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ABSTRACT 

Neurofilaments are structural proteins from the intermediate filament family 

type IV that comprises neurofilament light, medium, heavy (NfL, NfM, NfH), 

and α-internexin (AINX). Under pathological conditions, neurofilaments are 

released into the surrounding fluids and are associated with the 

neurodegenerative process in many neurological diseases, including 

Alzheimer’s disease (AD), frontotemporal dementia (FTD), Huntington’s 

disease (HD), multiple sclerosis (MS), and corticobasal degeneration (CBD). 

In these diseases, NfL has so far been the most studied and relevant 

neurofilament, however, AINX has a unique trait of being a central nervous 

system (CNS)-specific protein. This provides a unique opportunity to 

complement one of the flaws of NfL as a biomarker, i.e., that it represents 

neurodegeneration irrespective of its origin. The work in this thesis pursued 

deeper understanding of neurofilament proteins by developing novel assays for 

detection of oligomeric forms of NfL (oNfL) and CNS-specific AINX. 

In Papers I and II we aimed to investigate if cerebrospinal fluid (CSF) NfL 

was detected by immunoassays in oligomeric or monomeric form. Therefore, 

in Paper I we developed a CSF NfL ELISA for detection of oNfL, using the 

same antibody for both capture and detection in the sandwich setup. Results 

showed that in both CSF and the assay calibrator, detection was consistent with 

dimerized NfL. Also, in two clinical cohorts (controls, AD, and FTD 

subtypes), direct comparison between oNfL and “regular” NfL concentrations, 

suggested that “regular” NfL immunoassays might mostly detect oNfL. In 

Paper II, through western blot and immunoprecipitation experiments, we 
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confirmed the presence of oNfL in CSF. By subjecting CSF pools to reducing 

conditions, we identified 3 to 4-fold lower molecular weight NfL species than 

with CSF in non-reducing conditions, indicating that oligomerization is 

dependent on disulfide bonds. 

In Papers III-V, we intended to initiate the investigation of AINX in CSF 

across neurological diseases and compare its performance with NfL, starting 

with the development and validation of a novel immunoassay for CSF AINX 

on the ultrasensitive Single molecule array (Simoa) platform in Paper III. 

Biomarker potential was assessed in clinical cohorts of AD and diverse 

neurological diseases (HD, CBD, MS, dementia with Lewy bodies, and 

semantic dementia). Here, AINX and NfL showed similar levels across 

diseases and a significant positive correlation. In Paper IV, AINX was 

quantified in a clinical cohort of MS. Again, AINX correlated well with NfL 

and markers of inflammation and was significantly increased in MS patients 

compared with healthy controls. In Paper V, we found AINX increases in AD 

and FTD, and biomarker correlations showed significance between AINX, NfL 

and typical AD biomarkers within the AD group. In the FTD group, 

correlations were only seen with NfL, suggesting that AINX is released into 

CSF independently of the typical AD biomarkers and could therefore reflect 

the neurodegenerative processes of both diseases. 

In conclusion, the outcomes of this thesis were two novel and robust 

neurofilament assays and insights from diverse clinical cohorts. These findings 

highlight the importance of full characterization of NfL and the potential for 

AINX to be a CNS-specific axonal injury biomarker. 
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SAMMANFATTNING PÅ SVENSKA 

Neurofilament är strukturella proteiner som tillhör intermediärfilamentfamilj 

typ IV och innefattar neurofilament light, medium och heavy (NfL, NfM, NfH) 

samt α-internexin (AINX). Under patologiska förhållanden frisätts 

neurofilament till omgivande kroppsvätskor och är kopplade till 

neurodegenerativa processer i många neurologiska sjukdomar, inklusive 

Alzheimers sjukdom (AD), frontotemporal demens (FTD), Huntingtons 

sjukdom (HD), multipel skleros (MS) och kortikobasal degeneration (CBD). 

Hittills har NfL varit det mest studerade och relevanta neurofilamentet för 

dessa sjukdomar. AINX har dock den unika egenskapen att vara specifikt för 

det centrala nervsystemet (CNS). Detta skapar en möjlighet att komplettera en 

av NfLs svagheter som biomarkör, dvs att den speglar neurodegeneration utan 

att indikera dess ursprung. Arbetet i denna avhandling syftade till att fördjupa 

förståelsen av neurofilamentens egenskaper genom att utveckla nya metoder 

för att detektera oligomera former av NfL (oNfL) samt det CNS-specifika 

AINX. 

I artikel I och II var målet att undersöka om NfL i cerebrospinalvätska (csv) 

detekteras av immunoassays i monomer eller oligomer form. I artikel I 

utvecklades därför en ELISA för detektion av oNfL i cvs, där samma antikropp 

användes i båda positionerna i sandwichformatet. Resultaten visade att 

detektionen, både i csv och kalibratorn, stämde överens med dimeriserat NfL. 

I två kliniska kohorter (kontroller, AD och FTD-subtyper) visade direkt 

jämförelse mellan oNfL och ”vanliga” NfL-koncentrationer att traditionella 

NfL-immunoassays sannolikt främst detekterar oligomeriserade former av 

NfL. I artikel II kunde vi, genom western blot och immunoprecipitation, 

bekräfta förekomsten av oNfL i csv. Genom att utsätta poolade csv-prover för 

reducerande förhållanden identifierades NfL-varianter med 3–4 gånger lägre 

molekylvikt än under icke-reducerande förhållanden, vilket indikerar att 

oligomeriseringen är beroende av disulfidbindningar. 

I artikel III–V påbörjades arbetet med att studera AINX i csv i olika 

neurologiska sjukdomar samt jämförelse med NfL. I artikel III utvecklades 

och validerades en ny immunoassay för csv-AINX på den ultrasensitiva Single 

molecule array (Simoa)-plattformen. Biomarkörpotentialen hos AINX 

utvärderades i kliniska kohorter innehållande AD och flera andra neurologiska 

sjukdomar (HD, CBD, MS, Lewy body-demens och semantisk demens). Här 

visade AINX och NfL liknande nivåer mellan olika sjukdomar och signifikant 
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positiv korrelation. I artikel IV kvantifierades AINX i en klinisk MS-kohort. 

AINX korrelerade här väl med NfL och inflammationsmarkörer samt var 

signifikant förhöjt hos MS-patienter jämfört med friska kontroller. I Artikel 

V, vi fann ökningar av AINX vid AD och FTD och biomarkörskorrelationer 

visade signifikanta samband mellan AINX, NfL och typiska AD-biomarkörer 

i AD-gruppen, men endast med NfL i FTD-gruppen. Detta tyder på att AINX 

frisätts i csv oberoende av typiska AD-biomarkörer och verkar därför kunna 

spegla neurodegenerativa processer i båda sjukdomarna. 

Sammanfattningsvis resulterade denna avhandling i två nya och robusta 

metoder för analys av neurofilament samt insikter från flera kliniska kohorter. 

Dessa resultat lyfter fram vikten av fullständig karakterisering av NfL och 

potentialen för AINX att fungera som en CNS-specifik biomarkör för axonal 

skada. 
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SUMÁRIO EM PORTUGUÊS 

Os neurofilamentos são proteínas estruturais da família dos filamentos 

intermédios tipo IV que incluem, neurofilamento leve, médio e pesado (NfL, 

NfM, NfH) bem como a alfa-internexina (AINX). Sob condições patológicas, 

os neurofilamentos são libertados para os fluídos circundantes e estão 

associados com o processo neurodegenerativo em muitas, se não todas as 

doenças neurológicas, incluindo, mas não só, doença de Alzheimer (AD); 

demência frontotemporal (FTD); doença de Huntington (HD); esclerose 

múltipla (MS) e degeneração corticobasal, (CBD). Nestes casos, o NfL tem 

sido até agora o neurofilamento mais relevante e mais estudado, mas apesar 

disso, AINX apresenta uma característica única, é uma proteína específica do 

sistema nervoso central (CNS). Esta característica permite complementar uma 

das limitações do NfL como biomarcador: representar neuro degeneração 

independentemente da sua origem. O trabalho desenvolvido nesta tese 

contribui para a caracterização dos neurofilamentos com o desenvolvimento 

de ensaios inovadores de deteção de oligómeros de NfL (oNfL) e AINX 

específica do CNS. 

Nos Artigos I e II quisemos investigar se NfL em líquido cefalorradiquiano 

(CSF) podia ser detetado por imunoensaios em forma de monómero ou 

oligómero. Para isto, no Artigo I, desenvolvemos um ensaio ELISA para NfL 

no CSF com o objetivo de detetar o oNfL, utilizando o mesmo anticorpo em 

ambas as posições do ensaio tipo sanduíche. Os resultados demonstraram que, 

tanto no CSF como no calibrador do ensaio, a deteção era consistente com NfL 

em dímeros. Além disso, em duas coortes clínicas (controlos, AD e subtipos 

de FTD), comparação direta entre o oNfL e as concentrações de NfL 

“convencional” sugerem que os imunoensaios tradicionais de NfL poderão 

detetar predominantemente o oNfL. No Artigo II, através de experiências de 

western blot e imunoprecipitação, confirmámos a presença de oNfL no CSF. 

Ao submeter pools de CSF a condições redutoras, identificámos espécies de 

NfL com peso molecular 3 a 4 vezes inferior, em comparação com o CSF em 

condições não redutoras, indicando que a oligomerização poderá depender de 

pontes dissulfureto. 

Nos Artigos III a V, pretendemos iniciar a investigação da AINX no CSF em 

diferentes doenças neurológicas e comparar o seu desempenho com o do NfL, 

começando pelo desenvolvimento e validação de um novo imunoensaio para 

AINX no CSF na plataforma Single molecule array (Simoa) no Artigo III. O 
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potencial como biomarcador foi avaliado em coortes clínicas de AD e de 

diversas doenças neurológicas (HD, CBD, MS, demência com corpos de Lewy 

e demência semântica). Neste estudo, a AINX e o NfL apresentaram níveis 

semelhantes entre as diferentes doenças e uma correlação positiva 

significativa. No Artigo IV, a AINX foi quantificada numa coorte clínica de 

MS, tendo demonstrado uma boa correlação com o NfL e com marcadores de 

inflamação, além de se encontrar significativamente aumentada em doentes 

com MS em comparação com controlos saudáveis. No Artigo V, investigámos 

os aumentos de AINX na AD, na FTD, e as correlações entre biomarcadores 

mostraram associações significativas entre AINX, NfL e biomarcadores típicos 

da AD no grupo de AD. No grupo de FTD estas correlações apenas apareceram 

com o NfL, sugerindo que a AINX é libertada para o CSF de forma 

independente dos biomarcadores típicos da AD e poderá assim, refletir os 

processos neurodegenerativos em ambas as doenças. 

Em conclusão, os resultados desta tese consistem no desenvolvimento de dois 

novos imunoensaios robustos para neurofilamentos e em novos conhecimentos 

obtidos a partir de diversas coortes clínicas. Estes resultados realçam a 

importância de uma caracterização completa do NfL e o potencial da AINX 

como biomarcador específico de lesão axonal do CNS. 

 



x 

LIST OF PAPERS 

This thesis is based on the following studies, referred to in the text by their 

Roman numerals. 

I. Francisco J. Meda, Kathryn Knowles, Imogen J. Swift, Aitana 

Sogorb-Esteve, Jonathan D. Rohrer, Anna Dittrich, Ingmar Skoog, 

Silke Kern, Bruno Becker, Kaj Blennow, Ulf Andreasson, Hlin 

Kvartsberg, Henrik Zetterberg. Neurofilament light oligomers in 

neurodegenerative diseases: quantification by homogeneous 

immunoassay in cerebrospinal fluid. BMJ Neurology Open. 2023. 

II. Bruno Becker, Johan Gobom, Gunnar Brinkmalm, Ulf Andreasson, 

Francisco J. Meda, Henrik Zetterberg, Kaj Blennow. Novel 

insights into the molecular nature of neurofilament light 

polypeptide species in cerebrospinal fluid. Brain Communications. 

2025. 

III. Francisco J. Meda, Anna Dittrich, Ingmar Skoog, Silke Kern, 

Claire Leckey, Edward J. Wild, Ross W. Paterson, Gunnar 

Brinkmalm, Ulf Andreasson, Kaj Blennow, Henrik Zetterberg, 

Hlin Kvartsberg. Alpha-internexin as a brain-specific 

neurodegeneration marker: development and validation of a novel 

CSF assay. Journal of Neurology. 2025. 

IV. Magnus Johnsson*, Francisco J. Meda*, Jan Lycke, Lenka 

Novakova, Igal Rosenstein, Kalle Johansson, Clas Malmeström, 

Henrik Zetterberg, Hlin Kvartsberg, Markus Axelsson. 

Cerebrospinal fluid alpha-internexin is increased in patients with 

multiple sclerosis and correlates strongly with neurofilament light 

protein. Multiple Sclerosis and Related Disorders. 2025. 

V. Francisco J. Meda, Nesrine Rahmouni, Joseph Therriault, Tharick 

A. Pascoal, Andrea L. Benedet, Pedro Rosa-Neto, Henrik 

Zetterberg, Hlin Kvartsberg. Alpha-internexin: a novel CNS-

specific biomarker of general neurodegeneration in Alzheimer’s 

Disease and frontotemporal dementia. Manuscript. 

 

*Shared first author 



xi 

Papers not included in the thesis 

Nicholas J. Ashton, Shorena Janelidze, Niklas Mattsson-Carlgren, Alexa 

Pichet Binette, Olof Strandberg, Wagner S. Brum, Thomas K. Karikari, 

Fernando González-Ortiz , Guglielmo Di Molfetta, Francisco J. Meda, Erin 

M. Jonaitis, Rebecca Langhough Koscik, Karly Cody, Tobey J. Betthauser, 

Yan Li1, Eugeen Vanmechelen , Sebastian Palmqvist, Erik Stomrud, Randall 

J. Bateman, Henrik Zetterberg, Sterling C. Johnson, Kaj Blennow, Oskar 

Hansson. Differential roles of Aβ42/40, p-tau231 and p-tau217 for Alzheimer’s 

trial selection and disease monitoring. Nature Medicine. 2022. 

Francisco Meda, Joel Simrén, Barbara Borroni, Valentina Cantoni, Silvana 

Archetti, Giorgio Biasiotto, Ulf Andreasson, Kaj Blennow, Hlin Kvartsberg 

and Henrik Zetterberg. Analytical and clinical validation of a blood 

progranulin ELISA in frontotemporal dementias. Clinical Chemistry and 

Laboratory Medicine. 2023. 

Hanna Huber, Valentina Cantoni, Daniele Altomare, Lana Grötschel, Laia 

Montoliu-Gaya, Francisco Meda, Hlin Kvartsberg, Ilenia Libri, Maria Sofia 

Cotelli, Henrik Zetterberg, Kaj Blennow, Barbara Borroni, Nicholas J. Ashton. 

The detection of GRN mutation carriers by progranulin blood protein levels 

from finger-stick collection. Alzheimer’s & Dementia. 2024. 

Charlotte E. Teunissen, Leighann Kimble, Sherif Bayoumy, Katharina 

Bolsewig, Felicia Burtscher, Salome Coppens, Shreyasee Das, Dea Gogishvili, 

Bárbara Fernandes Gomes, Nerea Gómez de San José, Ekaterina Mavrina, 

Francisco J. Meda, Pablo Mohaupt, Sára Mravinacová, Katharina Waury, 

Anna Lidia Wojdała, Sanne Abeln, Davide Chiasserini, Christophe Hirtz, 

Lorenzo Gaetani, Lisa Vermunt, Giovanni Bellomo, Steffen Halbgebauer, 

Sylvain Lehmann, Anna Månberg, Peter Nilsson, Markus Otto, Eugeen 

Vanmechelen, Inge M. W. Verberk, Eline Willemse, Henrik Zetterberg, and 

MIRIADE consortium. Methods to Discover and Validate Biofluid-Based 

Biomarkers in Neurodegenerative Dementias. Molecular & Cellular 

Proteomics. 2024. 

  



xii 

CONTENTS 

Abbreviations ............................................................................................... xiv 

1 Introduction ................................................................................................ 1 

1.1 Neurofilaments ...................................................................................... 2 

1.1.1 Structure and function ................................................................... 2 

1.1.2 Assembly and post-translational modifications............................. 4 

1.1.3 Biomarkers in body fluids and assays to measure them ................ 5 

1.1.4 Neurofilament light ....................................................................... 6 

1.1.5 Alpha-internexin and peripherin ................................................... 8 

1.2 Neurodegenerative diseases .................................................................. 9 

1.2.1 Alzheimer’s disease ....................................................................... 9 

1.2.2 Frontotemporal dementia ............................................................ 12 

1.2.3 Multiple sclerosis ........................................................................ 15 

1.2.4 Other neurodegenerative diseases ............................................... 16 

1.3 Neurofilaments in neurological diseases ............................................. 20 

1.3.1 Neurofilament light diagnostic and prognostic value .................. 20 

1.3.2 Alpha-internexin in neurological diseases................................... 22 

2 Aim ........................................................................................................... 24 

2.1 General aim ......................................................................................... 24 

2.2 Specific Aims ...................................................................................... 24 

3 Study Populations..................................................................................... 25 

3.1 Paper I ................................................................................................. 25 

3.2 Paper II ................................................................................................ 25 

3.3 Paper III .............................................................................................. 25 

3.4 Paper IV .............................................................................................. 26 

3.5 Paper V ................................................................................................ 26 

3.6 Ethical considerations ......................................................................... 27 

4 Methodology ............................................................................................ 28 

4.1 Enzyme-linked immunosorbent assay................................................. 28 



xiii 

4.1.1 Direct ELISA ............................................................................... 28 

4.1.2 Sandwich ELISA ......................................................................... 29 

4.2 Western Blotting ................................................................................. 31 

4.3 Size exclusion chromatography .......................................................... 33 

4.4 Brain extraction ................................................................................... 33 

4.5 Immunoprecipitation ........................................................................... 34 

4.6 Liquid chromatography-mass spectrometry ........................................ 35 

4.7 Single molecule array .......................................................................... 36 

4.8 Immunoassay development and validation ......................................... 37 

4.8.1 Antibodies ................................................................................... 37 

4.8.2 Bead conjugation ......................................................................... 38 

4.8.3 Biotinylation ................................................................................ 38 

4.8.4 Assay reagents ............................................................................. 39 

4.8.5 Other optimization parameters .................................................... 39 

4.8.6 Analytical validation ................................................................... 40 

4.8.7 Statistical analysis ....................................................................... 42 

5 Results and discussion .............................................................................. 43 

5.1 Papers I and II - oligomeric NfL ......................................................... 43 

5.2 Paper III - AINX immunoassay development and validation ............. 48 

5.3 Paper IV - AINX in multiple sclerosis ................................................ 52 

5.4 Paper V - AINX in Alzheimer's disease and frontotemporal dementia

 ...................................................................................................... 54 

6 Conclusion and future perspectives .......................................................... 58 

Use of Generative AI ..................................................................................... 61 

Acknowledgements ....................................................................................... 62 

References ..................................................................................................... 68 

 

  



xiv 

ABBREVIATIONS 

αSyn α-synuclein 

AD Alzheimer’s disease 

AEB Average enzymes per bead 

AI  Artificial intelligence 

AINX α-internexin 

ALS Amyotrophic lateral sclerosis 

ANCOVA Analysis of covariance 

AP Alkaline phosphatase 

APOE Apolipoprotein E 

APP Amyloid precursor protein 

AUC Area under the curve 

Aβ Amyloid beta 

Aβ40 Amyloid beta 1-40 

Aβ42 Amyloid beta 1-42 

BBB Blood brain barrier 

BSA Bovine serum albumin 

bvFTD Behavioral variant frontotemporal dementia 

C9orf72 Chromosome 9 open reading frame 72 (gene) 

CAG Glutamine codon 

CBD  Corticobasal degeneration 



xv 

CBS Corticobasal syndrome 

CDMS Clinically definite multiple sclerosis 

CIS Clinically isolated syndrome 

CJD Creutzfeldt-Jakob disease 

CNS Central nervous system 

CSF Cerebrospinal fluid 

CU Cognitively unimpaired 

CV Coefficient of variance 

Cys Cysteine 

DLB Dementia with Lewy bodies 

EBV Epstein-Barr virus 

EDC 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride  

ELISA Enzyme-linked immunosorbent assay 

EWS Ewing’s sarcoma protein  

FTD Frontotemporal dementia 

FTLD Frontotemporal lobar degeneration 

FUS Fused in sarcoma 

GBS Guillain-Barré syndrome 

GENFI Genetic Frontotemporal dementia Initiative 

GFAP Glial fibrillary acidic protein 

GRN Progranulin (gene) 



xvi 

HC Healthy control 

HD Huntington’s disease 

HRP Horse radish peroxidase 

HTT Huntingtin (gene) 

IF Intermediate filament 

IP Immunoprecipitation 

IP-MS Immunoprecipitation mass spectrometry 

KSP Lysine-serine-proline 

LIFTD Longitudinal Investigation of frontotemporal dementia  

LLOQ Lower limit of quantification 

lvPPA Logopenic variant primary progressive aphasia 

MAPT Microtubule associated protein tau (gene) 

MCI Mild cognitive impairment 

mHTT Mutant huntingtin 

MND Motor neuron disease 

MRI Magnetic resonance imaging 

MS Multiple sclerosis 

MSA Multiple system atrophy 

MSD Meso Scale Discovery 

MWM Molecular weight marker 

NF Neurofilament 



xvii 

NfH Neurofilament heavy 

NfL Neurofilament light  

NfM Neurofilament medium 

NFTPs Neurofilament triplet proteins 

nfvPPA Non-fluent variant primary progressive aphasia 

NHS N-hydroxysuccinimide  

OD Optical density 

oNfL Oligomeric neurofilament light 

PBS Phosphate-buffered saline 

PD Parkinson's disease 

PER Peripherin 

PET Positron emission tomography 

PiD Pick's disease 

PSEN1 Presenilin-1 (gene) 

PSEN2 Presinilin-2 (gene) 

PNS Peripheral nervous system 

PPA Primary progressive aphasia 

PPD Primary psychiatric disorder 

PPMS Primary progressive multiple sclerosis 

PSP Progressive supranuclear palsy 

p-tau Phosphorylated tau 



xviii 

PTM Post-translational modification 

RGP Resorufin β-D-galactopyranoside  

ROC Receiver operating characteristics 

RRMS Relapsing remitting multiple sclerosis 

S/N Signal to noise ratio 

SBG Streptavidin β-galactosidase  

SD Semantic dementia 

SDS Sodium dodecyl sulphate 

SEC Size exclusion chromatography 

Ser Serine 

Simoa Single molecule array 

SPMS Secondary progressive multiple sclerosis 

SQSTM1 Autophagy protein p62 (gene) 

svPPA Semantic variant primary progressive aphasia 

TAF15 TATA-binding associated factor 15  

TARDBP TAR DNA-binding protein 43 (gene)  

TBK1 Serine/threonine-protein kinase (gene) 

Thr Threonine 

TMB 3,3’,5,5’-tetramethylbenzidine 

TRIAD Translational Biomarker of Aging and Dementia 

Tyr Tyrosine 



xix 

UCL ION University College London Institute of Neurology 

ULF Unit length filament 

ULOQ Upper limit of quantification 

  

 





Francisco J. Meda 

1 

1 INTRODUCTION 

Neurodegeneration, as the name implies, is the puppet master behind most 

neurodegenerative disease symptoms, involving progressive loss of function, 

structure and eventually death of neurons. Despite neurons having the ability 

of undergoing differentiation from stem cells during developmental stages, this 

is lost during adulthood. In the central nervous system, when damage occurs, 

an inhibitory environment is created with myelin debris and glial scars which 

hinders the possibility of regeneration 1,2. As neurodegenerative diseases tend 

to have increased prevalence and severity with increasing age, they have 

become a big societal concern due to the increase in life expectancy around the 

world. Although neurodegeneration naturally occurs with age, this process can 

also be pathological and associated with a plethora of diseases, the so-called 

neurodegenerative diseases. Examples of this are Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD), multiple sclerosis (MS) 

and frontotemporal dementia (FTD), among others that I will touch upon latter 

in this thesis. The neurodegenerative influence in these diseases is generally 

represented by accumulation of misfolded proteins into aggregates, 

mitochondrial dysfunction or chronic inflammation 3-5. For a long time, 

diagnosis of these diseases was solely based on clinical symptomatology in the 

form of cognitive impairment or behavioral changes, only confirmed 

postmortem by histology. But recently, biomarkers brought with them the 

information of protein level changes, even before symptoms onset 6, improving 

not only the characterization of underlying disease mechanisms, but also 

complementing clinical diagnosis and providing new treatment targets. 

Proteins from cell contents, released during neuronal death, are naturally 

accumulated in the brain and subarachnoid space during neurodegeneration. 

One of the protein families that are released during the neurodegenerative 

process are the neurofilaments (NFs), and the work in this thesis is focused on 

their detection and characterization in neurodegenerative diseases, explained 

further in the next subchapters. 
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1.1 NEUROFILAMENTS 

1.1.1 STRUCTURE AND FUNCTION 

NFs are part of the intermediate filament (IF) family, so called based on their 

diameter (10 nm) which is between actin filaments (6 nm) and myosin 

filaments (15 nm) 7. The IF family is composed of six classes. Class I and II 

(mainly represented by keratins), class III [peripherin (PER), vimentin and 

glial fibrillary acidic protein (GFAP)], class IV [neurofilament light (NfL), 

neurofilament medium (NfM), neurofilament heavy (NfH), and α-internexin 

(AINX)], class V (laminins), and class VI (nestins) 8,9. The main distinguishing 

element between IFs is their apparent molecular mass on sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), which derives from 

structure and number of subunits present. The molecular mass increases from 

class I to V, except for nestins from group VI being roughly the same size as 

the smaller NFs. NFs were initially discovered by their distinct size (NfH ~200 

kDa; NfM ~160 kDa, NfL ~70 kDa) in a study of axonal transport in rat motor 

neurons in 1975 and further separated into neurofilament triplet proteins 

(NFTPs, including NfL, NfM and NfH) 10,11. AINX (~66 kDa) and PER (~58 

kDa) were later associated with the NFTPs, with PER fitting into intermediate 

filament class III due to its lower molecular size. 11,12.  

During developmental stages of the brain, IFs like nestin, vimentin and AINX 

compose most of the neuronal cytoskeleton, allowing for higher plasticity and 

neuron differentiation. During maturation, these IFs get replaced by NFTPs, 

contributing to the formation of a more stable and permanent cytoskeleton 13. 

The structure of each NF follows a similar composition as all class IV IFs, and 

PER, are composed of 3 regions: a variable head domain at the amino terminal 

(~96 amino acids), the conserved mid α-helical domain, (~310 amino acids) 

and an unstructured tail region at the carboxy-terminal (variable lengths) (Fig. 

1A). The head domain is rich in serine and threonine, becoming a target for 

phosphorylation and glycosylation. The mid domain is highly conserved 

between all NFs and is composed of four helical domains (1a, 1b, 2b, 2b) of 

hydrophobic heptad repeats, facilitating the formation of α-helical coil dimers. 

The tail region is the place where NFs differ from each other as it is an 

unstructured region of variable length 8. 

NFs are mostly found in myelinated axons, with limited amounts in perikarya 

and dendrites. Even though their functions are not completely known, there is 

evidence of several functions associated with NFs. The initial proposition for 
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NF function was their structural role, providing support and organization to the 

neuron itself, being present in axons and not dendrites 14. Although this idea is 

still correct according to current knowledge, their proposed functions have 

been expanded. They also contribute to axonal radial growth, proved many 

times in mouse models and in-vitro studies 15-17. There are also reports on 

association of NFs with axonal transport 18,19 and action potential conduction 
20,21. More recently, although less abundantly, NFs were shown to be present 

in synapses with different stoichiometry from axons, with their depletion 

leading to synaptic function alteration 22. 

 
Figure 1. Structure and assembly of neurofilaments. a) Representation of the domain 

structure composition and post-translation modifications of the neurofilament family proteins. 

b) Structural assembly of neurofilament proteins from monomers to fully formed 

neurofilaments.  NfL, neurofilament light; NfM, neurofilament medium; NfH, neurofilament 

heavy. Reprinted with permission from Springer Nature, Nature Reviews Neurology 23. 
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1.1.2 ASSEMBLY AND POST-TRANSLATIONAL 

MODIFICATIONS 

Being structural proteins, NFs have a strong tendency to assemble into more 

robust units. This assembly is reported to be greatly dependent on ionic 

strength, pH, and temperature 24. The conserved hydrophobic mid domain of 

NFs permits the initial dimerization into coiled-coil dimers. These dimers then 

undergo antiparallel ligation into tetramers, with lateral binding of eight 

tetramers forming cylindrical structures known as unit length filaments (ULF). 

These ULFs are the building blocks of all NF structure, with end-to-end 

annealing and radial compaction (to 10 nm) of several ULFs forming the 

elongated NFs (Fig. 1B) 8,25. Initial assembly requires a starting pair of proteins 

to dimerize. Within the NFs, only NfL and AINX can self-assemble, forming 

the initial assembly dimers. NfM and NfH require this backbone to be able to 

attach and complete the ULF 26-28. After filament formation, NfM and NfH tails 

are directed transversely to the filament, acting as cross bridges and spacing 

NFs, actin filaments, and microtubules between each other, which ultimately 

forms the axonal network 29-31. 

As with most proteins in the human body, all NFs are subject to post-

translational modifications (PTMs) after their expression. Such modifications 

consist of adding chemical groups to the side chains of amino acids in a protein, 

often altering its conformation, size and/or function. Among these, the reported 

modifications on NFs are ubiquitylation, acetylation, phosphorylation, and 

glycosylation 32-34. Glycosylation is the addition of carbohydrates to serine 

(Ser) and/or threonine (Thr) residues, while phosphorylation is the addition of 

a phosphate group to Ser, Thr and tyrosine (Tyr) residues. Considering the 

structure and sequence of the NFTPs, both the head and tail regions are rich in 

these amino acids, enabling heavy phosphorylation, especially of NfM and 

NfH tail regions which contain lysine-serine-proline (KSP) repeats. The PTMs 

on NFTPs tails act on the transversal placement of these regions in NF 

assembly 29,34. Dysregulation of the normal state of PTMs has been linked with 

disease, including AD and amyotrophic lateral sclerosis (ALS) 35,36.  
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1.1.3 BIOMARKERS IN BODY FLUIDS AND ASSAYS 

TO MEASURE THEM 

Due to the glorious evolution of artificial intelligence (AI) tools, we now can 

get a quick definition of fluid biomarker from ChatGPT. The definition of fluid 

biomarkers when using “what is a fluid biomarker“ as prompt in this particular 

AI tool is “a measurable biological molecule found in a body fluid that 

provides information about a normal biological process, a disease process, or 

a response to treatment”. This is an oversimplification but essentially correct, 

and summarizes the research use of fluid biomarkers in the neurodegenerative 

disease field, reflecting physiological states, disease pathology, or 

effectiveness of disease-modifying treatments. 

The initial challenge for biomarkers in the research/clinical field was to be able 

to diagnose a disease or define a disease state. After this breakthrough, came 

the identification of probable disease states in presymptomatic phases that 

most neurodegenerative diseases have. Nowadays, some biomarkers are 

successful in identifying disease development at presymptomatic stages. 

Examples of this are the early increase of amyloid beta (Aβ) and 

hyperphosphorylated tau (p-tau) deposition detected by positron emission 

tomography (PET) 37-39. Due to the heterogeneity and most times overlapping 

symptoms in many neurodegenerative diseases, biomarkers provide insightful 

information on differential diagnosis and disease severity but, at least today, 

still need to be complemented with clinical assessment to provide the most 

accurate diagnosis possible. 

The most common fluids for biomarker quantification in the neurodegenerative 

field are blood (plasma and serum) and CSF. Other less common fluids have 

also been used to investigate biomarkers in the dementia research field, 

including saliva 40,41 and tear fluid 42-44 with rising interest in the recent years, 

although still mostly conflicting results. Despite NFs being more abundant in 

CSF, lumbar puncture, required for CSF collection, is a more invasive 

sampling method compared to a regular blood draw, requiring hospital 

facilities and specialized staff for its collection, ultimately also having a higher 

cost. It also comes with specific drawbacks including, post-lumbar puncture 

headache, risk of infection and general patient apprehension from the 

procedure 45. The field is progressing towards less invasive sampling 

techniques which make blood-based biomarkers more sought after. This allows 

easier sample collection for the practitioner and the patient and makes repeated 

sample collection more viable. This opens the way for more longitudinal 



Neurofilaments in neurodegenerative diseases 

6 

studies and routine diagnostics to be done, thus facilitating monitoring of 

disease progression, severity, and treatment efficiency. Alongside this, 

methods such as dry blood spot card collection from a single finger prick have 

also been shown to provide reliable quantification of blood-based biomarkers 
46,47, but need to be evaluated further. 

For NFs, first generation methods could only identify them by semi-

quantitative methods like immunoblotting. Enzyme-linked immunosorbent 

assay (ELISA) methods are considered the second generation of assays, 

allowing for NF quantification in CSF 48,49. Later, ultrasensitive immunoassays 

developed on platforms such as Ella (ProteinSimple, Bio-Techne) 50, electro-

chemiluminescence (ECL) assays like Meso Scale Discovery (MSD, Meso 

Scale Diagnostics) 51, and Simoa (Quanterix) 52 have allowed quantification of 

NFs in blood, with the single digit pg/mL detection limits. 

1.1.4 NEUROFILAMENT LIGHT 

As explained previously, NfL is a subunit of the NFs and is physiologically 

released from axons into the surrounding fluids at an age-dependent rate 53-55. 

This release is amplified whenever axonal injury occurs, regardless of the 

origin being traumatic, vascular, or neurodegenerative. The surrounding fluids 

include interstitial fluid or CSF when referring to the central nervous system 

(CNS) and interstitial fluid or blood for the peripheral nervous system (PNS). 

NfL release can follow events such as blood brain barrier (BBB) breakdown 

or dysfunction, which can occur as a result of a multitude of diseases and 

injuries such as neurodegenerative diseases, TBI, stroke, inflammation, high 

blood sugar, and aging 56-59. This permits a larger than usual passage of NfL 

from CSF to blood, although concentrations of NfL are still 40 to 70-fold 

higher in CSF than serum 60,61. Of all the NFs, NfL is the most relevant in the 

dementia and neurodegeneration field. Two main characteristics contribute to 

its relevance: being the most abundant NF, as well as having the highest 

solubility in fluids and therefore best detectability by assays 62. Such assays 

started with the development of a CSF ELISA by Rosengren et al. in 1996, 

where elevated NfL levels were reported in ALS and AD patients 63. Later, in 

2002, monoclonal NfL antibodies were developed, and these are, more than 20 

years later, still being used in modern-day assays 64. The NfL assays have 

moved from traditional ELISAs to newer and more sensitive platforms such as 

Single molecule array (Simoa, described in the methods section) 52, where the 

improved sensitivity allowed for the transition to blood, in which NfL is in 

much lower abundance 61,65,66. Follow-up studies have continued to highlight 
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the value of NfL as a biomarker of axonal injury in most, if not all, 

neurodegenerative diseases (Fig. 2), as shown by Bridel et al. in this systematic 

review 67. Some of the diseases where NfL increase is more significant include 

ALS, FTD, HD, corticobasal syndrome (CBS), multiple system atrophy 

(MSA) and progressive supranuclear palsy (PSP) 68-72. The development of 

ultra-sensitive techniques transformed biomarker research in the 

neurodegenerative disease field. Later in this thesis (subchapter 1.3), I will 

detail the use of these techniques in detecting NfL in several neurodegenerative 

diseases. 

 

 
Figure 2. Neurofilament light levels across neurodegenerative diseases with associated 

axonal injury. Graph represents, cerebrospinal fluid neurofilament light fold-change against 

healthy controls. Red columns represent fold-changes ≥10, blue columns represent fold-changes 

between 2 and 10 and grey columns represent fold-changes <2. AD, Alzheimer’s disease; ALS, 

amyotrophic lateral sclerosis; CBD, corticobasal degeneration; CJD, Creutzfeldt-Jakob disease; 

CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; 

HAD, HIV-associated dementia; Mild TBI, mild traumatic brain injury; MS, multiple sclerosis; 

MSA, multiple system atrophy; NfL, neurofilament light chain; NPH, normal pressure 

hydrocephalus; PD, Parkinson’s disease; PDD, Parkinson’s disease dementia; PSP, progressive 

supranuclear palsy. Reprinted with permission from BMJ Publishing Group Ltd, Journal of 

Neurology, Neurosurgery & Psychiatry 73 
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1.1.5 ALPHA-INTERNEXIN AND PERIPHERIN 

AINX was first identified as an IF-associated protein in rat optic nerve and 

spinal cord 12,74. Later, after its sequencing, the amino acid sequence revealed 

characteristics related to other IFs, high sequence homology, and being 

recognized by an antibody that was reactive with all NFs 75.  

AINX has similar molecular weight (66kDa) and the same triple structure as 

NfL: a very conserved coil rod domain, with short amino terminal head and an 

unstructured carboxyl terminal tail domain. It can polymerize with the other 

NTFPs, but is also capable of self-assembly, resembling the capabilities of 

NfL, and contributing to the backbone formation, before ULF. Studies have 

shown a fixed stoichiometry between these NFs of 4:2:2:1 

(NfL:AINX:NfM:NfH) in mouse CNS 27 and that all these NFs are an essential 

part in cultured mouse sympathetic neurons 76. Despite being a part of the 

neuronal cytoskeleton, AINX expression has been described to be more 

prevalent during neuron differentiation at developmental stages 77. During this 

stage, AINX is the precursor for NF formation with its expression preceding 

NfL and NfM 78. As the differentiation progresses, AINX expression declines 

and more filaments composing of NFTPs appear 26,27. However, AINX is still 

present in the adult CNS, with reports of its identification by 

immunohistochemistry in entorhinal cortex, amygdala, superior temporal 

gyrus, globus pallidus, locus coeruleus 79,80 and especially high expression in 

cerebellar granule cells 78. 

Although still poorly understood, most of the known or proposed functions of 

AINX arise from studies of other NF and the functions of this protein family 

often overlap. In zebrafish and frog, increased expression of IFs, homolog to 

human AINX, is present during optic nerve axon growth 81,82. Similarly, in 

injured rat motor neurons, AINX is overexpressed while the injury is present 
83. However, in an AINX knockout mice model, the development is normal, 

with NfL taking over AINX functions in vivo 84. Outside of the brain, there are 

reports of AINX in neuroendocrine tissues and tumors 85,86, and gliomas 87. 

Lastly, AINX has a unique characteristic that sets it apart from the NFTPs: its 

selective presence in the CNS 27,75,88. Quantification of a protein which is 

generally accepted to represent CNS neurodegeneration and axonal injury, 

could potentially add an important protein to the toolbox of fluid biomarkers. 

This biomarker would be specific for injuries originating in the brain, it being 

the reason why we sought to investigate CSF AINX in the context of 

neurodegenerative diseases. 
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The equivalent of AINX in the PNS, PER (58 kDa) acts as a complementing 

NFs in the periphery 88. Identified at the same time as AINX 74, it was later 

assigned as class III IF due to its shorter amino acid sequence and subsequent 

lower molecular size 89. It has the same structure as the other NFs with an even 

shorter C-terminus tail 90. Structure and functionality of PER is very similar to 

that of AINX, but in this case applied to the PNS, and  includes neurite growth, 

stability, and creating the backbone for ULF and NF formation 91,92. In disease, 

PER is increased in motor neuron diseases (MND) especially ALS, 

highlighting the fact that this is a marker for peripheral injury 93. 

1.2 NEURODEGENERATIVE DISEASES 

1.2.1 ALZHEIMER’S DISEASE 

The disease known today as AD was first described by Alois Alzheimer in 

1907 in a patient with progressive cognitive impairment and postmortem  

“chemical alteration in the fibril structure” by silver staining 94. Nowadays, we 

know that the disease is preceded by a long asymptomatic phase, after which 

cognitive impairment starts to show as mild cognitive impairment (MCI) 95,96. 

If this is caused by AD, the symptoms will develop into dementia with 

progressive cognitive impairment, as well as memory loss, aphasia, agnosia, 

behavior changes, and consequently loss of independence, becoming a heavy 

burden for family members and caretakers 97. Definitive diagnosis can only be 

determined postmortem 98,  but with recent updated clinical criteria and the aid 

of biomarker data, disease diagnosis can now be assessed with very high 

accuracy in living patients 99,100. 

AD is the most prevalent dementia in the world, with the World Health 

Organization reporting in 2021, dementia cases up to 57 million worldwide 

with projection to increase to 150 million by 2050 101,102. However, a recent 

study in 2023 estimates that, including preclinical cases, numbers can go up to 

400 million, with the real numbers likely being higher due to the limited 

information from middle to low-income countries, highlighting the importance 

of this research field 103.  

Despite  the majority of AD cases being sporadic, about 1% of cases are caused 

by autosomal dominant mutated genes in genes involving Aβ protein 

processing, including amyloid precursor protein (APP), presenilin 1 (PSEN1) 

and presenilin 2 (PSEN2) 104,105. While these mutations are usually linked to 

early onset of the disease, there are also risk factors making it more common 
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to develop. The most common is apolipoprotein E (APOE) genotype 106. APOE 

has three alleles, ε2, ε3, and ε4, where ε2 appears to be protective, ε3 neutral, 

and ε4 harmful. Being heterozygous for the ε4 allele increases risk by 5-fold, 

while being homozygous for ε4, increases the risk of developing AD by up to 

15-fold 107. 

The main proteins representing neuropathological hallmarks of AD are Aβ 

deposition into amyloid plaques and p-tau accumulation into neurofibrillary 

tangles. Aβ is a result of the cleavage of the APP by β- and γ-secretase, 

resulting in many cleavage products 108,109 of which the most relevant are the 

40- and 42-amino acid long peptides called amyloid-β 1-40 (Aβ40) and 

amyloid-β 1-42 (Aβ42), respectively. While Aβ40 is the most abundant, Aβ42 

is the most studied and main component of amyloid plaques. This aggregation 

process can be influenced by many factors, one of them being the 

hydrophobicity of Aβ42, facilitating the formation of toxic fibrils through 

seeding and nucleation processes, later originating amyloid plaques 110-112. 

Extracellular deposition of Aβ during the earlier stages is followed by 

accumulation of neurofibrillary tangles caused by p-tau. These features have 

been incorporated into diagnosis criteria, called the AT(N) framework, by the 

Alzheimer Association. While the “A” and “T” represent amyloid and tau 113, 

respectively, the (N) was a later addition representing neurodegeneration 114. 

Disposition of these proteins across the brain was initially described 

postmortem by Thal (Aβ) and Braak (tau), leading to pathology stagings 

named after them 115,116. When imaging biomarkers became available, these 

findings were confirmed by Aβ and tau PET, reflecting the spreading of these 

protein aggregates throughout living brains according to the previously 

described staging 117-119. For Aβ, plaques first appear in the neocortex, 

spreading to the subcortical regions like the striatum, brain steam, and 

cerebellum (Fig. 3A) 115. Neurofibrillary tangles initially appear in the 

entorhinal cortex and hippocampus, spreading continuously to the temporal, 

frontal, and parietal cortex (Fig. 3B) 116. 
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Figure 3. Amyloid and tau staging. A) amyloid spreading through the brain according to 

Thal staging and B) tau spreading through the brain according to Braak staging. Adapted with 

permission from Springer Nature, Nature Medicine 120. 

Aβ pathology is commonly assessed using Aβ42/40 ratio in CSF and amyloid 

PET 121. Tau pathology is nowadays reflected with p-tau markers such as p-

tau181 and p-tau217 in CSF or plasma, which significantly differentiate 

between amyloid status and correlate with Aβ42/40 ratio, reflecting Aβ 

pathology 122-125. These biomarkers are also associated with tau PET and 

cortical atrophy 126,127. 

Although Aβ and tau biomarkers reflect disease pathology, they also indirectly 

represent neurodegeneration, which is a key component for the disease. One 

of the theories behind this process is the amyloid cascade hypothesis,  briefly 

summarized by extracellular amyloid deposits that induce 

hyperphosphorylation and aggregation of tau, leading to neuronal death, 

neurodegeneration, and cognitive decline 105,128,129. In the context of 

neurodegeneration, NFs and synaptic proteins are the direct indication of this 

process. There are indeed studies showing NfL predicting cognitive decline in 

the AD continuum 130-132, albeit with lower diagnostic performance than typical 

AD biomarkers 133, but representing neurodegeneration independently of these 
134. 

Recent advances in clinical trials and disease-modifying treatments have 

shown that amyloid targeting drugs (aducanumab 135, donanemab 136, and 

lecanemab 137, approved by the U.S. Food and Drug Administration) are 

effective in targeting and reducing amyloid plaque load and significantly 

reducing cognitive decline. 
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1.2.2 FRONTOTEMPORAL DEMENTIA 

FTD is an umbrella term for a spectrum of neurodegenerative diseases 

affecting the frontal and temporal lobes of the brain. It is the second most 

common form of early onset dementia (age of onset <65 years old) after AD, 

affecting about 15 to 22/100 000 people 138,139. As the term “umbrella” implies, 

this disease can present as several phenotypes, with symptoms involving 

behavior, personality and/or apraxia. Due to its high diversity, FTD has had 

many designations throughout the years. First identified in several articles from 

the late 1890s and early 1900s by Arnold Pick, where patients presenting with 

aphasia and behavioral disturbances together with focal atrophy and “Pick 

bodies”, would be diagnosed with Pick’s disease (PiD) 140,141. Later in 1994, 

this definition was updated to FTD by a group of researchers from Lund and 

Manchester 142. The neuropathologic features of FTD determined postmortem 

are designated frontotemporal lobar degeneration (FTLD), usually affecting 

frontal and temporal areas of the brain 143. 

1.2.2.1 CLINICAL AND PATHOLOGICAL FEATURES 

There are two clinical variants accepted: the behavioral variant frontotemporal 

dementia (bvFTD), characterized by disinhibited and repetitive behavior, 

irritability, reduced empathy, and dietary changes, while visuospatial and 

episodic memory are preserved 144, and primary progressive aphasia (PPA), 

characterized by speech disturbances. The latter is further divided into 3 

subtypes: semantic variant (svPPA), non-fluent variant (nfvPPA), and 

logopenic variant (lvPPA); all of which are related to agrammatism and apraxia 

of speech 143,145. The latter is usually associated with AD amyloid pathology, 

often being left out of the FTLD spectrum 146. There can also be motor deficits 

associated with FTD, most commonly FTD-ALS 147, parkinsonism with 

elements of progressive supranuclear palsy (PSP) 148, and CBS 149. 

The primary FTLD neuropathological hallmarks include abnormal protein 

inclusions, neurodegeneration, and lysosomal dysfunction, with the most 

common protein aggregates being TDP-43 (FTLD-TDP, ~50%), tau (FTLD-

tau, ~45%) and other proteins (5-10%) 150. These minority group is was 

previously grouped under FET designation (including DNA/RNA binding 

proteins, fused in sarcoma (FUS), Ewing’s sarcoma protein (EWS) and TATA-

binding associated factor 15 (TAF15), FTLD-FET) 151. 

FTLD-tau is the most common FTLD pathology considered as a main 

tauopathy, because tau is the primary component of the disease, unlike AD. 

This subtype is further defined by the isoform of tau present in tau aggregates 
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(3R or 4R, i.e., three of four repeats of 32 amino acids in the microtubule 

binding region). 3R tauopathies include PiD and 4R tauopathies include 

corticobasal degeneration (CBD) and PSP 152, further explained later in this 

thesis (subchapters 1.2.4.1 and 1.2.4.2) . 

TDP-43 is a DNA/RNA-binding protein involved in diverse RNA regulation 

processes 153. According to the aggregation pattern of this protein, associated 

with pathology of many FTD patients, FTLD-TDP can be further divided into 

five categories (A-E) distinguished by unique histopathological features and 

aggregation patterns 154,155. 

1.2.2.2 GENETIC ASPECTS OF FTD 

Reinforcing the phenotypical heterogeneity of FTD, disease categorization can 

be further divided when looking at the disease from a genetic point of view. 

Although around 60-70% of cases are sporadic, FTD has a large genetic 

component, being mostly transmitted as an autosomal dominant disease with 

almost 100% penetrance. Familial FTD can be distinguished by the presence 

of mutations in one of three different genes: progranulin (GRN), chromosome 

9 open reading frame 72 (C9orf72) and microtubule associated protein tau 

(MAPT), referred to as tau for its protein form in this thesis. C9orf72 

hexanucleotide repeat expansions are the most common genetic cause of FTD 

worldwide, followed by GRN and MAPT with 114 and 63 mutations identified 

respectively 156. 

While MAPT mutations almost guarantee the development of disease at some 

point in life, GRN 157 and C9orf72 158 present with age-dependent penetrance, 

with some mutation carriers not showing symptoms at ages 80 and above. 

Mutations in other genes like serine/threonine-protein kinase (TBK1) 159, 

autophagy protein p62 (SQSTM1) 160, TAR DNA-binding protein 43 

(TARDBP) 161 and TMEM106b 162 have also been shown to be relevant in FTD 

pathophysiology, although to a much lesser extent 163. 

This substantial genetic and molecular heterogeneity, depicted in Fig.4, has 

been hindering disease diagnostics, as well as advances in treatments, for 

years. An example of this is the recent negative results shared of the GRN 

restoring treatment latozinemab, failing the clinical goal of slowing disease 

progression 164. Therefore, it is highly relevant to explore novel biomarkers that 

might reflect the pathological changes seen in the different FTD subtypes.  
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Figure 4. Clinical and genetic combinations in the FTD spectrum. Red section represents 

the genes mutated in FTD. Middle section represents the different pathological forms. Outside 

of the circle representing the clinical presentations of FTD with font size representing how 

common this clinical presentation is. ALS, amyotrophic lateral sclerosis; BIBD, basophilic 

inclusion body disease; bvFTD, behavioural variant FTD; CBD, corticobasal degeneration; 

CBS, corticobasal syndrome; FTD, frontotemporal dementia; GGT, globular glial tauopathy; lv, 

logopenic variant; MAPT, pathology associated with MAPT mutations; nfv, non-fluent variant; 

NIFID, neuronal intermediate filament inclusion disease; NOS, not otherwise specified; PiD, 

Pick’s disease; PPA, primary progressive aphasia; PSP, progressive supranuclear palsy; RS, 

Richardson’s syndrome; sv, semantic variant; UPS, ubiquitin–proteasome system. Reprinted 

with permission from BMJ Publishing Group, Journal of Neurology, Neurosurgery & Psychiatry 
165. 
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1.2.3 MULTIPLE SCLEROSIS 

1.2.3.1 CLINICAL AND PATHOLOGICAL FEATURES 

MS is a chronic autoimmune disease affecting the CNS of young adults usually 

between 20-40 years of age, with features including inflammation, 

demyelination, and axonal degradation during the disease progression. MS is 

most common in women 166 and has an average prevalence of 36 per 100 000 

people worldwide, numbers that have been increasing over the years, with 

reported variance between continents 167,168. 

Although specific causes are not well known, there are reports on several risk 

factors that contribute to disease development. Among these are vitamin D 

deficiency, smoking, obesity at young age, and diet. Reports show continuous 

smoking after disease diagnosis accelerates disease progression 169 and higher 

vitamin D levels associated with slower progression, less brain lesions, and 

lower relapse rate 170. 

The pathological hallmarks of MS are mainly neurodegeneration, 

demyelination, and astrocytic gliosis. Axonal loss happens as a consequence 

of inflammation, which is measured by magnetic resonance imaging (MRI) 

identified by gadolinium-enhanced areas. Neurodegeneration is also reflected 

in whole brain atrophy, which can occur at a rate between 0.5-1.5% per year 
171. As is characteristic of autoimmune diseases, in MS the body's immune 

system targets itself causing inflammatory responses. There are two 

hypotheses for why these immune responses are started towards the CNS. First, 

the CNS intrinsic model, where inflammation starts in the CNS with CNS 

antigens released to the periphery, inducing a proinflammatory setting towards 

the CNS. Second, the CNS extrinsic model, where the initial events take place 

outside the CNS creating a targeted CNS attack. An example of the second 

hypothesis is infection with Epstein-Barr virus (EBV), that increases the risk 

of developing MS significantly 172. Two studies have shown that patients with 

initial symptoms of MS, or that would later be diagnosed with the disease, all 

had anti-EBV antibodies 173,174. This hypothesis relies on EBV infected B cells 

entering the CNS, triggering activation of cytotoxic T cells, recognizing both 

EBV and myelin auto antigens, ultimately leading to the development of MS 
175-177. 
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1.2.3.2 CLINICAL PRESENTATION 

Clinical presentation of MS is normally associated with acute neurological 

deficits and relapses, which depend on the site and extension of the 

inflammatory lesion. Disease can present as three different phenotypes: 

relapsing remitting multiple sclerosis (RRMS), primary progressive multiple 

sclerosis (PPMS) and secondary progressive multiple sclerosis (SPMS) 178. 

According to the diagnosis criteria for MS (McDonald Criteria), last revised in 

2024, a set of factors need to be met to report MS diagnosis. Briefly: i) a relapse 

or progressive neurological symptoms; ii) one or more of these five regions 

showing evidence of inflammatory lesions (optic nerve, intracortical/ 

juxtacortical, periventricular, infratentorial, or spinal cord) and iii) supportive 

biomarkers, mainly CSF and MRI data 179. These contributing factors create a 

multitude of subtypes with different clinical presentations. 

1.2.4 OTHER NEURODEGENERATIVE DISEASES 

As the following diseases were also included in the work performed in this 

thesis, the next chapters briefly describe each one. 

1.2.4.1 PROGRESSIVE SUPRANUCLEAR PALSY 

PSP is a progressive brain disease described more than 60 years ago by Dr. 

Steele, Dr. Richardson and Dr. Olszewski 180. It is classified as an atypical 

Parkinsonian syndrome, with a prevalence of 5/100,000 worldwide making it 

the most common of its kind 181. Symptomatology usually includes 

supranuclear gaze palsy, postural instability, and cognitive decline, primarily 

reflecting degeneration in the cortex, basal ganglia, and brainstem 181. As a 

primary 4R tauopathy, tau deposition has been studied with the use of PET 

markers showing distinction between PSP patients and healthy controls in PSP 

related brain regions 182,183. Neuropathological changes include tufted 

astrocytes, inflated neurons, neurofibrillary tangles, and neuropil threads 184-

186. Despite no effective treatments being available as of now, PSP association 

with toxic variants of phosphorylated tau has generated targets for new 

potential treatments 187-189. Fluid biomarker research has shown NfL being 

increased in PSP compared to controls, indicating promise as an informative 

biomarker for disease progression, severity, and a good indicator of therapy 

effectiveness 190-192. The same cannot be said about fluid tau biomarkers, as 

there are conflicting findings 192,193. 
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1.2.4.2 CORTICOBASAL DEGENERATION 

CBD is a rare neurodegenerative disease first described in 1968, at the time 

named “corticonigral degeneration with neuronal achromasia” 194, with the 

term CBD coming later in 1989 195. CBD can only be diagnosed postmortem 

and its clinical presentation in living patients is CBS, which includes various 

presentations such as sensory and motor deficits, as well as parkinsonism and 

cognitive deficits 195-197. CBD is a 4R tauopathy, similarly to PSP, with the 

latter being a more common CBD “mimicker”, with similar symptomatology 

but different underlying pathology. AD and FTLD are also commonly 

associated with CBS 198-200. This heterogeneity turns antemortem diagnosis 

quite challenging, with misdiagnosis being rather common 201. Although 

definite diagnosis can only be made postmortem, diagnostic accuracy increases 

with disease progression 202,203. The neuropathological hallmarks of CBD 

include astrocytic plaques and neuropil threads containing 4R tau 149 in gray 

and white matter of the cerebellum and brainstem 204, contrary to PSP where 

pathology is more significant in cortical regions 205. 

Biomarkers remain the focus of research on differential diagnosis of these 

tauopathies. While phosphorylated tau is successful in distinguishing AD 

tauopathies from non-AD tauopathies, it has not been successful in doing so 

for CBS and PSP 206. Similarly, NfL has been reported to be useful at 

differentiating PD from CBS and PSP, but not between the latter two 207,208. 

1.2.4.3 HUNTINGTON’S DISEASE 

HD was first described by George Huntington in 1872, where he reported an 

hereditary chorea associated with psychiatric symptoms and cognitive 

impairment 209. The onset is usually between 30 and 40 years of age, and 

quoting Huntington: “once it starts, it clings to the bitter end” 210. 

This disease is caused by an autosomal dominant expansion of polyglutamine 

repeat (CAG) in the gene responsible for huntingtin protein production (HTT) 
211. This generates mutant huntingtin (mHTT) with polyglutamine repeats of 

variable lengths. The normal number of these repeats is between 6-35 units, 

with more than 39 CAG repeats translating to full penetrance of the disease 

and 36-39 repeats showing reduced penetrance 212. Mutant HTT creates a toxic 

cellular environment leading to neuronal death. Diagnosis is made using 

clinical observations and genetic testing for the presence of CAG repeats in 

HTT. Symptomatology includes motor dysfunction in the form of involuntary 

movements, cognitive impairment, and apathy 213. 
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Most biomarkers for HD come from MRI methods. These provide robust 

evidence of longitudinal changes in striatal volume in HD up to 15 years prior 

to disease diagnosis 214,215. However, interest in fluid biomarkers have also 

increased with proteins like mHTT 216 and NfL 217, both released from damaged 

neurons, reflecting neuronal death, disease burden, and onset 218,219. 

1.2.4.4 DEMENTIA WITH LEWY BODIES 

First record of the appearance of Lewy bodies was documented in neurons by 

Dr. Friedrich Lewy in 1912 while studying PD 220. Later, the main component 

of these bodies was shown to be aggregates of misfolded α-synuclein (αSyn) 
221,222. Nowadays, DLB is considered an atypical parkinsonian disorder and 

falls under the synocleinopathies grouping, due to αSyn aggregation being the 

main neuropathological hallmark of the disease. Despite there not being a 

specific known cause for DLB, a few risk factors increasing disease prevalence 

have been identified. The main ones are age and sex, with risk of developing 

DLB increasing significantly after 70 years old, especially in men 223,224. 

Even though the main characteristic of DLB is αSyn aggregation, there is often 

concomitant AD pathology 225. This is due to the presence of Aβ plaques and 

neurofibrillary tangles in the brain of DLB patients 226,227, often influencing 

disease severity and rate of decline together with αSyn burden 228,229. 

DLB presents, as most dementias, with a long prodromal stage, where some 

non-motor symptoms, such as rapid-eye movement sleep-behavior disorder, 

hyposmia, visual hallucinations and psychiatric symptoms such as anxiety or 

depression are already able to be detected before disease onset 230,231. The 

symptomatic stage of the disease is mainly characterized by cognitive 

impairment and motor features, with the latter usually being more pronounced 
232. The overlapping symptoms and concomitant pathology contribute to the 

challenge in diagnosing DLB, with the most recent guidelines, updated in 

2017, stating that DLB diagnosis needs to be defined by 2 or more of these 

core clinical features: i) recurrent visual hallucinations, ii) rapid-eye movement 

sleep-behavior disorder, iii) features of parkinsonism (bradykinesia, tremor, or 

rigidity) and iv) indicative biomarkers (dopamine transporter imaging 233 or 

cardiac scintigraphy 234) 232. 

Fluid biomarker research in DLB is growing, with the most prominent protein, 

αSyn, being detected by ELISA 235 and, more recently, by seed amplification 

assays, that have shown great diagnostic performance in detecting aggregated 

αSyn in CSF and blood of PD, DLB and MSA patients 236,237. Biomarkers such 
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as p-tau in CSF are often elevated compared with healthy individuals, but 

identical to AD patients 238,239. As for NfL, it has potential in differentiating 

MSA from Lewy body synucleinopathy 240 and DLB with different AD co-

pathology 241.  
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1.3 NEUROFILAMENTS IN NEUROLOGICAL 

DISEASES 

1.3.1 NEUROFILAMENT LIGHT DIAGNOSTIC AND 

PROGNOSTIC VALUE  

NfL is present in neurons across the whole human body and is detected in fluids 

independently of its origin (CNS or PNS). For example, in conditions where 

there is acute CNS injury, such as acute vascular insults 242-244 and cardiac 

arrest 245,246, there are elevated concentrations of NfL in CSF and plasma.  But 

CSF NfL is also increased in conditions where there is peripheral injury such 

as ALS or Guillain-Barré syndrome (GBS) 247-249. Longitudinal studies on these 

acute conditions show that NfL is elevated almost immediately upon injury, 

steadily increasing over the next weeks and then starting to decrease to normal 

physiological levels 250. Higher NfL concentrations are also associated with 

worse outcome 246,251,252. These variations highlight the importance of 

associating NfL concentrations and changes with clinical data and other 

biomarkers, such as imaging markers, to improve diagnostic and prognostic 

value 65. 

As previously mentioned, NfL is increased in most neurodegenerative diseases 
67 and its diagnostic and prognostic use will be detailed in the next paragraphs. 

NfL is increased in AD patients compared with healthy individuals 253. 

However, there are already very sensitive p-tau biomarkers that have a superior 

diagnostic performance 254 which raises the question of why NfL is relevant in 

AD diagnosis. While p-tau biomarkers are highly specific to amyloid 

neurodegeneration, NfL also reflects amyloid-independent neuronal injury, 

and is associated with brain atrophy and decline in cognition independently on 

amyloid pathology 132,134. Moreover, with the new generation assays, elevated 

concentration of NfL in blood has been detected in familial AD up to 10 years 

before disease onset 255 and in sporadic AD it was already increased at the MCI 

stage of the disease 256.  

FTD is one of the diseases where the NfL increase compared to healthy 

controls is most substantial in both CSF and blood 71,257,258. bvFTD is often 

associated with neuropsychiatric symptoms and is commonly misdiagnosed as 

primary psychiatric disorder (PPD) 259. In this specific case, both CSF and 

plasma NfL are significantly increased in bvFTD and have great discriminative 

power between these two disorders 260-262. Despite its lack of disease 
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specificity, seemingly increasing in most neurodegenerative diseases, the 

substantial increase in FTD, due to direct CNS involvement, can aid 

differential diagnosis by adding its biologic influence on other fluid 

biomarkers or clinical data. For example, in a study by Jong et al. the addition 

of NfL to Aβ42 and p-tau181 increased their diagnostic discrimination 

between FTD and early onset AD 263. In FTD, baseline CSF NfL has been 

shown to be associated with disease worsening, with higher baseline CSF NfL 

levels decreasing the survival rate of patients over 5 years from 73% to 36%, 

unlike the effect of p-tau/t-tau ratio 264. Moreover, serum NfL is also associated 

with frontal lobe atrophy during one year serum sampling 258. Another 

highlight of NfL as a diagnostic biomarker is the effect found associated with 

Creutzfeldt-Jakob disease (CJD). Again, it is significantly increased from CJD 

to controls, but it is also elevated at presymptomatic stages showing promise 

in disease onset prediction 265,266. 

NfL is a well-established and essential biomarker of MS prognosis, highly 

associated with disease progression. The correlation between CSF and serum 

NfL in an MS context is quite high 60,267. In RRMS, patients with a recent 

relapse had 4-fold higher CSF NfL concentrations than those without recent 

relapse 268. Serum NfL is also associated with risk of developing new acute and 

chronic lesions as well as worsening disability 269-271. Progression of disease 

from presymptomatic clinically isolated syndrome (CIS) to symptomatic 

clinically definite multiple sclerosis (CDMS) is indicated with high accuracy 

by serum NfL concentrations 272. NfL is also a good predictor of therapy 

efficacy. After starting disease-modifying treatments with compounds such as 

fingolimod, alemtuzumab, or natalizumab, MS patients showed fewer acute 

lesions, lower brain atrophy, slower disease worsening, and consequently 

decreased sNfL concentrations 267,270,273-275. 

In early symptomatic ALS, CSF NfL has great discriminative power against 

various other neurologic diseases and MND mimics 276, highlighting the 

diagnostic potential of NfL for separating ALS from suspected MND, 

especially since CSF and plasma NFL correlate very well in ALS 277. 

Increasing NfL concentrations have also been associated with higher number 

of brain regions involving both upper motor neurons and lower motor neurons 
278. As involvement of both motor neuron types is part of clinical criteria for 

ALS diagnosis, NfL could be of use in strengthening ALS diagnosis.  

A small note on parkinsonian and movement disorders. NfL is increased in 

atypical parkinsonian disorders such as PSP, CBS and MSA compared to 
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controls and PD 192,207,279, thus being a valuable asset for differential diagnostic. 

Clinical disease progression has been associated with high NfL CSF and 

plasma levels in PD and MSA 280,281. 

Taken together, this highlights the fact that, despite being a general 

neurodegeneration biomarker, NfL still has great utility in diagnosis, acting as 

a prognostic factor, usually in association with disease progression and 

representing disease modifying treatment effectiveness. 

1.3.2 ALPHA-INTERNEXIN IN NEUROLOGICAL 

DISEASES 

Similarly to what was explained in previous chapters, accumulation or 

aggregation of proteins is one of the main hallmarks of many 

neurodegenerative diseases, and it so happens to be the case for AINX. Its 

aggregation is characteristic of neuronal intermediate filament inclusion 

disease 282. This disorder falls under the FTD umbrella with early onset, 

movement disorder, often hyperreflexia and spasticity, and it is characterized 

by cytoplasmic inclusions negative for tau or αSyn 283,284. These inclusions are 

positive for all NFs with special emphasis on AINX (Fig. 5), unlike other 

neurodegenerative diseases 282. There is also a report of AINX auto antigens in 

neuropsychiatric system lupus erythematosus, a disorder characterized by 

cognitive impairment and memory problems in lupus patients. In this study, 

high titers of anti-AINX antibodies resulted in cognitive disfunction and 

neuron apoptosis in a mouse model 285. 
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Figure 5. α-Internexin accumulation in neuronal intermediate filament inclusion disease. 

Arrows indicate sites of neuronal intracytoplasmic inclusions, whilst the arrowheads indicate 

swollen neuronal processes in hippocampal pyramidal neurons. Adapted with permission from 

Elsevier, The American Journal of Pathology 286. 

Apart from these very specific cases, AINX has not been linked to any other 

type of neurological disease. There are also no mutations involving AINX 

reported. This might be due to several factors: i) lack of available methods for 

its detection. Most research focuses on imaging techniques 

(immunohistochemistry and western blot) which although providing clear 

results, are not very useful in diagnosis; ii) few studies focused on human tissue 

or fluids. Most research performed on this protein comes from animal models 

or in-vitro studies 77,79; iii) focus on NfL instead. With NfL as a reference 

biomarker for neurodegeneration, attention has been diverted to it, despite the 

unique CNS-specificity of AINX. As this distinctive trait has yet to be fully 

explored, studies using AINX as a CNS-specific marker as well as within select 

brain regions and spinal cord are lacking. Papers III-V of this thesis will 

hopefully highlight the potential use of AINX as a biomarker and inspire more 

research on it. 
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2 AIM 

2.1 GENERAL AIM 

The overall aim of this thesis was to expand the knowledge in biomarkers for 

axonal injury by developing novel immunoassays for different neurofilament 

structures and completely new biomarkers reflecting new site-specific injury 

analytes, thereby connecting general neurodegeneration with localized site 

injury. 

2.2 SPECIFIC AIMS 

Paper I: Develop a homogeneous ELISA for quantification of oligomeric 

forms of NfL (oNfL) and evaluate the biomarker potential of oNfL in AD and 

FTD subtypes. 

Paper II: Further explore the existing forms of NfL in CSF utilizing antibodies 

targeting the core region of the protein. 

Paper III: Develop and validate a Simoa immunoassay for a CNS-specific 

protein belonging to the neurofilament family: AINX.  

Paper IV: Evaluate the diagnostic utility of AINX in MS patients and compare 

its biomarker profile with the widely used NfL. 

Paper V: Explore the diagnostic performance and neurodegeneration 

representation of AINX in AD and FTD. 
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3 STUDY POPULATIONS 

All CSF samples used in the studies included in this thesis were collected by 

lumbar puncture and stored according to guidelines of biobanking, specifically 

for CSF collection 287. 

3.1 PAPER I 

The population included in this paper concerned FTD patients (n=61) of which 

28 were bvFTD, 23 nfvPPA and 10 svPPA. Among the FTD patients, 17 were 

mutation carriers affecting GRN (n=4), C9orf72 (n=7) or MAPT (n=6) and 44 

were sporadic cases, all from the Genetic FTD Initiative (GENFI) and 

Longitudinal Investigation of FTD (LIFTD) studies 288. Assessment was 

performed based on standardized history and examination and the patients 

were classified as symptomatic if they met consensus diagnostic criteria 145,289. 

AD patient (n=20) and healthy control (n=20) samples were obtained from the 

H70 Clinical and Birth Control Studies at Sahlgrenska University Hospital, 

University of Gothenburg 290.  

3.2 PAPER II 

CSF samples used for the work in this paper were obtained as anonymized 

leftover samples from the clinical routine neurochemistry laboratory at 

Sahlgrenska University Hospital, Mölndal, Sweden.  

3.3 PAPER III 

Two clinical cohorts were included in this paper. The Gothenburg cohort 

included AD patients (n=20) and cognitively healthy control (n=20) samples 

obtained from the H70 Clinical and Birth Cohort Studies at Sahlgrenska 

University Hospital, University of Gothenburg 290,291. The University College 

London, Institute of Neurology (UCL ION) cohort consisted in healthy 

controls (n=5), AD (n=15), CBS (n=4), HD (n=9), semantic dementia (SD) 

(n=5), dementia with Lewy bodies (DLB) (n=18), MS (n=9) and bvFTD (n=2) 

with patient recruitment, sample collection, and patient diagnosis performed as 

previously described 292. Anonymized leftover samples from the clinical 

routine neurochemistry laboratory at Sahlgrenska University Hospital, 

Mölndal, Sweden, were used for analytical validation purposes. 
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3.4 PAPER IV 

This observational study was conducted at the Multiple Sclerosis Center, 

Sahlgrenska University Hospital, Gothenburg, Region Västra Götaland, 

Sweden. All MS patients (n = 34) were recruited from this center and fulfilled 

the 2017 revised McDonald diagnostic criteria 293. A subset of the MS patients 

(n = 24) had previously participated in a study at our hospital investigating 

biomarker levels before (n = 24) and after (n = 21) initiation of fingolimod 

treatment 274. For the present study, samples from this subset were selected 

randomly from the biobank at the Multiple Sclerosis Center. These samples 

had been collected between 2011 and 2014, prior to the patients’ switch to 

fingolimod treatment. The remaining MS patient samples (n = 10) were 

randomly selected from biobank material obtained consecutively between 

2018 and 2021 during diagnostic evaluations at our department. Samples coded 

as "HC" (healthy controls) included four healthy volunteers and four 

individuals undergoing diagnostic evaluation for symptoms. All HC were 

confirmed to have no neurological disorder, supported by normal brain and/or 

spinal MRI findings and CSF analyses. Exclusion criteria included 

concomitant neurological, ophthalmological, or inflammatory diseases. 

3.5 PAPER V 

This study included participants from the Translational Biomarker of Aging 

and Dementia (TRIAD) cohort 117 , who were recruited from the patients of the 

McGill Centre for Studies in Aging Memory Clinic. Cognitively unimpaired 

(CU) participants (n=43) had no objective cognitive impairment and preserved 

activities of daily living. AD patients (n=32) underwent clinical assessment, 

did not present clinical evidence of other neurological conditions and met the 

National Institute of Aging on the Alzheimer's Association criteria for probable 

AD determined by a clinician. MCI participants (n=7) had preserved daily 

living activities but presented with subjective and objective (delayed recall 

performance on the Wechsler Memory scale) cognitive impairment. FTD 

(n=20) and PSP (n=4) patients did not meet criteria for AD, and clinical 

diagnosis was based on appropriate clinical guidelines 145. Further descriptions 

of the TRIAD cohort, as well as inclusion and exclusion criteria, have been 

described previously 117.  
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3.6 ETHICAL CONSIDERATIONS  

Research work included in this thesis involved both human subjects and 

animals and was based on proposals evaluated and approved by the 

corresponding ethical committees at each site, prior to the start of the 

respective studies.  

Paper I: GENFI cohort, ID 14/0377; LIFTD cohort, ID 15/0805; H70 clinical 

studies, ID: 2019–04024, H70 Birth cohort, ID: 869-13.  

Paper II: Permission for use of leftover samples from clinical routine analysis 

after anonymization, so that no information can be traced back to the individual 

patient, was given by the Regional Ethic Review Board in Gothenburg. 

Paper III: H70 clinical studies, ID: 2019–04024, H70 Birth cohort, ID: 869-

13; UCL ION cohort dementia patients, 12/LO/1504, HD patients, ref: 186932, 

MS patients, REC: 13/SS/0007 and HC, ref: 19/LO/0913; animal use, ID: 

003795. Permission for use of leftover samples from clinical routine analysis 

after anonymization, so that no information can be traced back to the individual 

patient, was given by the Regional Ethic Review Board in Gothenburg. 

Paper IV: MS and HC, Dnr 2005:253; Dnr 460–1. 

Paper V: TRIAD cohort, MP-18-2017-157. 

In addition, all studies complied with the World Medical Association 

declaration of Helsinki 294, stating that all patients involved in a research study 

must provide informed consent and have the right to withdraw their 

participation at any moment. All procedures involving human patients have 

been performed with utmost care and been carefully evaluated to not cause 

harm, maintain integrity and minimize patient burden. 
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4 METHODOLOGY 

4.1 ENZYME-LINKED IMMUNOSORBENT 

ASSAY 

An assay first described by Engvall and Perlmann in the early 1970s 295, the 

ELISA, has been constantly evolving to become one of the most used protocols 

across a multitude of fields from health diagnostics to food industry 296. ELISA 

is usually performed in 96-well plates and relies on the affinity of antibodies 

to bind the target antigen, after which any non-bound unspecific targets get 

washed out to minimize background signal. Signal detection is based on 

enzyme-substrate interaction, either hydrolysis by alkaline phosphatase (AP) 

or, more commonly, oxidation by horse radish peroxidase (HRP), both 

generating a colorimetric signal proportional to the bound analyte 295,297. The 

catalytic reaction is then stopped with strong acid for HRP-based assays or 

strong base for AP-based assays and the signal quantified as optical density 

(OD) using a spectrophotometer 298. 

The evolution of ELISA assays over the years has led to divergence into 

several assay variants, fit for different purposes, including: i) direct, ii) indirect, 

iii) sandwich, iv) competitive and v) nanoparticle based 299-303. This thesis 

includes work based on direct and sandwich type ELISAs, which I will delve 

into further in the next subchapters. 

4.1.1 DIRECT ELISA  

Direct ELISA is arguably the simpler and faster version of this assay. The 

sample/antigen of interest is directly incubated in a 96-well plate to immobilize 

the antigens against the surface of the wells. Between each reagent addition, 

washing steps are performed with phosphate-buffered saline (PBS) and 0.05% 

mild detergent (Tween-20) to wash out any unbound material. A blocking step 

consisting of the addition of bovine serum albumin (BSA), serum, or non-fat 

dry milk works to coat any open space on the wells is needed to reduce 

potential non-specific binding of the detection antibodies to the plate. In the 

next step, enzyme-conjugated antibodies are added to bind the target antigen 

in the wells. Alternatively, after the addition of a non-conjugated detection 

antibody, followed by washing, a secondary enzyme-linked antibody, specific 

to the primary antibody host species, is added. Depending on the used enzyme, 

a substrate is added (3,3’,5,5’-tetramethylbenzidine, TMB for HRP and para-
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nitrophenyl phosphate for AP) and undergoes oxidation or hydrolysis, 

generating the colorimetric signal (Fig. 6A) 298,300,304. 

The advantages of this type of ELISA are its simplicity and relatively short 

time to execute, using only one target-specific antibody, it has naturally less 

steps involved, making it a low risk first assessment experiment for method 

development. However, the most prominent drawback is the risk of non-

specificity since it relies on a single antibody for detection. For more complex 

matrices like CSF or, more critical, plasma, with a large percentage of high 

abundant proteins, it lacks the sensitivity to detect less abundant ones301.  

In method development, it is a great and fast tool to do epitope mapping of 

newly generated antibodies and initially screen them to test their specificity to 

the target analyte. 

In this thesis work, Paper III includes direct ELISA used to test the specificity 

of the produced antibodies to the target analyte, AINX. Scaling molar 

concentrations of the NFTPs and in-house recombinant AINX (AINX89-499) 

were used to test the specificity of the AINX antibodies. 

Figure 6. Schematic representation of A) direct and B) sandwich ELISA immunocomplex 

formation. Created with BioRender.com 

4.1.2 SANDWICH ELISA 

Sandwich ELISA is the most commonly used variant of this assay. As the name 

implies, this method relies on the antigen being “sandwiched” between two 

antibodies. Its increased sensitivity and reduced background noise, due to the 

usage of double target-specific antibodies, as well as ease of use and low price, 
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make it the method of choice for protein quantification in biofluids for most 

laboratories around the world 296. 

In this set up, the primary capture antibody is adsorbed on 96-well plates, 

followed by a blocking step like in direct ELISA. The sample is then added 

and incubated for the antigen of interest to get “captured” by the primary 

antibody. The detection antibody is added to sandwich the antigen of interest, 

with secondary enzyme-bound antibody following it. The plate is washed 

between every step throughout the assay procedure. Corresponding substrate 

and stop solution (as described in subchapter 4.1.1.) complete the catalytic 

reaction after which quantification in a spectrophotometer is performed, 

usually at 450 nm (Fig. 6B). 

This variant of the assay is used for many different applications, and it is 

superior to direct ELISA in several ways. It requires the binding of two 

antibodies to the target antigen, thus increasing specificity, this way allowing 

for detection of low abundant analytes 298. It is also suitable for identification 

of such low abundant proteins in complex matrices like CSF or plasma without 

the need for sample purification 305. The first selection process by the capture 

antibody, reduces the sample complexity and the detection antibody reduces 

the probability of cross reactivity and background noise. 

It also has its limitations, in needing the protein to be large enough to have two 

antibody binding sites, one for the capture antibody and one for the detection 

antibody. Also, inherently to being a longer protocol it is susceptible to more 

technical errors.  

In this thesis work, Papers I and II included sandwich ELISA work based on 

different combinations of the same in-house generated NfL antibodies  49. In 

Paper I, an assay was optimized to detect oNfL in CSF. Shortly, the original 

antibody setup (NfL21 capture and NfL23 detector) was changed to a 

homogeneous setup (NfL21 as both capture and detector). By using the same 

antibody in both sides of the sandwich immunocomplex, the binding of the 

capture antibody would block the binding of the detector in a monomer protein. 

This way, only species of higher structure like dimers or oligomers can be 

detected, because they have at least two binding sites available and would have 

a measurable output signal. In Paper II, both assays, (homogeneous and 

standard NfL ELISA) were used in the study protocol to quantify CSF fractions 

with different molecular weight sizes of NFL. 
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Finally, although ELISA has a capability of quantifying protein concentrations 

in the pg/mL range, the antibody affinity and, especially in the 

neurodegenerative disease field, even lower abundant proteins require new 

generation quantification protocols, also used in this thesis 52,61,306. 

4.2 WESTERN BLOTTING 

Western blotting is one of the most used semi-quantitative techniques in basic 

molecular biology to identify proteins based on size. This technique of 

transferring targets from gels to membranes was first applied to detection of 

DNA and RNA in Southern and northern blotting respectively 307,308. 

Identification of proteins using this protocol has mixed origin. First described 

back in 1979, Renart et al. used polyacrylamide/agarose gel transferred onto 

diazobenzyloxymethyl paper and Towbin et al. used SDS-PAGE as separation 

matrix transferred into nitrocellulose membranes 309,310. Two years later in 

1981, Burnette introduced the term “western blotting” in respect to the 

geographic tradition of naming transfer techniques 311. However, as reported 

by the author in 2009, this manuscript was initially rejected from Analytical 

Biochemistry for what he thought was, and I quote, “the flippant and frivolous 

whimsy in the name western blotting.” 312. Forty-five years later, except for 

improvements of detection instruments and process automation, the core 

principle of western blot is fundamentally the same as the original. 

The procedure starts with sample preparation, either protein extraction from 

tissue and cells or direct use of biofluids where proteins are already in 

suspension. Samples are then mixed with loading buffer and sodium dodecyl 

sulphate (SDS) detergent. The former usually contains bromophenol blue as a 

tracking dye and glycerol to increase sample density and facilitate sample 

loading into the gel wells, the latter helps denature and adds negative charge to 

the proteins 313. Before heat denaturation, if needed, reducing agents such as 

dithiothreitol can be added to breakdown disulfide bonds and further unfold 

the proteins. This process disrupts any secondary protein conformations, 

allowing easier access of antibodies to their epitopes, that may be concealed 

by protein folding. 

After denaturation, the polyacrylamide gels are placed in buffer solution, 

usually MES (2-(N-morpholino) ethanesulfonic acid) or Tris-glycine, needed 

for pH stabilization and controlled protein migration. The samples are then 

loaded into the gel, together with molecular weight markers (MWM). MWM 

are pre-mixtures of proteins with known molecular weights, serving as 
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reference size estimates for all samples within one run. The gels are formed by 

polymerized acrylamide producing a porous network that allows charged 

proteins to travel through with electrical current 314. Depending on the 

acrylamide concentration, the proteins will migrate at different speeds and 

separate based on charge (it being proportional to size), allowing for size 

separation, smaller proteins travel easier and faster through the gel mesh and 

vice-versa for larger proteins 315. 

Once the proteins have separated in the gel, shown by the travel distance of the 

indicator blue dye, the separated proteins are transferred to a nitrocellulose or 

polyvinylidene fluoride membrane with, once again, the help of electrical 

current. Finally, the membranes are washed with PBS with Tween-20, blocked 

with BSA and selective antibodies are used to bind to the target proteins with 

a secondary HRP-labeled anti host species of the primary antibody serving as 

initiator of a chemiluminescence reaction when luminol is present. This light 

formation can be captured by any camera imaging device (Fig. 7) 316,317.  

In this thesis work, Paper II included work with western blotting to identify 

NfL in CSF pools and immunoprecipitated CSF.  

 
Figure 7. Schematic representing the western blot process from in-gel separation, blotting, 

labeling with antibody and chemiluminescence detection. Created with BioRender.com 
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4.3 SIZE EXCLUSION CHROMATOGRAPHY 

Size exclusion chromatography (SEC), also called gel filtration 

chromatography, is a non-denaturing technique that separates proteins or 

molecules based on their hydrodynamic size. It makes use of a chromatography 

column filled with porous beads, allowing for different flowthrough of 

molecules based on their size. Larger molecules cannot enter the pores on the 

column and elute faster, and smaller molecules take the longer path through 

the pores and elute last. This method separates molecules without the need of 

prior preparation or binding to the separation matrix, allowing for study of 

antibodies and aggregates with their physiological structure intact. The 

isocratic elution is performed with a neutral buffer, usually PBS or ammonium 

bicarbonate, keeping the native conformation of the sample contents. SEC is 

specially used for purification, desalting, and separation of proteins in a 

mixture to facilitate characterization of higher structured proteins and 

aggregates. The eluate can be collected in fractions of different molecular sizes 

and analyzed further with western blot, ELISA or other techniques. 

In this thesis, Papers I and II include work with SEC. In both, SEC was used 

to fractionate CSF and used the collected fractions to identify which NfL 

fragments the antibodies used in the ELISA NfL assays bind to. 

4.4 BRAIN EXTRACTION 

Protein extraction is a basic molecular science protocol with the intention of 

extracting proteins with different solubilities, originating from different cell 

compartments. This protocol can be done with any type of cells or tissue, but 

in this case, it was focused on brain tissue. This process starts with a 

mechanical homogenization of the tissue followed by cycles of centrifugation 

with different buffers and surfactants. From each centrifugation the 

supernatant contains the proteins soluble in the current buffer and the pellet 

can be resuspended in buffer with stronger detergent to re-do the process and 

collect a protein fraction with lower solubility. In Paper III, brain tissue 

homogenates are used to test antibody specificity. 
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4.5 IMMUNOPRECIPITATION 

Immunoprecipitation (IP) is a technique derived from affinity chromatography 

and used to enrich complex samples by pulling down proteins of interest in an 

immunocomplex with antibodies attached to a solid phase 318. The general 

protocol makes use of paramagnetic beads coated with antibody against the 

target protein. The use of paramagnetic beads facilitates the buffer exchanges 

and wash steps by immobilizing the beads using a magnet. The protein of 

interest needs to be soluble in the matrix, or else protein extraction needs to be 

performed prior to IP 319.  

The initial step in the protocol is to incubate the antibody with the beads. The 

beads should be coated with either IgGs against the host species of the antibody 

for the target protein or protein A/G that binds strongly to the Fc domain of 

antibodies. After this, the beads are blocked to reduce unspecific binding and 

incubated with the sample. The following day, the sample undergoes a series 

of washes with PBS, a detergent and finally elution with a low pH solvent, 

collecting the precipitated protein by disrupting antibody-protein binding (Fig. 

8). 

Figure 8. Schematic of the immunoprecipitation workflow. Created with BioRender.com 

This method is usually used for enriching or pulling down a specific protein 

for later quantification in methods such as western blot or mass spectrometry. 

However, the remaining supernatant can also be used as immunodepleted 

sample matrix for negative control in immunoassays or after removal of high 

abundant proteins for easier identification of low abundant ones. 
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In Paper II, IP was used to enrich NfL from pooled CSF, reducing background 

in western blot and characterize NfL fragments present in these pools by mass 

spectrometry. In Paper III, IP was used to test antibody specificity against the 

target analyte, AINX, in brain protein extracts. 

4.6 LIQUID CHROMATOGRAPHY-MASS 

SPECTROMETRY 

Commonly used sample types in the neurodegenerative disease research field 

(CSF, plasma, brain tissue) are frequently too complex to be directly analyzed 

in mass spectrometers equipped with electrospray ionization. In these cases, a 

common workflow is to perform reverse phase liquid chromatography prior to 

mass spectrometry analysis to reduce sample complexity. This is a technique 

that allows separation of different compounds in solutions 320 and is done using 

a solid phase (a chromatography column) and a liquid phase (usually water 

with increasing concentrations of acetonitrile). Elution is made at a steady flow 

rate, and the compounds elute according to their affinity to the column (lower 

affinity elute first and vice-versa) and are either collected into different 

fractions or, when coupled to a mass spectrometer, sprayed directly into it. 

Mass spectrometry is an analytical technique used to determine mass-to-charge 

(m/z) ratio of charged particles. The solution for analysis first passes through 

an ion source, usually electrospray ionization, converting molecules in the 

sample into ions. Next, these ions travel to a mass analyzer, that separates the 

ions by their m/z using electric and/or magnetic fields, before detection. Lastly, 

ions are detected and ion spectra are generated according to their m/z, allowing 

identification of different molecules 321. Further separation can be performed 

if the mass spectrometer is equipped with a collision chamber, where larger 

ions are further fragmented. This approach is known as tandem mass 

spectrometry and can be used to identify proteins through database matching 

the identified peptides to protein sequences. 

In Paper II, mass spectrometry was used to identify NfL fragments present in 

CSF pools and in Paper III, it was used to assess antibody specificity to the 

target protein after IP. 
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4.7 SINGLE MOLECULE ARRAY 

Simoa, or Single molecule array, sometimes called digital ELISA, is a 

technology developed by Quanterix Corp, which makes use of a digital 

analyzer to quantify analytes captured by antibody-conjugated beads. It relies 

on the same antibody sandwich principle as ELISA, however, with this 

technology, the sensitivity can be up to 1000 times higher than ELISA, being 

able to quantify proteins down to the fg/mL range. 

The combination of the digital analyzer, bead-based detection and greatly 

reduced reaction volume (a few femtoliters) are the main factors contributing 

to the increase in sensitivity. Briefly, the sample is first incubated with the 

antibody-conjugated paramagnetic beads and biotinylated detector antibody to 

form the on-bead immunocomplex. Streptavidin β-galactosidase (SBG) labels 

the analyte containing immunocomplex with the reacting enzyme and the 

substrate fluorophore, resorufin β-D-galactopyranoside (RGP) is added last to 

allow fluorescence detection, before being carried over to the micro array well. 

Such micro arrays consist of femtoliter sized wells that are just big enough to 

fit a single bead (4-5 µm diameter), and with low abundant proteins, the 

number of beads heavily outweighs the number of molecules, leading to single 

or no immunocomplexes on each bead. The microarrays are then sealed with 

oil, isolating an aqueous phase with each bead in its own reaction chamber. 

This allows for determination of the average number of enzymes per bead 

(AEB) by taking time-lapsed microscopic images, providing a ratio of beads 

with the enzyme complex, and its fluorescence intensity, and beads without it. 

The Simoa workflow is summarized in in Fig 9. This process also improves 

the sensitivity of the method by removing processing errors and guaranteeing 

the identification of the given fluorescence, being confined to the femtoliter 

wells and not diluted in the total sample volume as in classic ELISA 52,322. 

Papers III, IV and V include work on this platform using the assay developed 

in Paper III. 
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Figure 9. Schematic of the Simoa workflow Immunocomplexes are formed when beads, 

sample and detector antibody are incubated. SBG binds to the biotin on the detector and cleaves 

RGP emitting a fluorescent signal. This signal is detected in the microarray creating the outcome 

signal. Created with BioRender.com 

4.8 IMMUNOASSAY DEVELOPMENT AND 

VALIDATION 

During early assay development, there are a multitude of factors that can 

influence assay performance and ensure that the development process yields a 

final product that is specific to the target analyte and gives reliable and 

reproducible results. The next subchapters will cover most parameters that can 

be optimized during the developmental stages of the immunoassays used in 

this thesis. Paper I included ELISA method development, and Paper III 

included Simoa method development. 

4.8.1 ANTIBODIES 

Antibodies are the basis of any immunoassay setup and, as such, antibody 

selection is the first step in the development process of any immunoassay.  

Antibodies selected should ideally be highly specific to the target analyte. 

Generally, monoclonal antibodies are preferred due to their production 

consistency (can be produced “forever” if cloned in immortalized cell lines and 

cryopreserved) and single epitope binding in the target antigen, resulting in 

higher specificity. However, polyclonal antibodies can also be used and might 

even be preferred in specific cases where signal magnification is required, for 

example, as they bind to multiple epitopes on the same protein, it also forms 

bigger immunocomplexes and, consequently, higher readout signal. Cross 
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reactivity with other targets or other species should be avoided or shown to be 

irrelevant in the finalized assay. In one of the developed assays included in this 

thesis (Paper III), the immunocomplex is formed with one highly specific 

antibody and one with a degree of cross reactivity. Despite this, the generated 

assay is specific for the target analyte by using the most specific antibody as 

capture. Cross reactivity can be tested in the intended sample matrix either by 

using the immunoassay itself (ELISA or Simoa) or methods like IP-MS and 

western blot. After antibody selection, if more than two antibodies are deemed 

suitable, several pairs should be tested using every single one as both capture 

and detector, from which an ideal combination with the best target specificity, 

high binding affinity and signal to noise ratio (S/N) should arise.  

4.8.2 BEAD CONJUGATION 

As described previously, Simoa is a bead-based technique, and the beads need 

to be conjugated to antibodies, to capture the epitope of interest. This binding 

is mediated by the interaction between carboxylic acid and amine groups. 

Beads are already coated with carboxylic acid and are activated by 1-ethyl-3-

(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) forming an 

active ester (O-acylisourea) that is susceptible to a nucleophilic attack from 

any amino groups in solution, in our case the antibodies, completing the 

binding of bead to antibody 323,324. By quantification of antibody present in the 

buffer after conjugation and the initial conjugation concentration, we can 

calculate coating efficiency, usually between 50-70% of bound antibody.  

In this thesis work, Paper III included bead conjugation work where several 

parameters were optimized including antibody coating and EDC 

concentrations where the combination that yielded the best S/N was selected. 

4.8.3 BIOTINYLATION 

Following the principle from bead conjugation, the detector is also conjugated, 

in this case to biotin (or vitamin B7), where the primary amine group of the 

antibodies is covalently bound to biotin by a linker. Commercially available 

biotin for conjugation is already linked to N-hydroxysuccinimide (NHS) with 

a four-ethylene glycol chain linker. NHS then reacts with the antibody amine 

on lysine residues to form the covalent bond 325. Biotin is used due to its strong 

bond with streptavidin (SBG for Simoa, streptavidin-HRP for ELISA), one of 

the most stable interactions in nature, being resistant to constraints like extreme 

pH, temperature or denaturing factors, making it the base of most 

immunoassays and other experimental designs in several research fields 326. 
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This protocol can be optimized by using different levels of excess biotin, 

meaning the excess number of biotin moles compared to antibody moles. 

4.8.4 ASSAY REAGENTS 

Beyond antibodies, other reagents and solutions need to be considered when 

developing an immunoassay.  

First is the protein standard, main component of the standard or calibration 

curve of any immunoassay. This element is key to be able to perform 

quantification of the target analyte. This is, most times, a recombinant protein 

that resembles how the target is present in the target matrix (full length, 

fragment or oligomer). For commonly studied proteins, there are often 

commercially available proteins to choose from. For less studied proteins, 

recombinant proteins are usually expressed in-vitro based on the known 

sequence and structure.  

Assay diluent is used to dilute the protein standard and the samples, 

equilibrating the reaction environment to make the quantification more 

reliable. These diluents are usually buffers containing nonionic or zwitterionic 

detergents and blockers for heterophilic antibodies. These are used to reduce 

unspecific binding and binding of endogenous antibodies like human anti-

mouse antibodies, that might interfere in the assay performance 327. The 

possible composition of these diluents is almost limitless.  

4.8.5 OTHER OPTIMIZATION PARAMETERS 

There is also a possibility of adapting incubation times and temperatures in 

both ELISA and Simoa, with ELISAs being much more flexible as the Simoa 

instrumentation only allows incubation times to be extended or shortened 

within a fixed interval, while ELISA can have essentially unlimited incubation 

times. 

Simoa-specific reagents like SBG and RGP can also be optimized. Together 

with beads and detector, utilizing higher concentration usually leads to higher 

outcome signal, but also higher background noise. This is where the assays 

need to be fine-tuned to make sure we choose the volume and concentration 

that yield the best possible results (higher S/N). Beyond concentrations, also 

the volumes of such reagents can be altered to some extent. 
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4.8.6 ANALYTICAL VALIDATION 

Each developed assay should include a variety of standardized tests to prove 

its robustness and stability to detect the target analyte. Assay components such 

as antibodies and reagents can influence the overall quality of an assay, and 

therefore initial analytical validation ensures trueness and reliability of the 

obtained results and should always be performed before analyzing cohorts. It 

is worth mentioning that assays in this thesis are developed for research use 

only purposes, for which validation procedures are less strict than assays 

intended for clinical diagnosis. If such assays would eventually move to 

clinical practice, further appropriate validation should be performed. 

Assay validation performed in the papers included in this thesis followed the 

“A practical guide to immunoassay method validation” 328 guideline and the 

parameters tested were as follows: 

Precision: Testing intrinsic variability of the assay within one analytical run 

(repeatability) and between analytical runs (intermediate precision). This is 

done by taking samples of known concentration, preferably covering high and 

low concentrations of the target, and analyzing them in five separate replicates, 

at five different time points, from which coefficient of variance (%CVs) are 

calculated to determine precision, within and between runs. 

Spike recovery: The ability of the assay to specifically identify the target 

coming from the biological sample, by adding extra target analyte to the 

samples. This is usually done by running five samples with known 

concentration, neat (spiked with assay buffer only) and spiked with calibrator 

protein. The ratio between the concentration of the spiked minus neat sample 

and the theoretical concentration of the spike, tells us how precisely the assay 

detects the target or if matrix or other factors affect the measured signal. 

Limits of quantification: Use to determine the measurement range of assays 

where quantification can be made reliably. For lower limit of quantification 

(LLOQ) there are two different ways of calculating it. First, measuring 16 

blank samples (sample diluent or immunodepleted matrix) and calculating 10 

standard deviations above the mean value of the blanks. Second, measure, in 

duplicates, samples with low concentrations of the target protein and 

identifying the lower limit where the %CVs are above 20%. Upper limit of 

quantification (ULOQ) is defined, if possible, by the concentration point 

before the quantification equipment reaches saturation or the upper limit where 

high concentration sample %CVs are below 20%. 
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Parallelism: Parallelism is performed to assess the best dilution to use for the 

intended assay and if the matrix can be affecting the signal. For this, at least 

three samples with high endogenous concentration are diluted 2-fold until the 

theoretical concentration falls below LLOQ. Results should be consistent when 

correcting for dilution factors. 

Sample stability: Defines how the sample can be handled before analysis, 

specifically how long different storage conditions maintain the analyte intact 

and measurable. Samples are aliquoted and each aliquot stored at different 

temperatures (-20°C, +4°C, and room temperature) for different periods of 

time and measured concentrations are compared to the reference aliquot that 

was kept at -80°C, to determine protein quantification reliability for all storage 

conditions. For freeze/thaw stability tests, the same procedure is performed, 

but the aliquots are subjected to a different number of freeze/thaw cycles, 

usually a maximum of five, before measured concentrations are compared to 

the reference aliquot that was kept only at -80°C. 

Interferences: Cross-reactivity with other proteins than the target analyte can 

also cause interference. To test for this, proteins with suspected cross-reactivity 

are spiked in samples, ideally at physiologically relevant concentrations, and 

if the measured concentrations in spiked samples are increased in comparison 

to neat samples this confirms interference by cross-reactivity. Other commonly 

investigated interferences are blood contamination for CSF, and hemolysis, 

lipemia, and icterus for blood.  
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4.8.7 STATISTICAL ANALYSIS 

Statistical analysis included in Papers I, III and V were performed with 

GraphPad Prism (v10.4.1) and/or IBM SPSS Statistics software (v.29.0.1.1). 

In Paper IV statistical analysis was done using R statistics software (v.4.3.2.). 

Significance was considered when p<0.05 in every study. 

In Paper I, significant differences between disease groups and healthy controls 

were presented as one-way analysis of variance with Tukey’s test correction.  

In Paper III, both cohorts included age and sex adjusted analysis of covariance 

(ANCOVA) followed by post hoc Bonferroni test. This statistical test was used 

to assess group differences. Spearman correlations were used due to the lack 

of normal distribution in the datasets. Receiver-operating characteristics 

(ROC) analysis was performed and area under the curve (AUC) values 

reported for case control discrimination. In the UCL ION cohort, bvFTD was 

excluded from all statistical analysis due to limited sample size (n=2). 

In Paper IV, Mann-Whitney U test was used for unpaired data. Age adjusted 

ANCOVA was applied for group comparisons. Spearman correlation applied 

between CSF biomarkers, clinical and demographic variables. 

In Paper V, ANCOVA followed by post hoc Bonferroni test was used to 

evaluate group comparisons. Spearman correlations were used to find 

associations between AINX and other biomarkers. Receiver operating 

characteristics (ROC) analysis was used to assess case control discrimination 

for both the AD and FTD group. MCI (n=7) and PSP (n=4) were excluded 

from correlations and ROC analysis due to low sample size and missing values 

for most biomarkers. 
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5 RESULTS AND DISCUSSION 

5.1 PAPERS I AND II - OLIGOMERIC NFL 

Rationale  

NfL is an extensively studied protein in body fluids, with several assays 

intended for its quantification, mostly through immunoassays 49,329,330, but also 

by IP before mass spectrometry (IP-MS) 331. One study by Budelier et al., using 

the latter approach, provided solid evidence in the characterization of NfL in 

CSF. It was described that NfL is detected in CSF, not as a full-length protein 

but, as small fragments, by IP-MS analysis 331. Based in this evidence, we 

hypothesized that with all these NfL fragments in CSF and given the 

propensity of NfL to self-assemble, it could be present in CSF as an oligomer. 

To investigate this, in Paper I we developed a homogeneous ELISA NfL assay 

and in Paper II, we corroborated our findings with addition of data on western 

blot and IP-MS after SEC. 

Development of homogeneous ELISA 

The homogeneous ELISA in Paper I was based on antibodies used in a pre-

existing NfL CSF ELISA developed in our laboratory a few years ago 49. This 

assay used two in-house antibodies targeting the mid rod domain of NfL 

(referred to as, NfL21 and NfL23) and NfL calibrator purified from bovine 

brain tissue. The idea behind the homogeneous assay was that, if the target 

protein is in monomeric form, by using the same antibody as capture and 

detection, the binding epitope is occupied by the capture antibody, thus being 

unavailable for the later added detector antibody, consequently blocking the 

formation of the sandwich immunocomplex and ultimately nullifying the 

output signal. In contrast, if the target protein is in dimer or oligomer form, 

even if one binding epitope is occupied by the capture antibody, there will still 

be epitopes available for detector antibody binding, resulting in 

immunocomplex formation and measurable output signal 332. Using the in-

house antibodies, two homogeneous setups were created, with highly 

correlated results (r=0.99, p<0.0001, Fig 10). Ultimately, the NfL21_21 setup 

was selected solely based on the slightly higher concentrations obtained in CSF 

samples. This setup also used the bovine NfL calibrator, showing that, oNfL is 

also detected in the assay calibrator providing accurate quantification. 
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Figure 10. Association of NfL concentrations between both homogeneous assay setups. 

oNfL concentration in pg/mL of n=43 CSF samples, spearman correlation plot between 

oligomeric assay using NfL23 and oligomeric assay using NfL21. oNfL, oligomeric 

neurofilament light. 

NfL is detected as a higher ordered structure in CSF 

In Paper I, we showed that after SEC separation of CSF, the oNFL ELISA 

indicated that the peak fraction corresponded to oligomeric forms of truncated 

NfL (~53 kDa), with results for the NfL calibrator used in the assays showing 

dimers of the full-length protein (~135 kDa). The CSF finding was 

corroborated in Paper II where the peak fraction of approximately the same 

size also was detected (~45 kDa) using the oNFL ELISA. It is also worth 

noting that, in Paper II, both “normal” NfL21_23 and homogeneous 

NfL21_21 ELISAs showed the same pattern with high NfL concentrations in 

the 45 kDa fraction (Fig. 11), revealing that most NfL detected by the “normal” 

immunoassay seems to be in oligomeric form. Even though the homogeneous 

assay might not detect all forms of oNfL, due to the antibody epitopes possibly 

being masked by protein oligomerization, there is evidence that this type of 

approach is successful in detecting oligomerized protein 332. 
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Figure 11. NfL quantification by ELISA after size exclusion chromatography. NfL 

concentration in pg/mL of all fractions analyzed with the in-house sandwich ELISA (NfL21_23, 

green line) and the homogeneous assay (NfL 21_21, orange line). NfL, neurofilament light. 

Different NfL fragments are detected by western blot in reducing and non-

reducing conditions 

Cysteine (Cys) is an amino acid known for facilitating dimerization between 

proteins, due to their thiol side group forming covalent disulfide bonds with 

another Cys. This can also happen between several Cys in one protein, 

contributing to conformational changes. NfL has one of these Cys in position 

322, possibly involved in the oligomerization seen in the previous experiments. 

Results from Paper II showed that CSF analyzed by SDS-PAGE in non-

reducing conditions, revealed bands of molecular weights about 25-35 kDa 

(Fig. 12A). However, when the same experiment was performed under 

reducing conditions, breaking down disulfide bonds, lower molecular weight 

NfL fragments were detected instead. These sit in the range of 6-12 kDa (Fig. 

12B), 3 to 4-fold lower than the bands identified in non-reducing conditions. 

These findings highlight that the structural identity of NfL in CSF detected by 

immunoassays is likely to be dimeric or tetrameric due to the 3 to 4-fold change 

in molecular weight bands from reduced to non-reduced conditions, even under 

the normal denaturing conditions of a procedure such as SDS-PAGE. The 

tetramers can be composed of NfL only, that can self-assemble 28, most likely 

due to Cys322 interactions between NfL proteins, or be composed of NfL 

fragments bound to non-NfL molecules like the other NFTPs or AINX due to 

their innate binding characteristics 333. 
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Figure 12. Detection of NfL fragment species by western blot. CSF NfL concentration before 

ultrafiltration by SDS-PAGE on A) non-reducing conditions and B) reducing conditions. 

These results were mimicked with NfL enriched by IP prior to SDS-PAGE. IP-

MS experiments performed in Paper II revealed most NfL peptides covering 

the complete rod domain 2b, that includes Cys322. This could be due to the 

epitopes of the antibodies used in IP being within the rod domain 2B region, 

but also represented the oligomerization stability provided by Cys322 from the 

oligomers immunoprecipitated. 

Oligomeric NfL concentrations follow the trend of regular NfL 

immunoassays in two cohorts 

To better evaluate the presence of oNfL in pathological conditions, in Paper 

I, oNfL concentrations were measured in two cohorts (GENFI and H70 

Gothenburg). Results showed significant increases in oNfL concentrations in 

nfvPPA (p<0.0001) and svPPA (p<0.05) compared with controls. nfvPPA also 

displayed increased oNfL compared with bvFTD (p<0.001) and AD (p<0.01) 

(Fig. 13). However, neither bvFTD nor AD had any significant differences 

compared with controls. These results highlighted that in diseases such as FTD 

and its subtypes, where NfL is increased, the detected proteins are mostly in 

oligomeric forms. The pattern of oNfL concentrations between different 

diseases was comparable to trends in previous research where the regular  NfL 

ELISA assays were used 334-336, revealing that the signal detected is most likely 

derived from oNfL instead of NfL monomers. 
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Figure 13. Concentrations of oligomeric NfL (oNfL) measured with the assay developed in 

Paper I across a panel of neurodegenerative diseases and healthy controls. AD, Alzheimer’s 

disease; bvFTD, behavioural variant frontotemporal dementia; nfvPPA, non-fluent variant 

primary progressive aphasia; svPPA, semantic variant primary progressive aphasia. 

To sum up the findings of these papers, in Paper I we developed a novel 

homogeneous NfL ELISA capable of detecting NfL of higher structure in CSF, 

showing that most immunoassays utilized nowadays actually seem to mainly 

detect non-monomeric NfL. In Paper II, we confirmed these findings by 

detecting lower molecular weight NfL in reducing conditions compared to 

non-reducing conditions. The NfL detected was equivalent to dimers or 

tetramers of the protein emphasizing the importance of Cys322 in this 

oligomerization process. 
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5.2 PAPER III – AINX IMMUNOASSAY 

DEVELOPMENT AND VALIDATION 

Rationale 

If there is a thing one should know, when getting this far in reading this thesis, 

is that NF detection in body fluids represents axonal injury. Out of all NFs, 

NfL is the most established biomarker, with its quantification being possible 

in a plethora of body fluids and platforms 49,65,330,331,337. However, there is a 

specific NF, belonging to the type IV family of intermediate filaments, that has 

a unique trait, AINX. As mentioned before in this thesis, AINX is CNS-

specific and, to our best knowledge, it has previously only been detected by 

western blot or staining techniques 27,79,80. This makes AINX a potential 

biomarker for specific CNS neurodegeneration and in Paper III, we developed 

an immunoassay for its detection in CSF, validated analytically and clinically 

in two cohorts. 

α-Internexin method development and analytical validation 

Two in-house generated antibodies capable of binding to AINX were produced 

(referred to as, Ina1 and B15) and their specificity was tested by IP-MS and 

ELISA. IP-MS on SDS brain homogenates showed good sequence coverage 

of tryptic peptides (Ina1 - 85% and B15 - 41%) with B15 showing good 

specificity with very low cross reactivity, while Ina1 detected some NF 

homologous peptides. Direct ELISA with each antibody and a sandwich setup 

(B15 capture, Ina1 detector) only reacted to AINX (Fig 14A-C). The assay was 

developed on the ultrasensitive Simoa platform (Quanterix) and all analytical 

parameters tested (see chapter 4.7.5. Analytical Validation) revealed a 

sensitive and robust assay for AINX, with accurate measurements between 140 

and 0,137 pg/mL. 
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Figure 14. α-Internexin antibody specificity test by ELISA. Direct ELISA with A) B15 and 

B) Ina1. C) Sandwich setup with B15 as capture and Ina1 as detector. All tests were performed 

with different molar concentrations of neurofilament proteins and AINX calibrator.  
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Similarities and differences between NfL and AINX across clinical cohorts 

In the clinical cohorts included in Paper III, NfL was used as a reference 

biomarker, since it is the closest associated biomarker to AINX in terms of 

function, structure, and neurodegenerative representation 27. The Gothenburg 

cohort reflected, in a simple comparison between AD and healthy participants, 

the challenges and the need for an ultrasensitive platform to detect AINX in 

CSF. In addition to the challenges in antibody specificity, due to the highly 

similar sequence between the NFs, the low abundance of AINX (within single 

digit pg/mL) compared to NfL CSF 67,338 might also add difficulties for 

accurate detection. However, the assay performed well, and all CSF samples 

tested had measurable concentrations. Directly comparing the biomarkers, 

both could distinguish AD from healthy participants with high significance 

(NfL p=0.001, AINX p=0.012, Fig. 15A-B), even though ROC analysis 

showed better diagnostic performance for NfL (NfL, AUC=0.85 vs AINX, 

AUC=0.77, Fig. 15C). Correlations between biomarkers were relatively weak, 

in AD and controls with AINX concentrations increasing independently of NfL 

in healthy participants and vice-versa in AD patients. As some individuals 

clearly deviated from the correlation line, we hypothesize that this might be 

caused by differences in AINX abundance between brain regions, shown in 

previous studies 79,80, which might affect CSF AINX concentrations. 

Figure 15. α-Internexin and neurofilament light concentrations. Bar plots represent median 

and error bars interquartile range of A) AINX and B) NfL. C) Receiver-operating characteristics 

curves for AINX, NfL and NfL/AINX comparison between Ctrl and AD. IQR, interquartile 

range; AUC, area under the curve; Ctrl, controls (n=20); AD, Alzheimer’s disease (n=20); 

AINX, α-internexin; NfL, neurofilament light; LLOQ, lower limit of quantification; r, Spearman 

correlation coefficient 

In the second cohort analyzed in Paper III (UCL ION), a broader range of 

neurodegenerative diseases was included. In this segment of the study, the 
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distribution of AINX across diseases was again mimicking the variations seen 

in NfL. Significant AINX increases were seen in HD compared to controls 

(p=0.006), MD (p<0.001) and DLB (p=0.019) (Fig. 16A). For NfL, the same 

significant differences between groups were seen with the addition of HD vs 

AD (p=0.06) (Fig. 16B). However, some noteworthy differences could be 

recognized in the DLB group for AINX, where there was a high variance in 

results (1.096 - 3.796 pg/mL) as opposed to NfL where there was a lower 

variance (696.8 - 1084 pg/mL). Studies have shown that NfL has potential in 

differentiating synucleinopathies, namely MSA from Lewy body 

synucleinopathy 240 and DLB with different AD co-pathology 241. In this case, 

AINX might have a similar function, warranting more detailed studies of 

AINX in DLB and related α-synucleinopathies. 

Figure 16. α-Internexin and neurofilament light concentrations. Bar plots represent median 

and error bars interquartile range of A) AINX and B) NfL measured in the UCL ION cohorts. 

Ctrl, controls; AD, Alzheimer’s disease (n=15); HD, Huntington’s disease (n=9); CBS, 

corticobasal syndrome (n=4); SD, semantic dementia (n=5); DLB, dementia with Lewy bodies 

(n=18); MS, multiple sclerosis (n=9); AINX, α-internexin; NfL, neurofilament light; LLOQ, 

lower limit of quantification. 

In conclusion, Paper III presented the first immunoassay for quantification of 

the low abundant AINX in CSF and provided initial evidence of the potential 

of AINX as a CNS neurodegeneration specific biomarker. 
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5.3 PAPER IV – AINX IN MULTIPLE 

SCLEROSIS 

Rationale 

With the development of the AINX immunoassay from Paper III, the 

biomarker potential of AINX can now be studied in CSF in a variety of 

diseases. In Paper IV, the purpose of the study was to study AINX potential 

influence in MS. In this disease, since demyelination, axonal injury, and 

neurodegeneration derived from the inflammatory environment are prevalent, 

we theorized that AINX could be indicative of CNS neurodegeneration and be 

a complementary biomarker to the already established NfL  268,269,271. For this 

purpose, a clinical cohort from Sahlgrenska University Hospital was used to 

evaluate AINX levels in patients with MS and healthy controls.  

Association between AINX and NfL in MS 

AINX was quantifiable in all samples and concentrations were significantly 

elevated in MS patients compared to healthy controls (p<0.001, Fig. 17A). 

Correlation with NfL was also very high both when including the whole cohort 

(r=0.90; p<0.001) or MS patients only (r=0.87; p<0.001, Fig. 17B). This 

provided evidence that, similarly to NfL, AINX can be an accurate biomarker 

for disease activity and acute CNS injury in MS 272. Other than this, there was 

a striking outlier that deserved deeper analysis. As seen in Fig. 17B, this outlier 

has a much greater level of CSF NfL than AINX (NfL, 5852 pg/mL, AINX, 

1.214 pg/mL). Reviewing the medical records of this patient, we saw that this 

individual had peripheral nerve injury at sampling time, represented by the 

elevated NfL levels, something that was not reflected in AINX. This finding 

highlighted once more the CNS-specificity of this biomarker 27,88 and 

reinforced the possible ability of AINX to distinguish peripheral from central 

neuronal injury. Previous results also show that NfL decreases in follow-up 

analysis of patients that changed treatment to fingolimod 270,274. These results 

were replicated in AINX, where we also saw decreases in a subset of patients 

with baseline and follow-up sampling after treatment change to fingolimod. 
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Figure 17. Boxplots represent median and interquartile range of A) CSF AINX concentration 

in healthy controls and MS patients and B) spearman correlation between AINX and NfL. AINX, 

α-internexin; HC, healthy controls; MS, multiple sclerosis; NfL, neurofilament light. 

Associations between AINX and other biomarkers 

In this MS context, AINX correlated with specific markers of MS acute 

neuronal injury (contrast enhancing lesions, r=0.60, p=0.0002; new T2 lesions, 

r=0.42, p=0.013) as well as inflammation markers (chitotriosidase, r=0.58, 

p=0.005; CXCL13, r=0.62, p=0.001; CSF cell count, r=0.57, p<0.003; IgG 

index, r=0.28, p=0.043 and YKL40, r=0.47; p=0.020). All this combined 

highlighted the importance that AINX might have in monitoring disease 

activity, progression, and relapse severity. 

As the purpose of this small study was to quickly identify if AINX can 

represent axonal injury in MS, the cohort size was quite limited, and these 

findings require further confirmation in larger studies. Nevertheless, the study 

included in Paper IV highlights once more the CNS specificity of AINX, and 

the potential for disease activity association and role in identification of new 

lesions. 
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5.4 PAPER V – AINX IN ALZHEIMER'S 

DISEASE AND FRONTOTEMPORAL 

DEMENTIA 

Rationale 

The utility of NfL as a biomarker differs between the two types of dementia 

included in Paper V. For AD, NfL reflects general neurodegeneration as well 

as disease progression, and can be increased years before symptom onset 
130,256,339, but it is not disease specific. In contrast, for FTD, NfL has great 

diagnostic and predictive ability. It can be used for distinguishing FTLD from 

psychiatric disorder 337,340 or between FTLD clinical subtypes, but also 

predicting phenotype conversion from asymptomatic mutation carriers 341. 

Based on this and considering the protein similarities between NfL and AINX, 

the aim in Paper V was to assess the biomarker value of AINX in a clinical 

cohort including FTD and AD patients (TRIAD).  

AINX is elevated in both AD and FTD 

Group comparison results showed significantly elevated levels of AINX in AD 

(p<0.001) and FTD (p=0.026) compared to CU individuals (Fig. 18A). 

Spearman correlations between biomarkers were positive and significant 

across all categories. NfL was similarly increased in AD (p<0.001), but 

unexpectedly not in FTD (Fig. 18B). This was surprising due to the 

prominence that NfL has in the neurodegenerative process of FTD, shown 

many times before 67,258,264,342. For AINX, the FTD group had a high variance 

and seemed to cluster at two different concentrations ranges (Fig. 18A). This 

might be due to the heterogeneity of FTD and be differentiating different 

clinical presentations of the disease (FTLD-tau, FTLD-TDP or FTLD-FET) or 

different genetic subtypes (C9ofr72, MAPT or GRN) 156. For example, while 

some studies showed NfL concentrations differentiating FTLD-tau and FTLD-

TDP 343-345, others do not show such differences 264. The variance found in 

AINX in Paper V might hint at potential diagnostic value for FTLD subtypes. 

There was no correlation between AINX and age (Fig. 18C), but with NfL it 

was high and significant (Fig. 18D), as seen before in Papers III, IV and also 

in previous publications 53-55. 
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Figure 18. A) α-Internexin and B) neurofilament light across all clinical groups included in the 

TRIAD cohort. Spearman correlation between AINX, C) age and D) NfL. AD, Alzheimer’s 

disease; FTD, frontotemporal dementia; MCI, mild cognitive impairment; PSP, progressive 

supranuclear palsy; CU, cognitively unimpaired; AINX, α-internexin; NfL, neurofilament light; 

NPQ, normalized protein quantification. Adapted from Paper V. 

Among other biomarker data available, p-tau181 was significantly increased 

in AD patients as seen before 124,346-348, and there were no noteworthy changes 

in NfH. NfH measured in this cohort did likely not include pNfH, which has 

been associated with peripheral injury or motor neuron impairments in FTD-

ALS 261,349. 

All significant correlations found between the available biomarker data and 

AINX were positive, except Aβ42/40 ratio (r=-0.55, p<0.0001, Fig. 19A), 

which was to be expected, as this ratio is negatively correlated with Aβ plaque 

pathology 350. Biomarkers included in the data set such as, NfL, p-tau181, 

Aβ42/40 ratio and the PET markers all reflect neurodegeneration directly or 
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indirectly, and AINX showed significant correlation with all of them, 

highlighting once more the intrinsic value of AINX as a neurodegeneration 

marker. Correlation analysis between individuals of the same diagnosis groups 

revealed that the correlations within the FTD group were only significant with 

NfL, showing that AINX might reflect the same neurodegenerative processes 

in FTD (Fig. 19B) 341. Correlations with typical AD biomarkers were only seen 

within the AD group, as expected (Fig. 19C) since all these are increased in 

AD 351. In the CU group, we saw positive significant correlations only with 

NfL and NfH, as these are all axonal proteins, most likely representing the 

same basal release of NFs, distinct from amyloid and tau biomarkers (Fig. 

19D) 8. 

Figure 19. Spearman correlations between AINX, other biomarkers, and age. A) Using data 

from the whole cohort, B) using only FTD individuals, C) using only AD individuals and D) 

using only CU individuals. AD, Alzheimer’s Disease; FTD, frontotemporal dementia; CU, 

cognitively unimpaired; AINX, α-internexin; NfL, neurofilament light; NfH, neurofilament 

heavy; NPQ, normalized protein quantification; PET SUVR, positron emission tomography 

standardized uptake value ratio; Aβ, amyloid beta. Figure taken from Paper V. 

The final objective of Paper V was to determine diagnostic accuracy of AINX 

compared with the other included biomarkers. For case control discrimination 

in the AD patients, p-tau181 had the highest AUC (0.99, 95% CI 0.97-1.00) 

with AINX being the next best discriminator (AUC=0.90, 95% CI 0.83-0.97). 

Contrary to results shown in Paper III, AINX also had better diagnostic 

performance than NfL (AINX, AUC=0.90, 95% CI 0.83-0.97 vs NfL, 

AUC=0.78, 95% CI 0.68-0.89, Fig. 20A). For FTD case control 
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discrimination, despite the high variance in concentrations, AINX still had 

significant discriminative ability (AUC=0.76, 95% CI 0.64-0.89; p<0.001), 

unlike the other biomarkers (Fig. 20B). Ratios between biomarkers are a 

strategy that has been shown to improve diagnostic accuracy compared to 

using a biomarker by itself, for example Aβ42/40 352,  p-tau/Aβ42 353, and 

GFAP/NfL 343. In this study we were unfortunately not able to assess this 

strategy between the NF included in the dataset, due to the data being in 

different measurement units (absolute concentration in pg/mL and relative 

quantification in NPQ). 

Figure 20. Receiver-operating characteristic curves for AINX, NfL, NfH and p-tau181 to 

discriminate between cognitively unimpaired individuals and A) AD patients, B) FTD patients. 

AUC and CI values in red represent non-significant results. AD, Alzheimer’s disease; FTD, 

frontotemporal dementia; AINX, α-internexin; NfL, neurofilament light; NfH, neurofilament 

heavy; AUC, area under the curve; CI, confidence interval. Figure taken from Paper V. 

To summarize, Paper V revealed that AINX is released in neurodegenerative 

conditions independently of the typical AD biomarkers and possibly reflects 

specific FTD disease characteristics.  
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6 CONCLUSION AND FUTURE 

PERSPECTIVES 

As final remarks of this thesis work, one should acknowledge, regardless of 

the recent research advances, including the papers in this thesis, that the path 

to walk towards full characterization of NF proteins in body fluids is still long. 

This can be either regarding the accurate characterization of protein 

conformation, cleavage products, PTMs, etc., in body fluids or their prognostic 

or diagnostic capabilities in the plethora of diseases presenting with 

neurodegenerative properties. 

Working towards these goals, Papers I and II highlighted the molecular forms 

of NfL detected in CSF being mostly oligomeric instead of monomeric. This 

raises the concern that different aggregation patterns between samples and 

calibrators can influence the relative quantification used in immunoassays. In 

case of oligomeric forms, in a sandwich immunoassay setup (the basis of the 

most used ones), several detector antibodies can bind to one captured oligomer, 

generating higher signal per protein than the one detector antibody that can 

bind to a monomer protein. In Papers I and II, we showed that molecular 

weights of calibrator used in our oNfL and regular NfL ELISA matched with 

full-length NfL dimers, being consistent with the oligomerization pattern seen 

in CSF samples in Paper II. Beyond this, CSF NfL measured by other assays 

in AD and FTD subtypes 334-336 is consistent with the detection of oNfL in the 

Gothenburg and GENFI cohorts from Paper I, suggesting that NfL 

aggregation patterns were consistent in both dementias and healthy 

individuals. This will contribute to the full characterization of NfL, necessary 

for the standardization of its assays by reference measurements 54. 

The remaining work included in this thesis framework diverted slightly to 

another NF, AINX. The interest in this protein rose from literature searches not 

yielding any type of immunoassay available for its detection. All that could be 

found regarding the detection of this protein was from staining and imaging 

techniques 27,79,80,88,282. Despite this, AINX has a unique characteristic of being 

specifically located in the CNS 27,88, which led us to develop an immunoassay 

for its detection in Paper III. This assay was validated to be a robust tool for 

AINX detection in CSF. With it, we showed that AINX is a very low-abundant 

protein, but correlated excellently with NfL in clinical cohorts, revealing 

strong association with general neurodegeneration through axonal injury. Most 
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importantly, we created a tool for easier detection of AINX in CSF that allowed 

the following investigations performed in Papers IV and V to be possible. 

In the following studies, we set out to investigate the biomarker potential of 

AINX in MS (Paper IV), FTD and AD (Paper V). First, in a clinical cohort 

of MS patients, we showed very close associations between AINX and NfL, 

the latter already being linked to progression, disease severity, and treatment 

response 269,270,272,274. Paper IV also supported the potential of AINX as a CNS-

specific biomarker for neurodegeneration and disease activity in MS. 

Finally, Paper V provided even more evidence of AINX representing CNS 

neurodegeneration and its independence of neurodegeneration driven by Aβ or 

tau. This study also highlighted the similarities of AINX and NfL involvement 

in the pathological process of FTD. 

Overall, this thesis resulted in two novel reliable immunoassays for NF 

detection in CSF that, together with preliminary evidence of each protein’s 

importance in the neurodegenerative process of dementias and related diseases, 

will allow for easier study of NFs in body fluids. 

In the future, the path laid by this thesis work will hopefully be followed, with 

the next milestones along the way being: 

i) Continuing to optimize both oNfL and AINX assays from CSF-

specific biomarkers to biomarkers in other body fluids as well. 

With the general fluid biomarker field advancing towards blood-

based assays, this is the logical next step. 

For oNfL, the increased matrix complexity in serum and plasma will most 

likely require the transition of the assay from ELISA to ultrasensitive 

platforms, such as Simoa, like what happened with the “regular” plasma and 

serum NfL assays 61,66. Following up Paper II, the challenges to overcome are 

the incredibly low concentration of NfL in a matrix with such highly 

concentrated proteins (albumin, immunoglobulins, etc.). It might be necessary 

to dive deeper into the mass spectrometry field for more detailed information 

on the protein oligomerization characteristics. 

For AINX, this might be an even bigger challenge. With the already low 

concentrations found in CSF demonstrated in Papers III-V, as a CNS-specific 

protein, it should be present in even lower concentrations in blood. However, 

with the disruption of natural barriers such as the BBB in pathological 
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conditions, the detection of such proteins in blood is doable 354. If this is 

possible, further studies should aim at investigating if AINX can be a marker 

for BBB dysfunction in the same fashion as CSF/serum albumin ratio is 355. If 

quantification of AINX in plasma succeeds, the first thing to investigate should 

be if CSF, plasma and/or serum AINX correlate. Studies in both CSF and blood 

will also be helpful in relation with PER in the differentiation between 

conditions with peripheral nerve injury (GBS and ALS) from CNS focused 

ones (AD, FTD, or vascular pathology), as well as identify sites of injury in 

mixed pathologies (FTD-ALS and PD). 

ii) Further investigate the role of these biomarkers in disease 

pathology. 

Regarding oNfL, it might have different aggregation patterns in different 

disorders. For this purpose, studies focused on disease specific clinically 

defined cohorts, ideally with postmortem-confirmed diagnoses, should follow 

to better characterize oNfL as a protein in body fluids, as well as its clinical 

utility as a biomarker. 

More importantly for AINX, as it has not been extensively studied before, these 

studies should assess AINX changes over the course of the diseases and, 

together with clinical assessment data, should provide evidence if AINX is 

involved in disease progression or other pathological processes. 
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USE OF GENERATIVE AI 

ChatGPT 5.2 was used to generate the biomarker definition in chapter 1.1.3 

and for initial translation of the abstract into Swedish and Portuguese. Both the 

translations were properly proofread after, to ensure scientific soundness.
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