
to increase its possible cargo selection, these cells were either non-transduced (CTR)
or transduced at DIV2 with pCaMKlla-eGFP or pCaMKIlla.ICD.IRES.V5, different
lentiviral particles expressing for GFP, serving as a transduction positive control, and
TrkB-ICD-V5 (ICD-V5, hereinafter), respectively. ICD-V5 is a modified version of the
endogenous fragment TrkB-ICD, with an added V5-tag on the C-terminus that should
not compromise TrkB-ICD intrinsic characteristics.

After 3 days of expression, at DIV5, we proceeded to cell imaging or protein
extraction (Figure 4.1A).

Through fluorescent micrographs we were able to assess transduction
efficiency to a yield of 61.2%+4.89% (n=4) in GFP-transduced cells (Figure 4.1C,D).
Presumably, the same transduction efficiency can be withdrawn for ICD-V5, as the
same MOI and titer were taken into consideration when transducing cells with both
lentiviruses. Additionally, through WB analysis, we observed a marked synthesis of the
new engineered TrkB-ICD fragment, at a molecular weight of 37 kDa (in contrast with
the 32kDa endogenous TrkB-ICD) (Figure 4.1B). Moreover, we performed
immunocytochemistry experiments in CTR, GFP- and ICD-V5-transduced cells,
probing them with an anti-V5-tag (G-14) antibody. Nonetheless, due to its fairly
common sequence in the proteome, multiple non-specific bindings were found in all
conditions, masking the expressed ICD-V5 protein in its overexpressed condition (data

not shown).
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Figure 4.1 - Lentiviral GFP- and ICD-V5-transduction in SH-SY5Y cells.

A. Timeline of the experimental design. After 3 days of expression, cell imaging or protein
extraction were performed. B. Representative western-blot of the different conditions at DIVS:
CTR, pCamKilla-eGFP-transduced and pCaMKiIlla.ICD.IRES.V5.ICD-V5-transduced SH-SY5Y
neuroblastoma cells probed with anti-V5-tag (G-14) antibody. A marked expression of ICD-V5
can be observed at 37 kDa. GAPDH was used as the internal control. C. Transduction yield -
61.2%+4.89% (n=4) - obtained through counting of 4 independent micrographs of GFP-
expressing cells. D. Brightfield and eGFP fluorescent cell imaging micrographs of non-
transduced and transduced SH-SY5Y cells was performed to confirm transduction efficiency.
Micrographs were obtained using an Axiovert microscope (Carl Zeiss Inc., Oberkochen,
Germany), 10x magnification (scale bar: 200um). All data represented as mean+SEM. CTR -
control; GAPDH - Glyceraldehyde 3-phosphate dehydrogenase; GFP - Green Fluorescent
Protein; ICD-V5 - TrkB-ICD fragment (calpain-generated) with a V5-tag; WT - wild type

A2. Optimization of RA-BDNF SH-SY5Y neuronal
differentiation

Before assessing TrkB-ICD secretion though EVs, a neuronal differentiation
protocol was performed to mimic as close as possible their release in neuronal
physiological conditions. Non-transduced SH-SY5Y cells were submitted to a neuron-
like differentiation protocol using all-trans RA alongside BDNF?°726, Moreover, a
successive serum-deprivation protocol was also applied. Supporting both added
supplements, cells were plated in a mix of PDL and laminin to enhance neurite
growth?%°,

After 12 days of RA-BDNF based-differentiation, cell imaging or protein

extraction analysis were performed (Figure 4.2A).
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Figure 4. 2 - Morphological and biochemical changes upon SH-SY5Y neuroblastoma cell RA-
BDNF differentiation.

A. Timeline of the experimental design. Sucessive medium changes were performed, changing
FBS percentage, RA and BDNF incorporation. Non-differentiated cells were supplmented in the
standard 10% FBS supplemented medium and protein extraction or cell imaging were performed
at DIV4; at DIV12 for differentiated cells. B. Representative sections of brightfield cell imaging
micrographs of undifferentiated and differentiated SH-SY5Y cells obtained using an Axiovert
microscope (Carl Zeiss Inc., Oberkochen, Germany), 10x magnification (scale bar: 25um). C.
Representative western-blot of two different neuronal markers in both undifferentiated (DIV4)
and differentiated (DIV12) SH-SY5Y cells. A higher expression of both syntaxin 1a and B-IIl Tubulin
was observed in differentiated cells. GAPDH was used as the internal control. D. Analysis of band
intensity represented in C. Data normalized to SH undif. (SH undif: n=4 for B-Ill Tubulin and n=7
for syntaxin 1a; SH dif: n=4 for B-Ill Tubulin and n=6 for syntaxinla7, *p-value<0.05, unpaired t-
student test). All data represented as mean+SEM. BDNF - Brain-derived neurotrophic factor; FBS
— Fetal Bovine Serum; GAPDH - Glyceraldehyde 3-phosphate dehydrogenase; RA - retinoic acid;
SH undif - SH-SY5Y undifferentiated cells; SH dif - SH-SY5Y differentiated cells.

As observed in Figure 4.2, upon differentiation, SH-SY5Y cells presented a
slower rate of proliferation and an overall higher number of neurites per cell. In
addition, neurite length also increased (Figure 4.2B).

Moreover, we tested for two common neuronal markers: i) syntaxin 1a, a
nervous system-specific protein involved in synaptic vesicle docking in the
presynaptic plasma membrane and ii) B-1ll Tubulin, a microtubule element exclusively
found in mature neurons. As reported in the literature?072092728 e detected an
enhanced expression of B-lll Tubulin (p-value<0.05, unpaired t-student test, n=4) and
an increase in syntaxin la protein levels, albeit not statistically significant (p-

value>0.05, unpaired t-student test, n=6-7) (Figure 4.2C,D).
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A3. Characterization of SH-SY5Y-derived extracellular
vesicles

Given that TrkB-ICD fragment was recently found in CSF samples of AD
patients, we hypothesized for its ability to be released in the secretome of cells, either
within EVs or in its soluble fraction™. To test it, we first needed to validate a stable
overexpression system in SH-SY5Y cells through lentiviral transduction, as well as the
optimization of their neuron-like differentiation, to mimic the events in physiological
conditions. With both optimizations completed, we started by isolating and
characterizing SH-SY5Y-derived EVs. Hence, DIVO neuroblastoma cells (CTR) were
submitted to the previously described differentiation protocol and, at DIV12, new FBS-
free medium was added for 48 h — conditioned medium - to collect the secretome of
cells. As described extensively in the literature, FBS-enriched medium is known to
contain EVs, reason why we chose to have it serum-depleted, as it otherwise would
interfere with our analysis. Afterwards, the enriched medium was submitted to a
differential ultracentrifugation protocol to isolate both microvesicles and exosomes
(interchangeably referred to as MVs and EXOs in figures hereinafter, respectively) and
also its soluble EV-depleted fraction (Figure 4.3A).

Initially, an EV characterization was performed to confirm pellet enrichment in
either microvesicles or exosomes. Accordingly, the EV pellets obtained after 16 000g
and 120 000g ultracentrifugations were submitted to TEM, DLS and WB analysis. TEM
allowed the characterization of vesicles in terms of morphology and size (diameter),
DLS was employed to assess the overall size distribution of both EV populations and
WB technique enabled to evaluate the presence of typical EV markers in the isolated
EV-enriched pellets (Figure 4.3).

Negative staining micrographs showed a correct cup-shaped morphology of
both microvesicles and exosomes, as described in the literature?®??° (Figure 4.3B, C).
Moreover, the diameter of each vesicle matched their correct size. Accordingly, overall
size distribution results obtained by DLS also showed that both vesicle populations
matched within the previously mentioned size ranges [microvesicles (150 nm-1000
nM) - CTR: 215 nm#*1.34 nm; exosomes (50 nm-200 nm) - CTR: 165 nm+2.85 nm] (Figure
4.3D, E). Curiously, control exosomes presented a profile with particles above 200 nm,
hinting for the possible presence of larger particles.

To further confirm that both pellets were enriched in microvesicles and
exosomes, both samples were probed with EV markers - HSC70, Flotillin-1, TSG101 and
CD9 (Figure 4.3F).
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Figure 4. 3 - Characterization of SH-SY5Y-derived control microvesicles and exosomes via
TEM, DLS and WB

A. Timeline of the experimental design. Following cell differentiation, non-transduced and
transduced SH-SY5Y cells were incubated in fresh media to collect their secretome for 48 h.
The enriched media was then submitted to protein analysis by western-blot, EV morphology
and diameter through TEM and overall population size distribution by DLS. B, C. Representative
transmission electron microscopy negative staining micrographs of non-transduced SH-SY5Y-
derived microvesicles and exosomes, respectively. Ampliation of a small section with a
representative vesicle and its diameter. Micrographs were acquired using a TecnaiTM G2 Spirit
BioTWIN (FEI Company, OR USA), magnitude 5000x-26000x for microvesicles and 60000x for
exosomes. (Scale bar: microvesicles - 200 nm; exosomes — 100 nm (n=1). D, E. Representative
dynamic light scattering population size distribution plotted as a function of scattered light
intensity percentage of non-transduced SH-SY5Y-derived microvesicles and exosomes,
respectively. Data acquired using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Z-
average was calculated from the mean of 3 independent reads. F. Representative western-blot
of EV protein markers (HSC-70, Flotillin-1, TSG101 and CD9). The same amount of protein was
loaded in each well and ponceau S used as the internal control. Data represented as mean*SEM
for DLS. CD9 - tetraspanin 9: CTR- control: DLS — Dvnamic Liaht Scatterina: EXOs — exosomes:
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As referenced earlier, none of the probed EV markers are exclusively present
in one population over the other, nonetheless studies have shown that high
ultracentrifugations (=100 000g) pellets tend to be more enriched in tetraspanins,

namely CD9, as shown in Figure 4.3F%

B) TrkB-ICD-V5 and the endogenous TrkB-ICD fragments

are released into the secretome

After all the optimizations and confirmation of the overall correct EV
population isolation in control conditions, the same procedure was applied to the
secretome of transduced cells. We observed a correct EV morphology and expected
size for both microvesicle and exosome samples (microvesicles— CTR: 215 nm#*1.34 nm;
GFP: 277 nm*0.546 nm; ICD-V5: 274 nm+7.62 nm; exosomes — CTR: 165 nm+2.85 nm;
GFP: 105 nm#1.19 nm and ICD-V5: 124 nm=*1.10 nm) (Figure 4.4A-C, G-1). Nevertheless,
in both microvesicle samples prepared from GFP or ICD-V5 transduced cells, there
was a distinct separation of two populations, in contrast with their control condition

(Figure 4.4E, F). WB analysis also detected the previously assessed EV markers (Figure
4.5A).
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4. Results and Discussion

Figure 4. 4 - Characterization of SH-SY5Y-derived microvesicles and exosomes via TEM and
DLS

A-C, G-I. Representative transmission electron microscopy negative staining micrographs of
SH-SY5Y-derived microvesicles and exosomes, respectively. Magnification of a small section
with a representative vesicle and its diameter. Micrographs were acquired using a TecnaiTM G2
Spirit BioTWIN (FEI Company, OR USA), magnitude 5000x-26000x for microvesicles and 60000x
for exosomes. (Scale bar: microvesicles — 200 nm; exosomes — 100 nm (n=1). D-F, J-L.
Representative dynamic light scattering population size distribution plotted as a function of
scattered light intensity percentage of SH-SY5Y-derived microvesicles and exosomes,
respectively. Data acquired using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Z-
average calculated from the mean of 3 independent reads. Data represented as mean+SEM for
DLS. CTR - control; DLS — Dynamic Light Scattering; GFP — Green Fluorescent Protein; ICD-V5 -
TrkB-ICD fragment (calpain-generated) with a V5-tag; TEM — Transmission Electron Microscopy

Expectedly, we found once again an increase in the presence of CD9
tetraspanin in transduced exosome samples, similar to control conditions, when
compared to microvesicle-enriched pellets.

Following the characterization of transduced SH-SY5Y-derived EVs, WB
studies were made to assess the presence of ICD-V5 in both microvesicle and
exosome pellets (Figure 4.5A).

We detected the presence of the overexpressed intracellular fragment, ICD-
V5, in both EV populations, microvesicles and exosomes (Figure 4.5A, B). Both vesicle
types were also confirmed by the EV probing markers - HSC70, Flotillin-1, TSG101 and
CD9. Curiously, data suggests that ICD-V5 fragment is equally incorporated by both
vesicle types as no statistical difference was seen between both groups (microvesicles:
1.0+0.20 and exosomes: 0.97+0.47, p-value>0.05, paired t-student test, n=3).
Surprisingly, we also observed the presence of the endogenous TrkB-ICD in both EVs
(Figure 4.5A, C, D, E). Similarly, there was no preferable route of secretion for the
endogenous fragment, being released by both populations equally (p-value>0.05 for
CTR, GFP and ICD-V5 groups, paired t-student test, n=3). Additionally, within the same
population of vesicles, endogenous TrkB-ICD levels were not altered by transduction
(p-value>0.05 for CTR, GFP and ICD-V5 groups, One-way ANOVA followed by
Dunnett’s post-test, n=3 Figure 4.5F, G).

Moreover, the full-length receptor of TrkB-ICD, TrkB-FL, was also found in EVs,

albeit only present in exosomes (Figure 4.5A).
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Figure 4. 5 - Detection of both ICD-V5 and its endogenous counterpart, TrkB-ICD, in both
EV populations

A. Representative western-blot of both ICD-V5, probed with anti-V5-tag antibody (G-14), and
TrkB-ICD, probed with anti-Trk C-terminal tail antibody (C-14). Presence of other known EV
protein markers (HSC-70, Flotillin-1, TSG101 and CD9). The same amout of protein was loaded
in each well and ponceau S used as the internal control. B. Analysis of ICD-V5 band intensity
represented in A. Data normalized to ICD-V5 MVs, no statistical difference between groups (p-
value>0.05, paired t-student test, n=3). C-E: TrkB-ICD is incorporated equally in both EV
subpopulations, independent of transduction. C. Analysis of TrkB-ICD band intensity
represented in A. Data normalized to CTR MVs, no statistical difference between groups (p-
value>0.05, paired t-student test, n=3). D. Analysis of TrkB-ICD band intensity represented in
A. Data normalized to GFP MVs, no statistical difference between groups (p>0.05, paired t-
student test, n=3). E. Analysis of TrkB-ICD band intensity represented in A. Data normalized to
ICD-V5 MVs, no statistical difference between groups (p-value>0.05, paired t-student test,
n=3). F, G: TrkB-ICD EV protein levels are independent of transduction. F. Analysis of TrkB-ICD
band intensity represented in A. Data normalized to CTR MVs, no statistical difference
between groups (p-value>0.05, One-way ANOVA, followed by Dunnett's post-test, n=3). G.
Analysis of TrkB-ICD band intensity represented in A. Data normalized to CTR EXOs, no
statistical difference between groups (p-value>0.05, One-way ANOVA, followed by Dunnett’'s
post-test, n=3). All data represented as mean*SEM. CD9 - tetraspanin 9; CTR — control; GFP -
Green Fluorescent Protein; EXOs — exosomes; HSC-70 - heat shock cognate 70 kDa protein;
ICD-V5 - TrkB-ICD fragment (calpain-generated) with a V5-tag; MVs — microvesicles; TrkB-FL —
full-length tropomyosin-related kinase B; TrkB-ICD - TrkB-intracellular domain (calpain-
generated); TSG101 - tumor susceptibility gene 101.
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Given that ICD-V5 and the endogenous TrkB-ICD fragments were found in
both EV populations, we also decided to perform some preliminary experiments to
understand whether this fragment could be released in the soluble fraction of the
secretome. For that, after ultracentrifugation and collection of the exosomal pellet
supernatant (the EV-depleted secretome) a precipitation protocol and WB analysis
were performed. In one experiment it was possible to detect TrkB-ICD in the soluble
fraction of secretome (n=1) (Figure 4.6A). Unexpectedly, a higher level of the
endogenous TrkB-ICD was found in the ICD-V5 condition (n=1). Conversely, ICD-V5
was not detected in this fraction (Figure 4.6A).

Simultaneously to all EV and secretome analysis, cell counting was performed
after secretome removal to guarantee that cell number was not decreasing nor
increasing between conditions (p-value>0.05, One-way ANOVA, followed by Dunnett’s
post-test, n=3, Figure 4.6B), A trypan-blue exclusion assay was used for cell viability

(n=1) (Figure 4.6C).
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Figure 4. 6 - TrkB-ICD fragment is released in the soluble fraction of the secretome.

A. Preliminary representative western-blot analysis showing the presence of TrkB-ICD in the
soluble fraction of the secretome (n=1), probed with anti-Trk C-terminal tail antibody (C-14) (n=1).
The same amount of protein was loaded in each well and ponceau S was used as the internal
control. B. SH-SY5Y cell density upon the removal of conditioned medium, no statistical
difference between groups (p-value>0.05, One-way ANOVA, followed by Dunnett's post-test,
n=3). C. Trypan-Blue cell viability assay hinting for a maintenance of cell viability upon cell
transduction (n=1). All data represented as mean+SEM. CTR - control; GFP — Green Fluorescent
Protein; ICD-V5 - TrkB-ICD fragment (calpain-generated) with a V5-tag; TrkB-ICD - TrkB-

intracellular domain (calpain-generated).
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412 Study of TrkB-ICD intracellular stability and

degradation

Considering the previous data, we were able to demonstrate for the first time,
that TrkB-ICD fragment is capable of being cleared from cells through its
incorporation into EVs. This is an important information which may underlie a
dissemination mechanism, where TrkB-ICD-containing EVs could spread its putative
toxicity. Aside from its secreted fraction, which in of itself acts as a cellular clearance
mechanism, there is still the presence of TrkB-ICD fragment intracellularly. Indeed,
and as studied in our lab, cytosolic TrkB-ICD can alter the overall cellular
phosphorylation profile and modulate gene expression. Therefore, studying other
intracellular clearance mechanisms by which this fragment gets degraded is also of
great importance to not only gain knowledge on its cellular interactions but also to
develop possible pharmacological strategies to accelerate its elimination.

For this, a different overexpression system was used by applying a
lipofectamine-transfection protocol as previously performed in our lab, albeit this time
in undifferentiated SH-SY5Y neuroblastoma cells. This alternative overexpression
system was used to ensure the continuation of previous studies, where we assessed
TrkB-ICD function using this plasmid vector. Understandably, we first validated the
transfection protocol since this particular neuroblastoma cell line is amongst the
hardest cell lines to transfect, whereas before we had performed it in H4 neuroglioma
cellg®n7.2n222

Accordingly, cells were either non-transfected (CTR) or transfected for 16 hours
at DIV4 with an empty vector (EV) or TrkB-ICD-stop plasmids, the later expressing for
the endogenous TrkB-ICD fragment (Figure 4.7A,B).

Afterwards, we tested for TrkB-ICD stability and half-life with a CHX-chase
assay, as previously performed by our lab®*®. As such, transfected SH-SY5Y cells were
incubated with 10 pg/mL of CHX with protein extraction at O h, 4 h and 8 h. It can be
observed that at the 8-hour timepoint, TrkB-ICD levels were already below 50%,
implying that its half-life is between 4 h and 8 h (Figure 4.7C,D). In light of this, and as
explained in Section 3.8, we applied an initial Ln-transformation to the obtained
percentages followed by a linear regression to obtain its decay rate constant (Figure
4.7E). Consequently, we calculated the half-life of TrkB-ICD through the previous
presented formula, rounding up to 6 h (Figure 4.7E).
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Figure 4. 7 - Determination of TrkB-ICD half-life by a CHX-chase assay.

A. Timeline of the experimental design. DIV4 SH-SY5Y cells and DIV7 primary cortical neurons
were transfected, or not (CTR), with EV and TrkB-ICD plasmids. Protein was collected at DIV5/6
and DIV8/9, respectively, at different timepoints. B. Representative western-blot of the
different DIV4 conditions: non-transfected (CTR), EV- and TrkB-ICD-transfected SH-SY5Y
neuroblastoma cells probed with anti-Trk C-terminal tail antibody (C-14). A marked
overexpression of TrkB-ICD can be observed at 32 kDa. Basal levels of TrkB-ICD can also be
observed at both CTR and EV conditions. GAPDH was used as the internal control. C.
Representative western-blot of a 10 ug/mL CHX-chase assay in 16 h-transfected SH-SY5Y cells
probed with anti-Trk C-terminal tail antibody (C-14). Different incubations timepoints at 4 h, 8
h and 24 h. GAPDH was used as the internal control. D. Analysis of band intensities
represented in € from densitometry quantification of TrkB-ICD immunoreactivity of three
independent cultures. Data normalized at CHX O h (*p-value<0.01 and **p-value<0.001, One-
way ANOVA, followed by Tukey's post-test, n=3). E. Ln-transformation and linear regression of
TrkB-ICD percentages. Its slope represents the decay rate constant of the fragment, k =
0.1147.All data represented as mean+SEM. CHX - cycloheximide; CTR - control; EV — empty
vector; GAPDH - Glyceraldehyde 3-phosphate dehydrogenase; TrkB-ICD - TrkB-intracellular

domain (calpain-generated).

Afterwards, we followed this protein degradation study by monitoring TrkB-
ICD protein levels upon inhibition of cellular clearance mechanisms. As such, we
mainly focused on the two most described degradation pathways, the UPS and ALP.

Accordingly, after a 16-hour transfection, DIV5 undifferentiated SH-SY5Y
neuroblastoma cells and DIV8 primary cortical neurons were incubated with 10 uM
MG132 or 10 nM bafilomycin Al, the former a typical inhibitor of proteasome activity
and the latter, a selective inhibitor of the ALP™242'5 (Figure 4.8A,B and Figure 4.9A B).
Similarly, protein extraction was performed at O h, 4 h, 8 h and 24 h after treatment

(Figure 4.7A left and right).

55



4. Results and Discussion

CTR WM EV HEE TrkB-ICD

>
w

31 6
) ° %)
2 = 2 °
w | 23 23
= c 0 -0 [
I3} ‘T O 2 SO 4
© Q% o Eg °
g (ol (] 5 oYy
= Q2 19 ] Q2 29
@ nZ pd h T °
= e = Xe i
o [ < =
= 0- ote ﬂ = ol o=* i
-
D _ o)
S| T %07 (&) c T 25
> z2 > | £3
w °8 S 50 °
> 89 151 o . g 20 201
%] £ L ° ° = cm
! = X —_ =
I | 5k & | ¥ 154
wn g5 1.0 EN= ° °
53 52 104
=5 ° 25
g< 057 S8 4
3« S o54 o
> L ©»
(O 5 <
2 0.0~ 3 oo0d
MG132 (10uM) - - - + 4+ + MG132 (10uM) - - . + 4+ +
MG132 (hours) - - 0 4 8 24 KkDa MG132 (hours) - - 0 4 8 24 KkDa
TrkB-ICD -32 TrkB-ICD G . — = 3D
Ubiquitin - Lane Ubiquitin ’ ! - 3 a F - Lane
b 13t
s " 25
GAPDH e e s cnnee anss sssmm - 37 GAPDH o s s s o a— 37

Figure 4. 8 - Evaluation of TrkB-ICD protein levels upon MG132-mediated proteasome
inhibtion.

A. Representative western-blots of MG132-pharmacological treated undifferentiated CTR, EV-
and TrkB-ICD-transfected SH-SY5Y cells probed with anti-Trk C-terminal tail (C-14) and anti-
Ubiquitin (A-5) antibodies. GAPDH was used as the internal control. (bottom). Ubiquitin probes
the overall ubiquitination profile including monoubiquitin, multi-monoubiquitinated and
polyubiquitinated residues. Analysis of band intensities represented in A from densitometry
quantification of TrkB-ICD and Ubiquitin immunoreactivity of three independent cultures (top
and middle, respectively). Data normalized at TrkB-ICD O h (p-value>0.05, One-way ANOVA,
followed by Tukey's post-test, n=3). B. Representative western-blots of MG132-pharmacological
treated CTR, EV- and TrkB-ICD-transfected primary cortical neurons probed with anti-Trk C-
terminal tail (C-14) and anti-Ubiquitin (A-5) antibodies. GAPDH was used as the internal control.
(bottom). Analysis of band intensities represented in B from densitometry quantification of
TrkB-ICD and Ubiquitin immunoreactivity of three independent cultures (top and middle,
respectively). Data normalized at TrkB-ICD OH (p-value>0.05, One-way ANOVA, followed by
Tukey's post-test, n=3). All data represented as mean+SEM. CTR - control; EV — empty vector;
GAPDH - Glyceraldehyde 3-phosphate dehydrogenase; TrkB-ICD - TrkB-intracellular domain

(calpain-generated).
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Figure 4.9 - Evaluation of TrkB-ICD protein levels upon bafilomycin Al-mediated autophagy
inhibition.

A. Representative western-blots of bafilomycin Al-pharmacological treated undifferentiated
CTR, EV- and TrkB-ICD-transfected SH-SY5Y cells probed with anti-Trk C-terminal tail (C-14) and
anti-Ubiquitin (A-5) antibodies. GAPDH was used as the internal control. (bottom). Ubiquitin
probes the overall ubiquitination profile including monoubiquitin, multi-monoubiquitinated
and polyubiquitinated residues. Analysis of band intensities represented in A from densitometry
quantification of TrkB-ICD and Ubiquitin immunoreactivity (top and middle, respectively). Data
normalized at TrkB-ICD OH (p-value>0.05, One-way ANOVA, followed by Tukey's post-test, n=3-
4). B. Representative western-blots of bafilomycin Al-pharmacological treated CTR, EV- and
TrkB-ICD-transfected primary cortical neurons probed with anti-Trk C-terminal tail (C-14) and
anti-Ubiquitin (A-5) antibodies. GAPDH was used as the internal control. (bottom). Analysis of
band intensities represented in B from densitometry quantification of TrkB-ICD and Ubiquitin
immunoreactivity of three independent cultures (top and middle, respectively). Data
normalized at TrkB-ICD OH (p-value>0.05, One-way ANOVA, followed by Tukey's post-test, n=3-
4). All data represented as mean+SEM. CTR - control;, EV - empty vector; GAPDH -
Glyceraldehyde 3-phosphate dehydrogenase; TrkB-ICD - TrkB-intracellular domain (calpain-

generated).

As it can be observed in Figure 4.8A and B (top), TrkB-ICD protein levels did not

show a significant increase upon incubation with MG132 (p-value>0.05, One-way
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ANOVA, followed by Tukey's post-test, n=3) in neither SH-SY5Y neuroblastoma cells
nor primary cortical neurons.

Moreover, it also seems that proteasomal inhibition did not alter the cellular
ubiquitin profile (p-value>0.05, One-way ANOVA, followed by Tukey's post-test, n=3),
which raised questions as to whether or not MG132 was exerting its activity [Figure
4.8A,B (middle)].

Aside from proteasome degradation, incubation with bafilomycin Al and thus,
inhibition of autophagy, suggest no results in increasing TrkB-ICD fragment protein
levels in neither neuroblastoma cells (p-value>0.05, One-way ANOVA, followed by
Tukey's post-test, n=3) nor primary cortical neurons (p-value>0.05, One-way ANOVA,
followed by Tukey's post-test, n=3). Additionally, and similarly to MG132 incubation,
bafilomycin Al was also insufficient to promote ubiquitin species accumulation in
either model (p-value>0.05, One-way ANOVA, followed by Tukey's post-test, n=3-4), as
observed by Figure 4.9A,B (middle).

Concomitantly, we observed that TrkB-ICD overexpression by itself is unable to
alter the ubiquitination cellular profile, as no changes were seen in overall
ubiquitinated protein levels in both SH-SY5Y cells and primary cortical neurons (p-

value>0.05, One-way ANOVA, followed by Tukey's post-test, n=6-7) (Figure 4.9A, B).
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Figure 4. 10 - TrkB-ICD overexpression does not alter cellular ubiquitin levels.

A. Representative western-blots of TrkB-ICD overexpression in SH-SY5Y cells (left) and primary
cortical neurons (right). Probing with anti-Trk C-terminal tail (C-14) and anti-Ubiquitin (A-5)
antibodies. Ubiquitin probes the overall ubiquitination profile including monoubiquitin, multi-
monoubiquitinated and polyubiquitinated residues. GAPDH was used as the internal control.
B. Analysis of band intensities represented in A from densitometry quantification of TrkB-ICD
and Ubiquitin immunoreactivity in SH-SY5Y cells (left) and primary cortical neurons (right).
Data normalized at TrkB-1ICD OH (p-value>0.05, One-way ANOVA, followed by Tukey's post-test,
n=6-7). All data represented as mean+SEM. CTR - control; EV - empty vector; GAPDH -
Glyceraldehyde 3-phosphate dehydrogenase; TrkB-ICD - TrkB-intracellular domain (calpain-

aenerated).
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Although TrkB-ICD overexpression did not promote an increase in the cellular
ubiquitination profile, an in silico prediction of possible ubiquitination sites in both
TrkB-ICD and ICD-V5 was performed, as it is known that this protein modification is
able to modulate protein trafficking, including protein encapsulation in EVs [as seen
in Section 4.1.1 B)] and protein degradation. Accordingly, BDM-PUB: Prediction of
Ubiquitination sites with Bayesian Discriminant Method was used to predict
ubiquitination sites in TrkB-ICD and in ICD-V5. For its prediction, a balanced cut
between high specificity and high sensitivity was chosen. As it can be seen in Table
4.1, a total of 8 lysine residues were predicted as being capable of suffer ubiquitination
in both TrkB-ICD and ICD-V5%% (Table 4.1).

Table 4.1 - In silico prediction of TrkB-ICD and ICD-V5 ubiquitinated residues. Display
of each residue alongside its flanking sequences, position, score, and threshold.

HHSQLKPDTFVQH 4 1.88 0.30
KRHNIVLKRELGEGA 20 0.45 0.30
LGEGCAFGKVFLAECY 30 1.85 0.30
NLCPEQDKILVAVKT 45 0.87 0.30
DKILVAVKTLKDASD 51 2.28 0.30
LVAVKTLKDASDNAR 54 2.3] 0.30
DASDNARKDFHREAE 62 0.51 0.30
TLLQONLAKASPVYLD 291 0.36 0.30
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4.1.3 Discussion

The presented data demonstrates, for the first time, the presence of TrkB-ICD
in the secretome, in both microvesicles and exosomes. Additionally, preliminary
results have also hinted for its presence as a soluble factor in the secretome. Moreover,
this work corroborates previous experiments regarding TrkB-ICD protein half-life,
while trying to assess possible intracellular clearance mechanisms, apart from EV
release.

Previously, we have reported that TrkB-ICD fragment, resulting from BDNF-
receptor cleavage, was detected in the CSF of AD patients, and remarkably an
ongoing study in our lab has already shown a significant increase of this fragment in
these samples when compared to CSF from non-AD patients™. Notwithstanding, the
mechanisms by which this secretion occur are yet to be disclosed. Plasma membrane
permeabilization upon neurodegeneration was a potential candidate for TrkB-ICD
detection in the CSF, as the release of their luminal content could underlie its
presence in these samples?“ Therefore, to tackle our hypothesis that TrkB-ICD
detection in the CSF was partly due to its release in EVs, we first started to validate an
overexpression system that allowed for a prolonged expression of a similar fragment,
ICD-V5. Using a lentiviral transduction system, we not only promoted an increased
protein expression but also benefitted from a decreased associated toxicity, when
compared to other overexpression systems, namely plasmid transfection™. The ICD-
V5 fragment withholds the same sequence as TrkB-ICD with an added V5-tag on its
C-terminal, allowing for its accurate pinpoint with multiple antibodies. Moreover, the
absence of this fragment in physiological conditions allows to study its cellular
presence without being masked by the endogenous TrkB-ICD. Importantly, due to
the unknown presence of this fragment in secreted vesicles, we decided to use a
neuroblastoma cell line instead of primary neuronal cultures, as with the former we
are capable in producing an exponential number of cells but also, able in keeping a
supply of transduced cells with successive passages. In addition, this approach
avoided animal sacrifice, following the desirable replacement, reduction, and
refinement policy in animal welfare.

Afterwards, a neuron-like differentiation protocol was optimized in this cell
line. SH-SY5Y cells are a known cell model in the field of neurodegenerative diseases,
as they can differentiate into a neuronal-like phenotype. Originated from successive
subcloning of a cell line derived from a neuroblastoma tumor biopsy, and as previously
mentioned in Section 3.5, this cell line is known to possess two distinct phenotypes: a

non-neuronal substrate adherent (S-type) and a neuroblastic (N-type) type, able to
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undergo transdifferentiation upon treatment with RA and/or BDNF204205207.225 A |beit
this differentiation mechanism is still not fully understood, data shows that RA is able
to enhance the expression of TrkB-FL, which, in synergy with the supplemented
BDNF, allows for its downstream signalling, including neuronal differentiation and
growth?07216225226 - Additionally, and in synergy with both supplemented factors, a
successive serum deprivation protocol was also implemented. According to the
literature, serum deprivation helps select against epithelial cells (S-type in SH-SY5Y
cells), allowing for a more homogenous neuronal culture?°726227_ Both the use of RA
and serum deprivation are also known to slow the growth rate of cells, providing a
better differentiation®®. Understandably, the introduction of extracellular
components such as PDL and laminin also contributed to cellular branching?®°.
Altogether, the procedure resulted in an increased number of neurites per cell, neurite
length as well as an increase production of neuron-specific proteins, such as B-Il
Tubulin?07209222  Importantly, syntaxin 1a protein levels were also detected in both
undifferentiated and differentiated states, as a subpopulation of the former SH-SY5Y
cells are of neuroblastic origin. Interestingly, albeit this cell model has been extensively
used in PD research, its characteristics allowed us to obtain an in vitro model capable
of mimicking, to a degree, the environment of a neuronal-like cell and thus allowing
us to study ICD-V5 in a more reliable source?®”.

With the optimization of both prerequisites, we proceeded to establish a
differential ultracentrifugation protocol. Once this procedure was also rounded up, EV
pellets started to be collected for protein, imaging, and size distribution analysis.
Initially, samples were sent to Instituto Gulbenkian de Ciéncia, Oeiras, Portugal, and
negative staining micrographs were taken by TEM to assess vesicle morphology and
diameter. Moreover, to further confirm the overall vesicle population size profile, EVs
were also submitted to DLS spectroscopy. From the obtained data, there are no
alterations in vesicle morphology, preserving their typical cup-shaped profile?9220,
Their diameter also corresponded to the descriptions for each vesicle population.
Upon DLS analysis, it can be observed that each enriched-vesicle pellet matched the
expected dimensions, since microvesicles presented a range of 100-1000 nm in size
and exosomes sizing roughly from 50 to 200 nm. Once again, it is important to
highlight that these pellets are enriched in their specific EV type, which does not
exclude the possibility of having exosomes present in the pellet of microvesicles and
vice versa. Accordingly, lower sizes in microvesicle pellets may be due to exosome
presence. Actually, by analyzing the distribution pattern of the control condition of
exosomes, it can be seen a shift towards higher dimensions, which might be

explained due to the presence of said microvesicles, but also, the presence of dust
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particles and exosome aggregates?°?*. Moreover, it is also known that exosomes
might fuse with each other, forming vesicles with a larger diameter?2. This data shows
that ICD-V5 does not alter vesicle morphology nor their size. Moreover, we were able
to detect the presence of typical EV markers in both pellets, with higher levels of
tetraspanin CD9 in exosome pellets, which go in line with the literature, as higher
ultracentrifugation pellets tend to me more enriched in tetraspanins’®?2,

Once characterized, we were able to confirm the presence of the transduced
fragment as part of both microvesicles and exosomes. Moreover, its incorporation is
vesicle-independent, as no statistical difference was found in its protein level between
both EVs. Strikingly, we were also able to detect the presence of the endogenous
fragment, TrkB-ICD, in both vesicles. Similarly to ICD-V5, no difference was found in its
protein levels inside EVs, implying for an equal cargo selection and lack of specific
secretion mechanisms. Nevertheless, it is important to highlight that our results show
a high SEM, implying that we may achieve significance once we increase our sample
size. Additionally, its protein levels are also transduction-independent, in both
microvesicles and exosomes, with no difference for its secreted levels in each vesicle
population.

In this regard, past studies already demonstrated the presence of the full-
length receptor, TrkB-FL, in Rab7- and Rab9-positive endosomes, proteins known to
be enriched in MVEs?*?*4 Indeed, in certain conditions, Trk receptors, including TrkB-
FL, are internalized after ubiquitination mediated by ligand binding?>2%¢, Sequentially,
these vesicles eventually form endosomes and MVEs, from which TrkB-FL can be
targeted for recycle and degradation. As seen earlier, these late endosomes can also
fuse with the membrane thus releasing their luminal content. Accordingly, Pinet and
her team have already described the presence of this full-length receptor in
exosomes, reinforcing its anterior presence in MVEs'?”. Our data reinforced this
observation, since we also detected TrkB-FL receptors on such EVs.

As mentioned earlier in Section 1.3.1 B), ubiquitination is known to be a post-
translational modification capable of modulation intracellular trafficking and protein
encapsulation, as endosomal and exosomal cargo selection are modulated by this
modification™®. Adding to these, and as briefly mentioned above, TrkB-FL can
undergo mono- and poly-ubiquitination in several of its residues upon BDNF
recognition in primary cortical neurons?®?*’, This data corroborated ubiquitination
patterns in several other tyrosine kinase receptors, usually monoubiquitinated within
their intracellular domain®

Importantly, TrkB ubiquitination is described as being dependent on its

tyrosine kinase activity, as studies show that both phosphorylation and ubiquitination
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in primary cultures are severely attenuated upon incubation with both BDNF and
K252A, an inhibitor of Trk kinases?%2*°. Accordingly, these data suggest that, similar to
other ubiquitinated intracellular domains of tyrosine kinase receptors, TrkB-ICD could
also be ubiquitinated. Moreover, despite cleaved from its full receptor, previous data
obtained by our lab clearly demonstrated that TrkB-ICD and ICD-V5 maintain their
tyrosine kinase activity and thus, if ubiquitination is dependent on the catalytic
domain activity, both fragments would maintain their capability of being
ubiquitinated®. To confirm this hypothesis, an in silico ubiquitination tool was used,
predicting a total of 8 lysine residues capable of suffering ubiquitination in both
fragment sequences.

Additionally, recent studies also suggest the presence of high levels of tyrosine
phosphorylated sites within exosomes, suggesting that phosphorylation of exosomal
proteins, in their tyrosine residues, may contribute to exosome secretion4024,

Altogether, these data suggest that TrkB-ICD and ICD-V5 can indeed be
ubiquitinated, which in turn may explain their internalization in MVEs and
consequently, their presence in released exosomes, now confirmed by the presented
work. Concomitantly, since microvesicle cargo selection can also involve the same
ESCRT machinery as exosomes, ubiquitination would also be able to modulate protein
incorporation. Accordingly, TrkB-ICD and ICD-V5 were also detected in microvesicles.

Finally, preliminary results obtained through western blotting of EV-depleted
secretome, allowed us to detect the presence of TrkB-ICD in the secreted soluble
fraction. Conversely, ICD-V5 was not detected. Although this data still needs to be
further corroborated, the presence of the V5-tag may 1) hinder its secretion in the
soluble fraction, 2) be cleaved extracellularly, masking its presence, and detecting the
transduced fragment as the endogenous TrkB-ICD or 3) alter trafficking signalling for
ICD-V5. Moreover, ICD-V5 transduction yield together with a dilution factor of the total
amount of proteins present in the medium may contribute to mask its presence.

Concomitantly, a preliminary cell viability assay showed no difference between
cell viability in transduced and non-transduced cells, refuting the secretome presence
of ICD-V5 and TrkB-ICD due to exacerbated cellular death. Nonetheless, further
determinations are required. After secretome removal, cellular density data also
shows no differences between conditions.

Altogether, the obtained data suggest a possible dissemination of TrkB-ICD
and ICD-V5 through EVs, probably potentiating and serving as pathology mediators
in the progression of AD.

Previously, we have reported that TrkB-ICD fragment has a half-life of 8 h in

both transfected H4 neuroglioma cells and primary cortical neurons®"’, Given that in
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the present work SH-SY5Y cells were used to study TrkB-ICD clearance mechanismes,
the same cell model was used to corroborate the half-life of this fragment.

Understandably, and conversely to H4 neuroglioma cells, which are portrayed
as a suitable model for cell transfection, SH-SY5Y neuroblastoma cells are described
as one of the hardest cell lines to transfect. Vector transfection was carried out with
Lipofectamine® 2000, a reagent known to promote a good transfection yield, albeit
preferentially used in easy-to-transfect cells and primary neurons?"222,

Moreover, contrary to methodology used in Section 4.1.1 B), we decided to
perform this battery of experiments using previously prepared plasmid vectors
containing the endogenous sequence of TrkB-ICD, refraining from spending, and
thus saving lentiviral particles. Moreover, TrkB-ICD protein half-life experiments were
previously carried out in our lab with this overexpression system, reason why this
strategy was implemented. The use of these vectors also came with the added benefit
of mimicking the action of the endogenous fragment, as no V5-tag was added.
Nonetheless, this transfection procedure also carried its own disadvantages when
compared to cell transduction, highlighting an increased associated lipofectamine
toxicity, but also a decrease in transfection and consequently, overexpression yield"”2",

As such, we first validated TrkB-ICD transfection in this undifferentiated cell
model. Once optimized, we performed the same assay previously done by Fonseca-
Gomes, incubating DIV5 transfected SH-SY5Y cells with 10 ug/mL of CHX, an
eukaryotic de novo protein biosynthesis inhibitor, known to prevent translational
elongation?2?42, Accordingly, this inhibition allowed us to acquire a profile of TrkB-ICD
abundance in a steady state, disregarding contributions from protein synthesis. By
performing this assay at multiple timepoints — Oh, 4h and 8h - we were able to
pinpoint, through western blotting and linear regression analysis, its half-life.

Surprisingly, a slight shift of this parameter was observed when compared to
previous data, reducing from a mean of 8h to a 6h-half-life. Notwithstanding, it must
be highlighted that a different plasmid concentration was used in these difficult-to-
transfect cells, with the added necessity of increasing the quantity of lipofectamine to
keep the 11 ratio of plasmid to transfection agent. As such, the increase in
lipofectamine may have driven a higher time-dependent toxicity, possibly promoting
a decrease in cell viability with consequent depletion of TrkB-ICD-expressing cells
alongside its protein levels. Importantly, and as mentioned above, this assay was
already performed in primary cortical neurons, mimicking a better physiological
environment than this in vitro model. As such, TrkB-ICD fragment maintains its stable

presence with a half-life around 6-8h. This range of TrkB-ICD half-life may be explained
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due tothe cellular environment of different cellular typologies, however the time scale
of its half-life time remained similar.

When compared to the literature, and specifically to other secreted proteins,
TrkB-ICD has a relatively high half-life time, posing a threat to both intra- and
intercellular communication, as an increased protein lifespan would imply a longer
presence of this fragment and thus a dissemination of its toxic effects?*3. Actually,
when compared to is activated receptor, TrkB-ICD shows a 3 to 4-fold of its half-
life>9M7244245 However, it is still unknown if this parameter would translate itself in TrkB-
ICD present in EVs or in the soluble fraction of the secretome, as both routes differ
from its original environment. Additionally, it is important to refer that its
incorporation in EVs leads to a decrease in its cytosolic concentration, which is used
to calculate TrkB-ICD half-life. As such, its secretion may alter this cytosolic parameter.

Taking its half-life in consideration, we sought out to study other two cytosolic
degradation mechanisms, the UPS and ALP. As seen in Section 1.3, clearance
pathways are key players in cellular proteostasis, as they can maintain protein
concentrations within boundaries, avoiding their overaccumulation. Moreover, and as
alluded earlier, TrkB-ICD cytosolic and nuclear presence lead to dysfunctions in both
cellular compartments, reason why studying its clearance stands as an important
mechanism to avoid its putative toxicity.

Initially, DIV5 transfected and undifferentiated SH-SY5Y cells and DIV8
transfected primary cortical neurons were incubated with 10 uM of MG132, an inhibitor
of the 26S proteasome subunit?®247. The mindset behind this methodology was to
observe if the inhibition of proteasomal activity would lead to an accumulation of
TrkB-ICD, implying that this fragment would be targeted by ubiquitination and
consequently degraded by the UPS. No significant changes were seen in neither SH-
SY5Y cells nor primary cortical neurons. However, a small increase in TrkB-ICD protein
levels was detected in higher timepoints, which may indicate the possible
contribution of the UPS in its clearance. Notwithstanding, this increase may also be
explained due to a longer transfection period of the fragment. To evaluate this
hypothesis, we could either: 1) incubate both cultures with CHX and MG132, halting
not only protein degradation by the proteasome, but also the de novo protein
biosynthesis; or 2) extract protein samples of each selected timepoint without
pharmacological treatment, drawing a linear regression in TrkB-ICD production
overtime.

Additionally, we also quantified the overall ubiquitination cellular pattern upon
MG132 treatment. According to the literature, the inhibition of the proteasome leads

to an accumulation of ubiquitinated proteins since this post-translational
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modification underlies the targeting and re-directing of cytosolic misfolded and toxic
proteins to their degradation?%. Strangely, the results did not show differences in
ubiquitin immunoreactivity. These unexpected results may be due to a reversible
action of the proteasomal inhibitor but also due to the administration of a non-
functional dosage of MG132, compromising also the obtained TrkB-ICD data. The lack
of an increase in ubiquitin species hints for a possible compromised proteasomal
inhibition. Posterior tests will be necessary to re-evaluate this degradation
mechanism, as with our current data we are unable to draw a conclusion. The
treatment dosage might need to be checked, alongside its effective timepoints to
ensure a non-reversible pharmacological action. Moreover, incorporating known
positive control substrates of proteasome degradation, such as p53 and p21 proteins,
would also help to clarify UPS inhibition?,

Concomitantly to UPS studies, we also applied the same methodology using
bafilomycin Al, a specific and reversible inhibitor of the ALP?>248249 Bafilomycin Al acts
by inhibiting the fusion of the autophagosome with the lysosome, promoting and
increase in autophagosomes carrying cargo for degradation. Curiously, we were also
unable to observe differences in TrkB-ICD immunoreactivity, implying that this
fragment is not degraded via autophagy, or at least via macroautophagy. Similarly to
the UPS experiment, we also evaluated their ubiquitin profile, as different poly-
ubiquitin chain conformations also shift ubiquitinated cargo to the ALP. Once again,
no significant differences were observed. Although this preliminary study shows no
indications of a possible autophagy-mediated action, we will also re-assess these
experiments evaluating the immunoreactivity of LC3B-Il, a protein present in the
membrane of autophagosomes, alongside the LC3B-1I/LC3B-I ratio. LC3B is known to
be converted from LC3B-I| to LC3B-Il upon autophagosome formation, and thus a
higher presence of its converted state would imply an inhibition of autophagosome-
lysosome fusion42s,

Additionally, overexpression of TrkB-ICD does not promote changes in the
ubiquitination profile when compared to CTR conditions, implying that this fragment
alone is unable to promote the dysfunction of these clearance systems.

Altogether, our date shows an ambiguity in pinpointing if the UPS has a role in
TrkB-ICD clearance, while hinting from a possible refrain of the ALP regarding its
degradation.

Interestingly, considering its full-length receptor, and as previously mentioned,
reports have described that TrkB-FL receptors are detected in MVEs upon BDNF-
driven receptor ubiquitination©?3234  |ts internalization and incorporation in the

cellular cytosolic trafficking system allow for its possible re-direction towards cellular
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clearance mechanisms. Indeed, studies have demonstrated that Trk-containing MVEs
fuse with lysosomes, thus promoting their clearance®>®. Specifically, reports on TrkA
described not only its ubiquitination and consequent internalization, but also its
degradation by both the proteasome and the lysosome?'?%2, Likewise, TrkB-FL is also
known to suffer down-regulation upon BDNF ligation in cultured cerebellar granule
neurons?4253 Interestingly, Sommerfeld and collaborators have suggested that
BDNF-induced TrkB degradation is proteasome-dependent, as cells incubated with
different proteasome inhibitors presented a decrease in TrkB-FL degradation?#,
Curiously, proteasomal phosphorylation is known to modulate its catalytic activity,
and in particular, nearly a third of its phosphorylation residues are phosphor-tyrosine
sites®*. Proteasomal phosphorylation has been shown to both enhance and halt its
proteolytic capability®®?>, Since TrkB-ICD maintains it tyrosine kinase activity, this
prompted us to speculate on whether this fragment can promote, or not, its
phosphorylation, and if so, whether it would accelerate or decrease protein
degradation.

Alternatively, recent studies also point to a TrkB-FL lysosome-mediated
degradation. Proenca and her team observed a decrease in TrkB-FL degradation in
cortical neurons upon incubation with BDNF and leupeptin, a lysosome inhibitor,
when compared to basal degradation upon BDNF treatment?%, This same study also
suggested the possibility of an alternative degradation pathway of TrkB-FL
depending on the binding neurotrophin. As referenced earlier, both BDNF and NT4
are able to bind TrkB-FL, and in this study, the use of NT4 alongside leupeptin resulted
in a lesser efficient degradation blocking when compared to BDNF and leupeptin. As
such, this may suggest not only a sustained signalling by NT4, but also an alternative
pathway by which NT4-mediated signalling may drive TrkB-FL degradation 245
Moreover, they observed different degradation kinetics upon treatment with each
individual NT, hinting for a differential sorting not only to the lysosome, but also to the
proteasome and to protein recycling, corroborating the data described by
Sommerfeld?44245 |nterestingly, it must also be taken into consideration that both
degradation pathways are able to communicate, as several proteins make up an
interplay crosstalk between both systems. It has already been reported that when the
UPS is impaired, p62, a multidomain autophagy receptor protein, re-directs and
promotes the clearance of ubiquitinated proteins through the ALP instead2%,
Curiously, autophagy studies have likewise revealed that certain Atg-knockout mice
show an accumulation of UPS substrates, but also increased levels of aggregates,
which in turn have been shown to block the UPS™02%-2% Together, this information

suggests and intrinsic interplay between both the ALP and the UPS, where a
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dysregulation in one may cause a mutual compensation mechanism and proteolytic
hindrance.

As mentioned earlier, tyrosine kinase receptors are highly ubiquitinated in
their intracellular domain, which in turn lead to their endocytic incorporation.
Moreover, a TrkB-ICD in silico simulation was performed, obtaining a total of 8 lysine
residues capable of being ubiquitinated. Altogether, this data suggests a similar
degradation process for TrkB-ICD, disregarding our obtained data. As such, new
experiments will be performed to re-assess TrkB-ICD-mediated clearance.
Notwithstanding, our remarkable finding that TrkB-ICD is secreted in EVs, not only
helps unveiling one of its possible cellular clearance mechanisms, but also may hint

for a role in intercellular toxicity and dissemination at short and long distances.

4.2 Effect of TAT-TrkB peptide on learning and memory

4.2.1 TAT-TrkB hints for a restoration of spatial memory and

does not alter anxiety levels in 6 months old 5xFAD mice

Considering the previous work done in our lab about the mechanism behind
TrkB-ICD formation, Fonseca-Gomes designed and developed a compound capable
of preventing, to a certain degree, TrkB-FL calpain-mediated cleavage, the TAT-TrkB
peptide. This small peptide has already shown promising results in both in vitro and
ex vivo, with current in vivo studies being performed"’.

Accordingly, preliminary efficacy studies of TAT-TrkB were performed in
5xFAD, an AD mouse model previously described. At 4 m.o., 5xFAD mice started to be
i.p. injected five times a week for two months with two different dosages of the
peptide - 25 mg/kg and 50 mg/kg, TAT25 and TAT50, respectively — or with Veh (Figure
41A). At 55 m.o.,, mice were submitted to a battery of behavioural tests, assessing
their spatial and cognitive memory, as well as their anxiety levels (Figure 4.11A, B).
During the acquisition phase of the MWM test, the latency of each mice to reach the
platform was registered to assess their learning. As expected, Veh-injected mice
presented significant differences depending on their phenotype, as WT animals
quickly learned the position of the platform, outperforming Tg animals (**p-
value<0.01, Two-way ANOVA, followed by Tukey's post-test, n=3-19 animals per group)
(Figure 4.11C).

Moreover, WT mice injected with TAT-TrkB did not show differences in spatial

learning when compared to WT Veh mice, as observed in the latency test of the MWM
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test (p-value>0.05, Two-way ANOVA, followed by Tukey's post-test, n=4-19) (Figure
41D). Similarly, Tg mice administrated with the peptide also did not show differences
when compared to the control condition (p-value>0.05, Two-way ANOVA, followed by
Tukey's post-test, Nn=3-17 animals per group) (Figure 4.11E). It is however important to
point out that data obtained by TAT25-treated Tg mice suggest a potential learning
restoration. Additionally, no differences were observed in other probe test memory-
assessing parameters, such as number of platform crossings and time spent in the
correct quadrant, among all experimental groups (p-value>0.05, Two-way ANOVA,
followed by Tukey's post-test, n=3-19 animals per group) (Figure 4.11F-K).

Mice were also assessed for their anxiety-like behaviour through an EPM test.
Data shows that no differences were observed in both the time spent on the open
arm and its number of entries, between Veh-treated WT and Tg mice (p-value>0.05,
Two-way ANOVA, followed by Tukey's post-test, n=17-19 animals per group) (Figure
4111, O), nor among WT and Tg TAT25- or TAT50-treated animals (p-value>0.05, Two-
way ANOVA, followed by Tukey's post-test, n=3-19 animals per group) (Figure 4.11M, N,
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Figure 4. 11 - Effect of TAT-TrkB in memory and anxiety of 6 m.o. 5XxFAD mice.
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A. Timeline of the experimental design. After 1.5 months of being i.p. injected with TAT-TrkB or
saline solution, both WT and Tg mice were submitted to a battery of behavioural tests. B.
Representative scheme of MWM test (left) and EPM test (right). C-E. Acquisition phase of
MWM test - during the four days of training, mice were trained to reach the platform, and their
latency recorded. C. Tg Veh mice showed an impaired spatial memory when compared to their
WT counterparts (**p-value<0.01, Two-way ANOVA, followed by Tukey's post-test, n=17-19 per
animal group). D, E. No significant changes were seen when comparing the administration of
TAT-TrkB in WT no Tg mice (p-value>0.05, Two-way ANOVA, followed by Tukey's post-test, n=3-
19 per animal group). F-K. Probe test of MWM test — to assess their spatial memory, both the
number of platform crossings and time spent on the correct quadrant were registered, having
observed no significant changes among experimental groups (p-value>0.05, Two-way ANOVA,
followed by Tukey's post-test, n=3-19 per animal group). L-Q. The EPM test, performed to assess
anxiety-like behavior indicated no significant changes between experimental groups (p-
value>0.05, Two-way ANOVA, followed by Tukey's post-test, n=3-19 per animal group). All data
represented as means+SEM. DOB - days of birth; EPMt — Elevated-Plus Maze test; i.p. —
intraperitoneal injection; MWMt — Morris Water Maze test; TAT25 - TAT-TrkB 25 mg/kg ; TAT50
- TAT-TrkB 50 mg/kg; TAT-TrkB - peptide capable in preventing TrkB-FL cleavage; WT — wild-
type; Tg — transgenic; Veh — sodium chloride (NaCl) injection;
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4.2.2 Administration of TAT-TrkB showed no alteration in

TrkB-FL and TrkB-ICD levels in 6 months old 5xFAD mice

Upon two months of i.p. injections and finished the behavioural assessment
tests, mice were sacrificed for molecular analysis (Figure 4.11A). Hippocampal (Figure
4.12) and cortical (Figure 4.13) brain areas were digested, and immunoreactivity WB
assays performed.

To study if the phenotype had any impact in TrkB-FL and TrkB-ICD protein
levels, WB analysis of both hippocampal and cortical samples from WT and Tg Veh-
treated mice was performed. Accordingly, no differences were observed in TrkB-FL
and TrkB-ICD levels in neither hippocampal (p-value>0.05, unpaired t-student test,
n=7-11 per animal group) (Figure 4.12B, E) nor cortical samples (p-value>0.05, unpaired
t-student test, n=6-7 per animal group) (Figure 4.13B, E). Moreover, TrkB-ICD/TrkB-FL
ratio was also calculated for both sample types, albeit no statistical differences were
observed (p-value>0.05, unpaired t-student test, n=6-11 per animal group) (Figures
4.12H and 4.13H).

Additionally, studies to assess a possible toxicity from this peptide were also
conducted, where again, both types of samples were analyzed. As a result, WT TAT-
TrkB-treated animals also did not present significant changes in TrkB-FL and TrkB-
ICD levels, with the exception of a rise in TrkB-ICD in cortical samples of TAT25-treated
WT mice, when compared to WT Veh animals (p-value>0.05, *p-value<0.05, One-way
ANOVA, followed by Tukey's post-test, n=3-11 per animal group) (Figure 4.12C, F and
413C, F). Similarly, their ratio was also assessed, showing no observable differences
between treatments (p-value>0.05, One-way ANOVA, followed by Tukey's post-test,
Nn=3-11 per animal group) (Figure 4.121 and 4.13l).

Finally, we did immunoreactivity analysis to assess if this fragment had an
impact in restoring TrkB-FL levels in both the hippocampus and cortex of Tg mice. As
observed in Figure 412D, G and 4.13D, G, no measurable changes were observed in
neither TrkB-FL nor TrkB-ICD protein levels (p-value>0.05, One-way ANOVA, followed
by Tukey's post-test, n=3-7 per animal group). Once again, their ratio was calculated
and no significant differences were found among conditions (p-value>0.05, One-way

ANOVA, followed by Tukey's post-test, n=3-7 per animal group) (Figure 4.12J and 4.13J).
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Figure 4. 12 - TrkB-FL and TrkB-ICD protein levels in hippocampal samples of TAT-TrkB-
treated 5xFAD mice.

After two months of Veh and TAT-TrkB i.p. injections, control and 5xFAD mice were sacrificed
and their hippocampus and cortex used to perform protein analysis. A. Representative western-
blots of hippocampal samples from TAT-TrkB-treated and non-treated WT and Tg mice. Probing
with anti-Trk C-terminal tail (C-14). GAPDH was used as the internal control. B-G. Analysis of band
intensities represented in A from densitometry quantification of TrkB-ICD and TrkB-FL
immunoreactivity. Data normalized at WT Veh and represented as mean+SEM. B, E, H.
Assessment of TrkB-FL and TrkB-ICD levels and TrkB-ICD/TrkB-FL ration within each phenotype
(p-value>0.05, unpaired t-student test, n=7-11 animals per group). C, F, I. Assessment of TrkB-FL
and TrkB-ICD levels and TrkB-ICD/TrkB-FL ration in WT mice upon treatment with TAT-TrkB (p-
value>0.05, One-way ANOVA, followed by Tukey's post-test, n=3-11 animals per group). D, G, 3J.
Assessment of TrkB-FL and TrkB-ICD levels and TrkB-ICD/TrkB-FL in Tg mice upon treatment
with TAT-TrkB (p-value>0.05, One-way ANOVA, followed by Tukey's post-test, n=4-7 animals per
group). All data represented as mean+*SEM. GCAPDH - Glyceraldehyde 3-phosphate
dehydrogenase; TAT25 - TAT-TrkB 25 mg/kg ; TAT50 — TAT-TrkB 50 mg/kg; TAT-TrkB — peptide
capable in preventing TrkB-FL cleavage; TrkB-FL — full-length tropomyosin-related kinase B;
TrkB-ICD - TrkB-intracellular domain (calpain-generated); WT — wild-type; Tg — transgenic; Veh -
sodium chloride (NaCl) injection;
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Figure 4. 13 - TrkB-FL and TrkB-ICD protein levels in cortical samples of TAT-TrkB-treated
5xFAD mice.

After two months of Veh and TAT-TrkB i.p. injections, control and 5xFAD mice were sacrificed
and their hippocampus and cortex used to perform protein analysis. A. Representative
western-blots of cortical samples from TAT-TrkB-treated and non-treated WT and Tg mice.
Probing with anti-Trk C-terminal tail (C-14). GAPDH was used as the internal control. B-G.
Analysis of band intensities represented in A from densitometry quantification of TrkB-ICD and
TrkB-FL immunoreactivity. Data normalized at WT Veh and represented as mean+SEM. B, E, H.
Assessment of TrkB-FL and TrkB-ICD levels and TrkB-ICD/TrkB-FL ration within each
phenotype (p-value>0.05, unpaired t-student test, n=6-7 animals per group). C, F, I. Assessment
of TrkB-FL and TrkB-ICD levels and TrkB-ICD/TrkB-FL ration in WT mice upon treatment with
TAT-TrkB (p-value>0.05, *p-value<0.05, One-way ANOVA, followed by Tukey's post-test, n=3-8
animals per group). D, G, J. Assessment of TrkB-FL and TrkB-ICD levels and TrkB-ICD/TrkB-FL
in Tg mice upon treatment with TAT-TrkB (p-value>0.05, One-way ANOVA, followed by Tukey's
post-test, N=3-7 animals per group). All data represented as mean*SEM. GAPDH -
Glyceraldehyde 3-phosphate dehydrogenase; TAT25 - TAT-TrkB 25 mg/kg ; TAT50 — TAT-TrkB 50
mga/kg; TAT-TrkB - peptide capable in preventing TrkB-FL cleavage; TrkB-FL — full-length
tropomyosin-related kinase B; TrkB-ICD - TrkB-intracellular domain (calpain-generated); WT -

wild-type; Tg — transgenic; Veh — sodium chloride (NaCl) injection;
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4.2.3 Discussion

The present work tested for the first time the use of a TAT-TrkB in an in vivo set
using an AD mouse model. Results obtained upon treatment with two doses of TAT-
TrkB showed no behavioural observable differences when comparing in-between WT
and Tg mice. Moreover, TrkB-FL and TrkB-ICD protein levels and TrkB-ICD/TrkB-FL
ratio were not altered in its majority, within both experimental groups.

As mentioned earlier, our lab designed and developed a small peptide, TAT-
TrkB, which is capable in preventing to a degree, the cleavage of TrkB-ICD full
receptor. This data has already been described by Fonseca-Gomes, when AB-
mediated TrkB-FL receptor cleavage was assessed in primary cortical neurons upon
TAT-TrkB incubation™. Moreover, TrkB-FL and TrkB-ICD protein levels have already
also been assessed in rat brain cortex homogenates, showing in both cases a rescue
of TrkB-FL and a decrease formation of TrkB-ICD".

In this work, we used an AD mouse model, capable of displaying some of the
pathological and behavioural-like features of AD. 5xFAD are C57BL/6J-genetic
background mice with a total of five mutations in the APP and PSENT genes, which as
mentioned earlier, are two loci known to be mutated in familial AD®2%°, As such,
following the ageing of these animal, specific histopathological hallmarks, alongside
behavioural changes begin to appear overtime. Importantly, it is described the
appearance of extracellular AB plaques in both the hippocampus and cortex within
the first 2 months?°. In a parallel work, our lab was able to confirm the presence of AB
deposits by WB in both hippocampal and cortical samples, but also by
immunohistochemistry of hippocampal slices, corroborating the described AB-driven
pathology?®'.

Given the absence of knowledge regarding the pharmacokinetic profile of TAT-
TrkB, the chosen doses reflect those found in the literature for other pharmacological
treatments with TAT used in mice, particularly in AD research?¢?,

Accordingly, 55 m.o. Veh- and TAT-TrkB-treated animals were submitted to
several behavioural tests, assessing for the efficacy of the peptide. When submitted to
the MWM test, WT and Tg Veh-treated mice displayed different behaviours in learning
the position of the platform, given by their different latency times. It has been reported
that Tg 5xFAD 6-m.o. mice display an impaired spatial memory and learning?®. As
expected, a faster learning in both the 2™ and 3™ training days was observed in WT
mice when compared to Tg animals. Interestingly, at the 4™ day, the performance of
Tg mice was of no statistical difference to that of WT animals. Moreover, WT Veh- and

TAT-TrkB-treated mice showed no significant differences among them. Similarly, Tg

74



4. Results and Discussion

Veh- and TAT-TrkB-treated mice also did not show any differences, albeit a small time
decrease can be seen in Tg mice treated with TAT25, implying for a possible learning
rescue, as TAT25-treated animals presented a learning curve similar to that of WT Veh-
treated mice. Notwithstanding, the number of experimental animals must be
increased to obtain a more robust data set.

To assess memory and learning integrity, MWM test parameters such as the
time that each animal spent on the correct quadrant alongside its platform crossings
were also analyzed. Surprisingly and contrary to the literature, no differences were
observed when we compared the performance of WT Veh and Tg Veh mice, as
according to the literature, Tg mice manifest a decrease in both parameters due to
memory impairments?©, Curiously, there are actually discrepancies regarding
memory impairments seen in MWM test, as groups have only reported the
occurrence of said impairments in 7 m.o. and older mice, while others describe them
appearing in mice young as 1 m.o.26425,

As expected, TAT-TrkB-treated WT animals showed no measurable differences
in both parameters when compared to WT Veh mice, implying that our compound
does not compromise learning and memory. Finally, TAT25-treated Tg mice showed
a slight increase in both platform crossings and time spent on the quadrant, yet with
no statistical difference relatively to Tg Veh animals. As mentioned above, these mice
showed a similar learning curve when compared to WT Veh-treated mice, hinting for
a possible learning rescue. Importantly, it must be considered that the MWM test can
be stressful to animals due to its nature, environmental and time factors, possibly
attenuating differences between experimental groups?®2’. Moreover, a study also
shown that behavioural scores derived from this test may also underlie differences in
thigmotaxis performances?®. Interestingly, it is also known that 5xFAD performance
may be also sex-dependent, as female 5xFAD mice exhibit a more pronounce
pathology?®. Again, these studies will need to be remade, increasing the number of
animals per group, assessing for all parameters at both 30 and 60s and differentiate
the data according to their sex. Studies show that parameters assessed with
prolonged time lengths may mask and attenuate small behavioural differences, as
mice with a non-compromised memory may abandon the vacated quadrant and
explore different areas after a certain time period, as they were unable to find the
platform?”°, To ensure that the duration of the test does not bias animal performance,
the parameters may be analyzed within the first 30s instead.

To evaluate anxiety-like behaviour, animals were also submitted to an EPM
test, assessing paraments such as the number of entries and time spent on open

arms. Understandably, due to the nature of these animals, a higher anxiety is reflected
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by lower number of entries and time spent on open arms. Nevertheless, studies
describe 3 m.o.-6m.o. 5XFAD animals as having progressive decrease in anxiety?”. Our
data shows no differences in WT Veh against Tg Veh mice. Once again, the lack of
corroboration by our data to that of previously described, suggest for a need of
optimizing this in vivo model in our lab. Furthermore, no differences were observed in
WT Veh- against WT TAT-TrkB-treated nor in Tg Veh- versus Tg TAT-TrkB-treated
animals. As such, we conclude that this novel compound does not promote
anxiogenic nor anxiolytic effects.

Taking into consideration the appearance and accumulation of AB, we first
started by evaluating if WT and Tg Veh-treated mice presented different levels of both
TrkB-FL and TrkB-ICD. Despite not observing significant differences among both
groups, a slight decrease in TrkB-FL levels was detected in both hippocampal and
cortical samples of Tg animals, as expected. Concomitantly, a small increase in TrkB-
ICD levels was only observed in cortical samples of Tg mice. Hippocampal levels of
TrkB-ICD showed a similar pattern between WT and Tg animals. This last observation
might be due to the loss of neuronal density ratio and thus, loss in TrkB-ICD protein
levels. Additionally, we also assessed the TrkB-ICD/TrkB-FL ratio and observed that in
both sample types, a higher ratio was seen in Tg animals when compared to WT,
indicating that levels of TrkB-ICD were superior to those of TrkB-FL.

Next, we evaluated if the administration of two different TAT-TrkB doses had
any impact in both TrkB-FL and TrkB-ICD levels in WT groups. We expected to see no
significant differences among experimental groups, as WT animals do not display an
overaccumulation of AB, which eventually leads to TrkB-FL cleavage. Moreover, an
observable difference between conditions would suggest a possible toxic action of
the novel compound. Surprisingly, an increase in TrkB-ICD protein levels was
observed in cortical WT samples upon treatment with TAT25. Albeit not expecting, this
result can be easily justified due to the lack of robust experimental data, as the WT
TAT25 group only consisted in a total of 4 animals, creating leverage where
discrepancies promote a higher mean shift. As such, this data must be re-assessed in
a larger higher experimental group of animals. Nevertheless, the remaining TrkB-FL
and TrkB-ICD immunoreactivity assays presented no differences, as anticipated.
Importantly, TrkB-ICD/TrkB-FL ratio showed no differences among WT animals,
suggesting that the increase of TrkB-ICD in TAT25-treated mice was mainly due to
intraspecies variability rather than a higher cleavage of TrkB-FL or a TAT-TrkB-
mediated toxicity.

Lastly, we evaluated both protein levels in TAT-treated Tg mice, where an AB-

mediated TrkB-FL receptor cleavage should be triggered. We would expect to see a
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rescue of TrkB-FL levels alongside a decrease in TrkB-ICD. In line with the lack of
statistical difference when WT Veh and Tg Veh groups were compared, again, no
significant measurable changes were observed in this assay. Nonetheless, the
hippocampal TrkB-ICD/TrkB-FL ratio suggests that TAT-TrkB drives for a decrease in
TrkB-FL cleavage, as mice treated with this compound showed a decrease in TrkB-
ICD formation and/or a rescue of TrkB-FL.

Altogether, although both behavioural and immunoreactivity assays
presented an overall lack of statistical difference, the same tests must be performed
increasing the number of animals per group. Additionally, it is important to mention
that TAT-TrkB administration via i.p. may drive for a loss and dispersion of the active
compound when translocated into the brain, thus nullifying its neuroprotective effect.
As such, pharmacokinetic studies must be performed in the future to evaluate its
biodistribution. Regardless, our preliminary data suggest that TAT-TrkB does not drive
cellular toxicity in WT animals and hints for a rescue of learning memory alongside a

normalization of TrkB-ICD/TrkB-FL ratio.
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5 Final Remarks and Future Perspectives

The work presented in this thesis allowed for further characterization of the
cleavage-mediated TrkB-FL fragment, TrkB-ICD. TrkB-ICD vesicle incorporation is a
potential candidate for its toxic dissemination in the brain, similarly to other major
misfolded proteins. Additionally, it also gave insights and awareness on the use of a
small peptide capable in preventing, to a degree, TrkB-FL receptor cleavage.
Importantly, it must be mentioned that, albeit this thesis was contextualized in AD,
TrkB-FL cleavage and TrkB-ICD formation are also present in other disorders with
excitotoxic-related events in an acute and focal basis.

Accordingly, in Section 4.1, we were able to describe for the first time the
presence of both ICD-V5 and the endogenous TrkB-ICD in EVs. Firstly, we began by
successfully validating an overexpressing system through [ICD-V5-lentiviral
transduction of SH-SY5Y neuroblastoma cells, followed by an optimization of a
neuron-like differentiation protocol. Next, we isolated the secretome of transduced
SH-SY5Y cells and proceeded to the isolation and characterization of differential
ultracentrifuged microvesicles and exosomes, alongside protein analysis of EV-
depleted secretome. Altogether, we were able to pinpoint the presence of both ICD-
V5 and the endogenous TrkB-ICD within both vesicle types. Moreover, TEM and DLS
analysis showed no size nor morphological differences within each vesicle population,
implying not only their correct isolation but also that ICD-V5 does not alter their native
structure. Additionally, preliminary results also showed a detection of TrkB-ICD in the
soluble fraction of the secretome. Together, these results may underlie a possible
neuronal secretion mechanism, where the dissemination and transmission of TrkB-
ICD-containing vesicles intercellularly may help promoting their toxic propagation.
Furthermore, we decided to focus special attention on other elimination pathways
that may be involved in the clearance of this fragment, aside from its clearance
through vesicle secretion. In accordance with previous studies of our lab, we once
again corroborated that TrkB-ICD is a stable fragment, with a half-life of 6 hours in SH-
SY5Y neuroblastoma cells. This was followed by trying to understand if both the ALP
and UPS had any involvement in the clearance of TrkB-ICD. As of now, no robust
conclusions can be withdrawn, as both used inhibitors seemed to present an
abnormal pharmacological action. That said, it is known that TrkB-FL and other
tyrosine kinase receptors are highly ubiquitinated within their intracellular domain.
This post-translation modification has been associated with several cellular processes,

namely vesicle trafficking and protein degradation. Together, all data points to a
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plausible action of one or both systems in the elimination of TrkB-ICD. Lastly, in
Section 4.2 a preliminary efficacy study of the newly designed TAT-TrkB peptide was
conducted. As of now, TAT-TrkB has shown strikingly and promising results in the
prevention of TrkB-ICD formation in both primary cortical neurons and rat brain
cortical homogenates. Our results suggest a potential rescue of the learning curve in
TAT-TrkB-treated mice, corroborated with a decrease in hippocampal TrkB-ICD/TrkB-
FL ratio in these same animals. Importantly, it must be highlighted the lack of a robust
experimental group for each condition, which alongside animal variability, may have
causes for a loss of measurable statistical differences. Like TrkB-ICD clearance studies,
these assays will be repeated, in order to increase the robustness of the data and
respective conclusions.

Taking into consideration the main results of this work, we will continue to
dwell on the study of TrkB-ICD in collaboration with Prof. Dora Brites from Faculdade
de Farmacia da Universidade de Lisboa, assessing not only its EV-incorporation, but
also their incubation in control neuronal, glial, and mixed cell cultures, thus analysing
their potential uptake and toxic effects. Furthermore, TrkB-ICD EV presence will be
assessed in primary cortical neurons, tissue and in CSF samples of AD patients. TrkB-
ICD levels will be evaluated in EVs upon AB treatment, studying if a higher TrkB-FL
cleavage translates into increased cargo levels of TrkB-ICD in vesicles. Moreover,
studies will be performed to observe if TrkB-ICD drives for a modulation of miRNA
levels and their altered presence within secreted EVs. Importantly, TrkB-FL and TrkB-
ICD ubiquitination studies will also take place, as ubiquitination is a central
modification for both vesicle incorporation and protein degradation. As such, new
experiments will be conducted to fully disclose the cellular clearance of TrkB-ICD,
including cellular degradation and trafficking in EVs. Finally, new TAT-TrkB efficacy
studies will be performed based on data from pharmacokinetic studies regarding its
biodistribution to better identify an appropriate dose to be administrated. Altogether,
our work strives to deeply study the pathology of AD with special focus in a
neurotrophin system which, when compromised, drives for a loss of neuroprotection
potentiating AB-mediated toxicity. Currently, a therapeutic strategy is also being

developed with the mindset of rescuing this neuroprotective system.
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