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Abstract 

Neurodegeneration is a devastating process by which neurons become dysfunctional, dystrophic and 

eventually die. It is an integral part of the pathophysiology of chronic neurodegenerative diseases, brain 

injuries and other neurological complications. The brain is made up of different cell types, e.g. neurons 

and glial cells, that are surrounded by an interactive specialized network of extracellular matrix (ECM) 

components. A complex interplay between multiple molecular pathways in these cells and changes in the 

ECM contribute to the neurodegenerative process. These changes often involve post-translational 

modifications and proteolytic degradation of proteins, which reflect specific pathobiological processes and 

could serve as potential targets in biomarker development.  

Blood-based biomarkers represent a minimally invasive and simple tool that could supplement or replace 

existing cerebrospinal fluid or imaging biomarkers and could aid in diagnosis and prognosis in several 

neurological disorders. Furthermore, recent advances in assay technologies allow accurate and precise 

detection of low-abundance proteins in complex specimens, such as blood serum, and mark a new era 

in the field of neurological disorders.  

The overall aim of this thesis was to develop novel serological biomarkers that are brain-specific and 

reflect pathophysiological changes related to neurodegeneration and to provide evidence for their clinical 

relevance to different neurological conditions. The specific aims were: (1) to develop an immunoassay 

for the serological assessment of an MMP-2-generated fragment of neurocan (NCAN-M) and explore its 

association with traumatic brain injury (TBI), (2) to develop an immunoassay of high sensitivity for the 

quantification of the Tau-A biomarker, compare its performance with the existing Tau-A ELISA and 

investigate Tau-A levels after TBI and stroke, (3) to explore the association of NCAN-M, Tau-A and Tau-

C biomarkers with brain metastases (BM) in a preliminary cancer study, (4) to implement the Tau-C ELISA 

in a digital platform using micro-droplet arrays, targeting at improving its sensitivity, (5) to provide 

biological evidence for the relation of the Tau-C biomarker to neuronal death by establishing a cell culture 

model. 

For the development of the novel NCAN-M competitive ELISA we used a monoclonal antibody specifically 

recognising the neo-epitope at the N-terminal fragment of neurocan after cleavage by MMP-2 at Met635. 

The assay was technically robust, precise and accurate and was used for assessing serological levels of 

NCAN-M in a small study with TBI patients, sampled at different time points after the injury, and controls. 

Levels of NCAN-M in TBI patients were decreased in the first 24 hours post-TBI compared to controls 

(p<0.01) and demonstrated a significant moderate correlation to number of days post-TBI. Overall 

analysis of samples showed that mild TBI patients had lower levels of NCAN-M compared to moderate 

TBI (p≤0.05).  
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We converted the Tau-A standard ELISA to an electrochemiluminescence assay, Tau-A ECLIA, using 

the Meso Scale Discovery platform. Tau-A ECLIA was technically robust and precise. To compare the 

performance of the assays regarding sensitivity, in both assays we measured serum samples from two 

independent studies, a small study with TBI patients and controls and a study involving patients after 

hemorrhagic stroke, mild or severe ischemic stroke and healthy controls. Levels of Tau-A lying at the low 

end of the measurement range were accurately measured in the Tau-A ECLIA. Tau-A ECLIA results were 

highly associated with Tau-A ELISA results in the TBI study, while this relationship was moderate in the 

stroke study. Both ELISA and ECLIA results showed a significant increase in Tau-A levels in TBI patients 

compared to controls (p<0.001). In the stroke study, ECLIA results spanned across a broader range 

allowing better separation between the study groups and improved the discriminatory performance of the 

biomarker. 

NCAN-M, Tau-A and Tau-C were measured in a study involving patients with different cancer types and 

were explored for their association with brain metastases (BM). Interestingly, the biomarkers levels 

differed between the different cancer types and did not associate with BM in the same way. In breast and 

melanoma cancer, levels of all three biomarkers decreased in BM patients whereas in lung cancer the 

opposite was observed. Nevertheless, this analysis was preliminary as few clinical data for the study 

population were available at the time of writing the thesis.  

The Tau-C competitive ELISA was implemented in a digital format using micro-droplet arrays with 

air/water interface, but the new digital assay was not characterised by increased sensitivity compared to 

the standard ELISA. Based on preliminary experiments, we concluded to two different settings for 

performing the digital Tau-C ELISA. In both cases, the lower limit of the linear range of the standard curve 

was approximately 1 nM, which did not differ significantly from the respective limit in the standard Tau-C 

ELISA.  

By establishing a cell culture model of neuronal death, we provided biological evidence that the Tau-C 

biomarker is generated during apoptosis and can be quantified by the Tau-C ELISA previously developed 

at Nordic Bioscience.  

In conclusion, our results show that NCAN-M, Tau-A and Tau-C, assessed in serum with immunoassays 

based on different detection methods, could serve as potential biomarkers in several forms of brain injury 

and neurological complications such as brain metastases. This panel of biomarkers, reflecting 

extracellular matrix remodelling and neuronal damage and death, could be further studied in well-

described clinical cohorts in several neurological diseases.  
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Dansk Resumé 

Neurodegeneration er en ødelæggende proces, i hvilken neuroner bliver dysfunktionelle, dystrofiske, og 

til sidst dør. Det er en integreret del af patofysiologien for kroniske neurodegenerative sygdomme, 

hjerneskader og andre neurologiske komplikationer. Hjernen består af forskellige celletyper, bl.a. 

neuroner og gliaceller, der er omgivet af et interaktivt specialiseret netværk af ekstracellulære matrix 

(ECM) -komponenter. Et komplekst samspil imellem de multiple molekylære stier i disse celler og 

ændringer i ECM bidrager til den neurodegenerative proces. Disse ændringer involverer ofte 

posttranslationelle modifikationer og proteolytisk nedbrydning af proteiner, der afspejler specifikke 

patobiologiske processer og derfor kan tjene som potentielle mål i udvikling af biomarkører. 

Blodbaserede biomarkører repræsenterer et minimalt invasivt og simpelt værktøj, der kan supplere eller 

erstatte eksisterende cerebrospinalvæske- eller billedbaserede biomarkører, og som kan hjælpe med 

diagnosticering og prognoser ved flere neurologiske lidelser. Desuden muliggør nylige fremskridt inden 

for assay-teknologier en nøjagtig og præcis detektion af proteiner med lav koncentration i komplekse 

prøver, såsom blodserum, og markerer en ny æra på området for neurologiske lidelser. 

Det overordnede formål med denne afhandling har været at udvikle nye serologiske biomarkører, der er 

hjernespecifikke og afspejler patofysiologiske ændringer relateret til neurodegeneration samt at levere 

bevis for deres kliniske relevans ved forskellige neurologiske tilstande. De specifikke mål var: (1) at 

udvikle et immunoassay til den serologiske vurdering af et MMP-2-genereret fragment af neurocan 

(NCAN-M) og undersøge dets sammenhæng med traumatisk hjerneskade (TBI – traumatic brain injury), 

(2) at udvikle et højsensitivt-immunoassay til kvantificering af Tau-A-biomarkøren, sammenligne dens 

performance med det eksisterende Tau-A ELISA og undersøge Tau-A-niveauer efter TBI og slagtilfælde, 

(3) at undersøge forbindelsen mellem NCAN-M-, Tau-A- og Tau-C-biomarkører og hjernemetastaser (BM 

– brain metastases) i et pilotkræftstudium, (4) at implementere Tau-C ELISA’et på en digital platform ved 

brug af micro-droplet-arrays, målrettet mod at forbedre dets sensitivitet, (5) at levere biologisk bevis for 

relationen mellem Tau-C-biomarkøren og neuronal død ved at etablere en cellekulturmodel. 

Til udviklingen af det nye NCAN-M-kompetitive ELISA anvendte vi et monoklonalt antistof, der specifikt 

genkender neo-epitopen ved neurocans N-terminal-fragment efter kløvning med MMP-2 ved Met635. 

Assayet var teknisk robust, præcist og nøjagtigt og blev brugt til vurdering af serologiske niveauer af 

NCAN-M i et mindre studium med TBI-patienter, med prøver udtaget på forskellige tidspunkter efter 

skaden, samt kontrolpersoner. Niveauer af NCAN-M i TBI-patienterne var faldet i de første 24 timer post-

TBI sammenlignet med kontrolpersonerne (p<0.01) og demonstrerede en signifikant moderat korrelation 

til antallet af dage post-TBI. En overordnet analyse af prøverne viste, at patienter med mild TBI havde 

lavere niveauer af NCAN-M sammenlignet med moderat TBI (p≤0.05). 
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Vi konverterede Tau-A standard-ELISA’et til en elektrokemiluminiscens-assay, Tau-A ECLIA, ved brug 

af Meso Scale Discovery-platformen. Tau-A ECLIA-assayet var robust og præcist. For at sammenligne 

de to assays performance i forhold til sensitivitet målte vi i begge assays serumprøver fra to uafhængige 

studier, et mindre studium med TBI-patienter og kontrolpersoner samt et studium omfattende patienter 

efter hæmoragisk apopleksi (slagtilfælde), samt mild eller alvorlig iskæmisk apopleksi, samt sunde 

kontrolpersoner. Tau-A niveauer i den lave ende af måleområdet blev nøjagtigt målt i Tau-A ECLIA. Tau-

A ECLIA-resultaterne var i høj grad forbundet med Tau-A ELISA-resultaterne i TBI-studiet, mens dette 

forhold var moderat i studiet af slagtilfælde. Både ELISA- og ECLIA-resultaterne viste en signifikant 

stigning i Tau-A-niveauer i TBI-patienter sammenlignet med kontrolpersoner (p<0.001). I slagtilfælde-

studiet udspændte ECLIA-resultaterne sig over et bredere område, der tillod en bedre adskillelse mellem 

studiegrupper og forbedrede den diskriminerende performance hos biomarkøren. 

NCAN-M, Tau-A og Tau-C blev målt i et studie, der involverede patienter med forskellige kræftformer, og 

deres forbindelse til hjernemetastaser (BM) blev undersøgt. Interessant nok afveg biomarkør-niveauerne 

imellem de forskellige kræftformer og var ikke forbundet med BM på samme måde. Ved bryst- og 

modermærkekræft faldt niveauerne for alle tre biomarkører hos BM-patienter, hvorimod det modsatte 

blev observeret ved lungekræft. Ikke desto mindre var denne analyse kun indledende grundet en 

begrænset tilgængelighed til kliniske data på studiepopulationen på tidspunktet for afhandlingens 

udarbejdelse. 

Det Tau-C-kompetitive ELISA blev implementeret i et digitalt format ved brug af micro-droplet-arrays med 

luft/vand-grænseflade, men det nye digitale assay var ikke karakteriseret af en forøget sensitivitet 

sammenlignet med standard ELISA’et. Baseret på de indledende eksperimenter fastsatte vi to forskellige 

indstillinger til at udføre det digitale Tau-C ELISA. I begge tilfælde var den nedre grænse for det lineære 

område i standardkurven omtrent 1 nM, hvilket ikke afveg signifikant fra den respektive grænse i 

standard-Tau-C ELISA’et. 

Ved at etablere en cellekulturmodel af neuronal død leverede vi biologisk bevis på, at Tau-C-biomarkøren 

bliver genereret gennem apoptose og kan kvantificeres af Tau-C ELISA’et tidligere udviklet hos Nordic 

Bioscience. 

Konklusionen er, at vores resultater viser, at NCAN-M, Tau-A og Tau-C, vurderet i serum med 

immunoassays baseret på forskellige detektionsmetoder, kan tjene som potentielle biomarkører ved flere 

former for hjerneskader og neurologiske komplikationer såsom hjernemetastaser. Dette panel af 

biomarkører, der gengiver ekstracellulær matrix-remodellering og neuronal skade og død, vil kunne 

studeres yderligere i velbeskrevne kliniske kohorter for flere neurologiske sygdomme. 
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1. Introduction 

1.1. Neurodegeneration 

The term “neurodegeneration” originates from the prefix “neuro-” and the word “degeneration” and is used 

to describe the process by which selective populations of neurons deteriorate, lose their structure or 

function and may eventually die 1. A plethora of factors such as environmental, genetic, biological (linked 

mainly to age) and metabolic or mechanical injuries to the brain or the spinal cord may act either 

independently or in a synergistic manner and may lead to this devastating process defined as 

neurodegeneration 2,3.  

Brain functions are essential for survival and loss of these functions leads to the manifestation of clinical 

syndromes, which may have common features but also exhibit distinct pathophysiology 4. Neurological 

diseases, i.e. disorders related to brain, spinal cord or nerves dysfunction, include three major groups of 

diseases: neurotraumatic, neurodegenerative and neuropsychiatric 3. Strokes, traumatic brain injury 

(TBI), spinal cord injury (SCI) and chronic traumatic encephalopathy (CTE) are examples of 

neurotraumatic diseases 3. Common neurodegenerative diseases are Alzheimer’s disease (AD), 

frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD) and 

Huntington’s disease (HD) 5. Patients suffering from these diseases may experience neurological deficits 

and progressive decline in one or more of the brain’s main functions: mental, cognitive and physical 5.  

In the adult nervous system, neurons, with few exceptions 6, are terminally differentiated cells that reside 

in the post-mitotic state 7. When neurons die, this loss is permanent and irreversible 8. Neuronal 

dysfunction or death may occur shortly after TBI or stroke and result from the injury, whereas in 

neurodegenerative diseases the neurodegeneration process is slow and progressive and it may 

contribute to the chronic progression of the disease 3.  

Aging is inevitably a common risk factor for many neurodegenerative diseases and as the world’s 

population life expectancy is increasing, these disorders are becoming more prevalent 9. The burden on 

patients, their families and communities is enormous with high socio-economic impact and rising medical 

challenges 10. Currently, treatment options are limited to relief of symptoms and no cure or disease-

modifying drugs are available 5. The current need for effective therapeutic interventions requires a deep 

understanding and elucidation of disease mechanisms causing neurodegeneration 5. Therapeutic 

interventions that aim at slowing or halting the neurodegenerative process would be more effective if 

administered early after disease onset, while neurodegeneration is still evolving and before neuronal 

damage is irreversible. Therefore, early and accurate diagnosis of neurodegenerative conditions 

facilitated by the use of biomarkers is crucial.  
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1.2. The molecular and cellular basis of neurodegeneration 

General molecular and cellular mechanisms that lead to pathogenesis and progression of 

neurodegenerative diseases are shared by many of these diseases. Neuronal dysfunction and death, 

which further lead to brain dysfunction, involve converging pathological mechanisms in neurons and in 

other central nervous system (CNS) units, such as the glial cells, the extracellular matrix (ECM) and the 

blood-brain barrier (BBB). These mechanisms will be reviewed in the following paragraphs with emphasis 

on the involvement of the microtubule-associated protein tau and the neural ECM in the 

neurodegeneration process.  

1.2.1. Common neuronal pathways involved in neurodegeneration 

Deficits in several molecular mechanisms in neurons cause a complex vicious circle and impact neuronal 

integrity leading eventually to cell death. Concisely, the molecular defects that cause or contribute to the 

neurodegenerative process are 2,5,10,11 (Figure 1): 

1. Deregulated protein quality control (misfolding, aggregation, degradation)  

2. Impaired autophagy-lysosomal and proteasomal protein degradation (contributing also to propagation 

of misfolded proteins) 

3. Endoplasmic reticulum (ER) stress 

4. Mitochondrial dysfunction 

5. Oxidative stress and formation of free radicals 

6. Alterations in RNA metabolism & DNA damage 

7. Disrupted axonal transport 

8. Synaptic toxicity and network dysfunction  

 

Figure 1: Examples of neurological diseases characterised by deficits in neuronal pathways that cause or 

contribute to neurodegeneration. Figure made by Tzara O.  
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1.2.2. Tau-associated neurodegeneration 

The tau protein plays a central role in many neurodegenerative diseases and therefore extensive 

research has been conducted to determine how aberrant tau metabolism contributes to 

neurodegeneration. Tau is a microtubule-associated protein involved in the assembly and stabilisation of 

microtubules, which are essential for the cell’ s structural framework, maintenance of morphology and 

cellular trafficking 12. Tau is encoded by a single gene, MAPT, located on chromosome 17 in humans. In 

the brain, six isoforms of tau exist which result from alternative splicing and differ in the number of N-

terminal inserts (0N, 1N, 2N) and the presence of 3 (3R) or 4 (4R) microtubule-binding domain repeats 

13 (2N4R tau isoform illustrated in Figure 2). Except for microtubules, tau may interact with other 

cytoskeleton proteins (e.g. neurofilaments, actin), with the plasma membrane and with signalling 

molecules (reviewed in 14).  

Mutations in the MAPT gene have been linked to specific neurodegenerative diseases and can affect 

tau’s alternative splicing and the ratio between tau isoforms 15, tau’s ability to bind and organise 

microtubules (loss of function) 16 and tau’s assembly into filaments (toxic gain of function) 17. Aggregation 

and accumulation of tau into filaments and neurofibrillary tangles (NFTs) have deleterious effects for 

neurons by impairing synaptic function, axonal transport, mitochondrial homeostasis and cell metabolism 

(reviewed in 14,18).  

Tau undergoes diverse post-translational modifications (PTMs), which include phosphorylation, glycation, 

nitration, O-GlcNAcylation, acetylation, oxidation, ubiquitination, sumoylation, methylation and truncation 

(reviewed in 19,20). Tau pathology is extensively studied in regard to abnormal hyper-phosphorylation of 

the molecule at several sites leading to less efficient binding to microtubules, altered microtubule 

dynamics and promotion of self-assembly into paired helical filaments (PHFs) 21,22. Tau proteolysis has 

gained interest as it has been linked to toxic gain of function of the generated fragments 23,24 and to 

enhanced tau aggregation 25. Tau can be cleaved by several proteases including calpains, caspases, 

cathepsins, human high-temperature requirement serine protease A1, puromycin-sensitive 

aminopeptidase, thrombin, ADAM10, asparagine endopeptidase 26,27. Several tau proteolytic fragments 

have been identified in cerebrospinal fluid (CSF) and blood and their clinical value as novel biomarkers 

for diagnosis and prognosis in different tauopathies is being explored 27.  

1.2.2.1. Truncated forms of tau: Tau-C and Tau-A 

Caspase-3-mediated cleavage of tau at Asp421 results in the generation of the N-terminal fragment, Tau-

C, which has been associated with neurodegenerative diseases 28,29 (Figure 2). In vitro, the Tau-C 

fragment exhibits enhanced filament assembly and it has been suggested that Tau-C triggers tau 

pathology 28, impairs mitochondrial dynamics 30 and participates in a positive feedback loop resulting in 

neuronal death 31,32. Moreover, it has been shown that Tau-C is generated early during the course of AD 

29,33. In vivo studies have associated the Tau-C fragment with the formation of NFTs and cognitive 
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impairment during normal aging 34 and with memory impairment and synaptic dysfunction in a transgenic 

mouse model overexpressing human tau1-421 35. Tau has been shown to be specifically cleaved by 

ADAM10 at Ala152 generating a C-terminal fragment, Tau-A 36 (Figure 2). ADAM10 is a transmembrane 

protein expressed at a constant rate by neurons and is found mainly at the synapses, the presynaptic 

vesicles and at the postsynaptic side 37. It remains unknown whether Tau-A has any direct effects on the 

pathophysiology of neurodegenerative diseases.  

These two fragments, Tau-A and Tau-C, have shown potential as blood-based biomarkers in different 

forms of brain injury and AD 36,38–42. In a study with concussed ice-hockey players, Tau-C levels were 

increased after concussion compared to the pre-season levels and increased Tau-A levels were 

correlated with the duration of the post-concussion symptoms 39. In brain damage due to cardiac arrest, 

both Tau-A and Tau-C levels increased over a three-days period after admission of patients to the 

hospital, although they could not predict long-term neurological outcome 42. Tau-A has been shown to 

correlate to loss of cognitive function in a small study with AD participants 36. Regarding Tau-A and Tau-

C value in the differential diagnosis of AD, both markers could separate AD/mild cognitive impairment 

(MCI) patients from those suffering from other dementias and additionally, Tau-A could discriminate 

between AD/MCI patients and non-demented controls 40. Moreover, the ratio between Tau-A and Tau-C 

has been proposed as marker of disease progression at early stages of AD, a tool that could be useful in 

clinical trials in order to predict fast-progressors 38. Both markers have been measured in a large 

prospective study that involved post-menopausal women and have demonstrated promising results as 

predictive markers of incident dementia and AD. Specifically, high levels of Tau-A and Tau-C were 

associated with lower risk of developing dementia and AD 41. Moreover, they have been associated with 

modifiable health risk factors, such as body mass index, high density lipoprotein, white blood cell count, 

platelets and albumin 43.  

 

Figure 2: Schematic representation of human tau441 isoform (2N4R) and cleavage sites of ADAM10 and 

caspase-3 that generate the Tau-A and Tau-C fragments respectively. N1 and N2 are the N-terminal inserts, 

P1 and P2 are the proline-rich domains, R1, R2, R3, R4 are the repeat domains, and R’ is the flanking domain. 

Letters refer to the single amino acid code while the numbers refer to the position along the length of tau441 

isoform. Figure adapted and modified from reference 27.  
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1.2.3. Glial cells in neurodegeneration 

The main types of glial cells are astrocytes, oligodendrocytes and microglia, which are responsible for 

maintaining homeostasis of the brain through several functions and by controlling the brain’s defence 

system 44. Glial dysfunction is inevitably involved in the pathogenesis of chronic neurological disorders 

and acute brain damage. Mechanisms that were previously protective, under pathological conditions 

become aberrant and contribute to brain damage. Astrocytes are crucial for maintaining homeostasis of 

ions and neurotransmitters in the extracellular space, for providing metabolic support to neurons and for 

playing a central role in synaptogenesis, in synaptic maturation and maintenance (reviewed in 45). In 

response to a pathological event, astrocytes become reactive, undergo characteristic morphological 

changes and serve as a barrier that isolates the injury site and eliminates the progression of the damage. 

However, under disease states astrocytes may become dysfunctional and hence, may have detrimental 

effects on brain’s physiology and function 46,47. Microglia are the immunocompetent cells of the CNS and 

participate in brain development, maturation and synapse formation as well as in immune responses 48. 

In neurodegeneration, microglia get activated by danger associated molecular patterns (DAMPs) and 

other pro-inflammatory factors and triggers a neuroinflammatory response that contributes to the 

activation of an inflammatory cell death pathway 48. Astroglial reactions are interrelated in complex 

processes that result in an imbalance between neuroprotection and neurotoxicity and further contribute 

to neurodegeneration.  

1.2.4. Extracellular matrix in neurodegeneration 

The brain has a unique, interactive network of specialized ECM components that fill the extracellular 

space and build a functional scaffold that comprises one-fifth of the adult brain volume 49. ECM molecules 

interact with each other and with ECM receptors on the surface of the surrounding cells as well as with 

ECM-modifying enzymes, ECM-binding growth factors and other ECM-associated proteins 50. 

Glycoproteins, glycosaminoglycans (GAGs) and proteoglycans (PGs) predominate in the brain ECM, 

while fibrillar ECM components, e.g. fibronectin and collagens, are less abundant 51, with the exception 

of the basement membrane and meningeal layers 52. The main brain ECM components are listed in Table 

1. 

The expression and organization of these molecules is highly dynamic during brain development 53. 

Remodelling events result in transforming the more “loose” network of PGs of the early development to 

a firmer network that is maintained in the adult brain 54. This remodelling process is regulated in a 

temporal and spatial manner, as ECM components are differentially expressed by various CNS cell types 

in different brain regions 55,56.  
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Table 1: Main components of the brain ECM (summarized from references 51,57,58). 
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Perineuronal nets (PNNs) are lattice-like structures that surround the soma, the proximal dendrites and 

synaptic boutons of several types of neurons, representing a unique formation of the brain ECM 59. 

Chondroitin sulfate proteoglycans (CSPGs) (aggrecan, brevican, neurocan, phosphacan, versican), 

tenascin-R, link proteins and hyaluronic acid (HA) are the main components of PNNs 60 (Figure 3). PNNs 

are highly heterogenous regarding their composition, as their specific components are secreted by 

neurons and glial cells depending on their activity and the respective microenvironment 57,61. Their 

significance for the homeostasis of the brain is highlighted by the multiple functions they serve in the 

developing and mature brain (reviewed in 61). PNNs can be considered neuroprotective as they provide 

a physical barrier to the ensheathed neurons 62 and protect neuronal subpopulations from oxidative stress 

63. They regulate neural plasticity 64, decrease the mobility of AMPA glutamate receptors 65 and by subtle 

changes in CSPGs composition and sulfation patterns can impact the plasticity of the synapses 66. PNNs 

are involved in signalling pathways 61 and may stabilize synaptic contacts 56. The later function 

underscores their participation in controlling establishment and storage of memories 67.  

 

Figure 3: Schematic structure of the components of the perineuronal net 60. Figure made by Tzara O.  

To fulfil their functions, PNNs must be structurally dynamic. Moreover, in response to various endogenous 

and exogenous stressors PNNs modulate their abundance and composition 68. This reshaping is to a 

great extent achieved by enzymatic PTMs and particularly proteolytic processing of ECM components 69. 

Proteases such as matrix metalloproteinases (MMPs), members of the a disintegrin and 

metalloproteinase (ADAM) and the ADAM with thrombospondin motifs (ADAMTS) families are 

orchestrating this remodelling process 68. MMPs are synthesized as inactive zymogens and are secreted 

by neurons, oligodendrocytes, microglia and endothelial cells 58. The plasminogen-activating system, 

trypsin and trypsin-like serine proteases have been recognised as additional ECM modifiers 68. Plasmin 

is a broad selectivity protease that results from proteolytic cleavage of its inactive zymogen form 

(plasminogen) by urokinase or tissue plasminogen activator (tPA) 68. tPA is expressed by neurons and 

microglia and might be involved in neuronal plasticity 58. MMPs can get activated by plasmin while their 
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activation is generally regulated by tissue inhibitors of MMPs (TIMPs) 68. All these interactions between 

ECM components and ECM-modifiers is necessary to be fine-tuned in order to maintain brain 

homeostasis. However, this reshaping dynamism also implies a key role of ECM during aging, CNS injury 

and diseases and an impact on neuroinflammatory and neurodegenerative processes and maladaptive 

synaptic plasticity 70.  

Neurological disorders are characterised by aberrant structure and composition of PNNs and neural ECM 

71. As reviewed by Bonneh-Barkay and Wiley 58, during aging or other neurodegenerative conditions, 

ECM components may undergo alterations and may co-localize with protein aggregates. Consequently, 

PNNs may be degraded and the enwrapped neurons end up at risk of cell death 58. Neuronal loss may 

subsequently trigger immune responses, inflammation and further ECM degradation. Alternatively, 

neurodegeneration induced primarily by inflammatory processes may directly activate ECM proteases 

(MMPs and tPA) which chemotactically attract and activate the microglia 58. This may induce a further 

inflammatory response and secretion of cytokines that may cause neuronal death, feeding the endless 

loop of neurodegeneration 58.  

1.2.4.1. Neurocan and its association with neurological disorders 

Neurocan is a CSPG, member of the hyaluronan-binding PGs, and is expressed in the CNS 72. 

Neurocan’s expression is developmentally regulated, with lower levels in the mature brain 72. Its primary 

structure can be divided in three main domains: 1. the N-terminal domain, with one immunoglobulin-like 

(Ig) module and two link modules, 2. the central region, approximately 600 amino acids long with about 

three chondroitin sulfate (CS) chains, 3. the globular C-terminal domain, with two epidermal growth factor 

(EGF)-like modules, a C-type lectin-like module, a sushi module, and a C-terminal extension of ~45 amino 

acids 72 (Figure 4). During development neurocan is increasingly cleaved at a major proteolytic site 

located in the central region of the molecule and MMP-2 has been shown to mediate this cleavage 73–76. 

This cleavage event generates an N-terminal and a C-terminal fragment, and these are the dominant 

forms of neurocan in the mature brain. They exhibit distinct interactions with other molecules due to the 

different modules each fragment contains 72. As reviewed by Rauch and colleagues, neurocan interacts 

with GAGs, structural matrix proteins (tenascins) and neural adhesion molecules 72. Specifically the N-

terminal fragment of neurocan seems to interact with tenascin-R and be part of the PNN 77,78. Neurocan 

together with other CSPGs is found around synapses and is likely involved in regulating synaptic function 

and plasticity 79 as well as in mechanisms related to learning and memory 80. Moreover, neurocan inhibits 

neuronal adhesion and neurite outgrowth in vitro 81. Neurocan deficient mice are characterised by normal 

development and they experience mild deficits in synaptic plasticity 82.  
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Figure 4: Primary structure and position of the major proteolytic processing in rat neurocan. MMP-2 has been 

identified as a neurocan-processing enzyme in vitro 76. Letters refer to the single amino acid code. Ig: 

immunoglobulin-like; EGF: epidermal growth factor-like; CS: chondroitin sulfate. Figure adapted and modified 

from reference 72.  

In association with neurological disorders, genome-wide association studies have identified a genetic 

variation in neurocan as potential risk factor for bipolar disorder and schizophrenia 83–85. Several in vivo 

studies following brain and spinal cord injury have reported that full-length neurocan is upregulated in 

close proximity to the injury site, likely re-expressed by reactive astrocytes forming the glial scar 86–92. 

More recently, there has been growing interest in measuring neurocan levels in biofluids in the prism of 

identifying novel biomarkers for neurological disorders and aging. Neurocan in CSF decreased over time 

in small-cell lung cancer patients with and without brain metastasis following prophylactic cranial 

irradiation 93. In relation to AD pathology, neurocan levels in CSF did not differ between healthy controls 

and AD patients 94. In the study of Duits and colleagues though, where the researchers performed parallel 

reaction monitoring mass spectrometry analysis of CSF in AD patients, MCI and controls, neurocan was 

elevated in MCI patients compared to the other groups and interestingly its levels were higher in the group 

of MCI progressing to AD compared to stable MCI, therefore reflecting an early event in the AD 

pathophysiological cascade 95. In another study in relation to TBI, Minta and colleagues, reported lower 

levels of neurocan in blood and CSF in patients after severe TBI 96. Recently, another group of 

researchers found that neurocan in blood was strongly associated with brain volume at older ages and 

with general fluid cognitive ability in early adulthood suggesting a neuroprotective role 97.  
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1.2.5. Neurodegeneration and the neurovascular unit: dysfunction of the blood-

brain barrier 

The neurovascular unit (NVU) is comprised of specialized CNS endothelial cells, pericytes, vascular 

smooth muscle cells, associated neurons, glial cells and ECM, and forms the interface between the blood 

and the CNS 98. NVU’s main functions are to maintain homeostasis, provide metabolic supply and 

immune privilege to the CNS. The BBB is a brain-unique endothelial structure with tight cell junctions that 

represents a selective diffusion barrier between the brain and the peripheral circulation 99. Under 

physiologic conditions, the BBB restricts transport of molecules present in the periphery that could be 

harmful for the neurons 100. In many neurological disorders, the BBB is disrupted, causes swelling, 

deregulated ion homeostasis, impaired glucose transport and altered signalling pathways, and facilitates 

infiltration of immune cells, entry of neurotoxic blood-derived proteins, accumulation of toxic factors, that 

lead to neuronal dysfunction and neurodegeneration 100,101. The restrictive nature of the BBB under such 

conditions is compromised and bidirectional transport of molecules across the BBB may take place more 

freely 100.  

1.3. Examples of neurological disorders associated with 

neurodegeneration 

First, neurological disorders associated with neurodegeneration and studied in the framework of this 

thesis will be introduced in the next paragraphs. AD, although not studied in this thesis, will be briefly 

described, as it is the most common neurodegenerative disease and ultimately the goal for our 

biomarkers.  

1.3.1. Traumatic brain injury 

TBI is described as the injury caused when an external force is applied to the head and results in 

disruption of the brain function 102. TBI is a major concern among all age groups as a leading cause of 

disability and injury-related death, affecting globally approximately 69 million people every year 103. 

Several assessment systems are used for TBI severity classification, including the Glasgow Coma Scale 

(GCS) score (mild, moderate, severe), duration of loss of consciousness and duration of post-traumatic 

amnesia 104.  

Injuries can be classified as focal or diffuse based on the location and as primary or secondary based on 

the mechanism. Focal injuries are associated with impact injuries and include lesions such as contusion, 

subdural or epidural hematoma and intracranial hemorrhage, whereas diffusion injuries result in axonal 

injury, hypoxic-ischemic injury and microvascular injury, spread in several regions of the brain 104. Primary 

or initial injuries are those that result directly from the insult and may damage brain cells and blood 

vessels. Secondary injury follows and can be described as a progressive damage resulting from aberrant 
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molecular cascades initiated by the primary injury 104. Edema, excitotoxicity due to neuronal injury, 

mitochondrial dysfunction with subsequent release of free radicals, oxidative stress and 

neuroinflammatory responses are contributing to the secondary brain injury and lead to cell death and 

brain damage 105.  

 

Figure 5: Schematic overview of the pathophysiology of TBI. Figure adapted from reference 106.  

Figure 5 illustrates how TBI triggers several pathways that result in axonal injury and neuronal death. In 

TBI both necrotic and programmed cell death pathways are activated 106. Necrotic death occurs rapidly 

mainly mediated by activated calpains and lysosomal enzymes that further trigger an inflammatory 

response, which involves secretion of pro-inflammatory cytokines and activation of microglia and 

astrocytes 106. Programmed cell death follows next, as a result of intracellular biochemical changes 106. 

First, primary injury causes mechanical damage to neurons, which induces membrane mechanoporation 

and release of glutamate in the extracellular space, subsequent glutamate excitotoxicity and influx of 

calcium 106,107. Calcium intracellular overload results in mitochondrial dysfunction, generation of reactive 

oxygen species and oxidative stress 106. Moreover, proteases such as calpains and caspases get 

activated and degrade structural proteins and this results next in interruption of axonal transport 106,107. 

Gene expression of pro-apoptotic proteins further contributes to delayed apoptosis 106. Alterations at the 

cellular level trigger also the initiation of other molecular pathways involving APP, tau and TDP-43 

metabolism 104. Aβ generation, accumulation in axons and later formation of plaques are present in TBI 

108. Tau pathology exists in association with TBI, with hyperphosphorylated tau aggregated in NFTs 104. 

All these mechanisms link TBI to neurodegeneration and thus, TBI has been suggested as risk factor for 

several neurological disorders, such as dementia and AD, PD, stroke, post-traumatic epilepsy (reviewed 

in 109). Moreover, repeated TBI, even mild, may initiate a progressive neurodegenerative dementia called 
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chronic traumatic encephalopathy (CTE), which is characterised by a distinctive topographic and cellular 

pattern of tau pathology 110. Hence, increasing evidence suggests that TBI is actually a continuing, 

complex, pathological process associated with neurodegeneration although extensive investigation is 

required to decipher the underlying mechanisms.  

1.3.2. Stroke 

Stroke, a leading cause of disability and death worldwide, is defined as a medical condition that is caused 

by vascular abnormalities and results in an acute focal injury of the CNS 111. Strokes can be classified 

into two main groups: cerebral infarction (ischemia) and hemorrhage (intracerebral or subarachnoid). 

Ischemic stroke, the majority of strokes, is caused by an obstruction of a blood vessel that supplies the 

brain with blood transferring oxygen and glucose 112. Hemorrhage occurs when a blood vessel ruptures 

and bleeds in or around the brain 112. When a stroke occurs, the BBB breaks down followed by a cascade 

of events, release of glutamate and overstimulation of neurons, calcium influx and mitochondrial 

dysfunction, oxidative stress, inflammatory responses that lead to neuronal injury and death 3 (Figure 6).  

 

Figure 6: Ischemic cascade in acute stroke which results is neuronal injury and death. Figure adapted from 

reference 113.  
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Risk factors of stroke include other comorbidities, such as hypertension, atherosclerosis, hyperlipidemia, 

diabetes, lifestyle-related factors like smoking, physical inactivity, alcohol, unhealthy diet, as well as 

increasing age, sex and ethnic group 114. Research on stroke focuses also on identifying possible triggers 

and exact conditions that cause the stroke at a particular point in time. Such factors can be grouped as 

short-term, including recent infections, severe sepsis and stress, as intermediate- and as long-term, such 

as exposure to air-pollution over time 114.  

1.3.3. Brain metastases 

Brain metastases (BM) or secondary brain tumours occur when cancer cells originated from a primary 

tumour at a different organ spread to the brain. The brain is a common target for metastasized lung, 

breast and melanoma cancer cells and BM represent the most common type of brain tumours in adults 

115. The dynamic process that allows cancer cells to metastasize to the brain includes a series of general 

steps that are necessary and include intravasation, transport and survival in blood, adhesion, 

extravasation, invasion, primary growth, angiogenesis and secondary growth in the brain (reviewed in 

116). What makes BM so special is the brain’s unique composition and architecture with the surrounding 

BBB, the different cell types and the specialized microenvironment. BBB disruption, which leads to 

neuronal damage, is a common feature of several neurological disorders and is a critical event in BM 117. 

In the BM field, research has mainly focused on deciphering the role of microglia and astrocytes, the 

resident immune cells, and the role of recruited peripheral immune cells, whereas neurons seem to have 

a more passive role 118. At the initial stages of colonization, reactive astrocytes surround the metastatic 

cells and orchestrate a response aiming at limiting the invading cells in a way that reminds their response 

to an injury 119. Neuronal dysfunction and death are likely attributed to the indirect damage resulting from 

BM progression independently or in combination with treatment strategies 118. Neuroinflammatory 

processes, orchestrated by microglia and astrocytes in the peritumoral areas, have deleterious effects on 

neuronal integrity and cause cell death 118. Moreover, metastatic tumour growth causes compressive 

stress in the surrounding tissue, leading to vascular injury and neuronal dysfunction and further inducing 

neuronal death 120. Therefore, the complex interplay between metastatic tumour cells and brain resident 

cells contributes to neurodegeneration.  

1.3.4. Alzheimer’s Disease 

AD is a progressive neurodegenerative disease and the most common cause of dementia, a syndrome 

affecting today approximately 40-50 million people worldwide and estimated to reach 100 million in 2050 

121. AD is regarded as a biological and clinical continuum which starts with a long, asymptomatic, pre-

clinical phase characterised by biomarker changes, continues with a symptomatic phase with profound 

changes in biomarker levels and evident cognitive and functional decline and lastly leads to loss of 

independence in activities of daily living and death 122. In 2011 diagnostic guidelines, suggested by the 

National Institute on Aging and Alzheimer’s Association (NIA-AA), the pre-symptomatic stage was 
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referred to as “preclinical AD” followed by the MCI due to AD and finally the dementia stage 123,124. In 

2018, the same workgroup updated the research criteria guidelines for defining and staging AD by using 

an unbiased classification system, called AT(N), which implements biomarker data of Aβ plaques (A), 

fibrillar tau (T) and neuronal injury or neurodegeneration (N) 125.  

Depending on the age of onset, AD is classified as early onset (EOAD, ages <60 years) and late onset 

(LOAD, ages ≥60 years) with the last representing 95% of the cases 126. Apart from increasing age, which 

is certainly the greatest known risk factor, several other factors have been linked to risk for AD including 

genetic and lifestyle-related factors 127,128. Among the genetic risk factors, the ε4 allele of APOE is the 

most prominent but also genes associated with the immune system, the cholesterol and lipid metabolism, 

and the endo-lysosomal pathway have been related to risk for AD from genome-wide associated studies 

127. Modifiable risk factors include low education level, smoking, alcohol, physical inactivity, diet and 

comorbidities such as diabetes, depression, vascular diseases, TBI and epilepsy 128.  

A fraction of EOAD cases corresponds to familial AD with an existent genetic predisposition. This form is 

inherited in an autosomal dominant way and refers to mutations in genes that encode for the amyloid 

precursor protein (APP), for presenilin 1 (PSEN1) and presenilin 2 (PSEN2) 129. These mutations affect 

processing of APP and increase the production of longer and more prone to aggregation Aβ peptides 129. 

The amyloid cascade hypothesis which places Aβ accumulation, due to either increased production 

and/or inefficient clearance, as the initial pathological trigger in AD has been until today the most 

influential model for AD pathogenesis 130 (Figure 7). In 2016, de Strooper and Karran in a narrative review 

suggested that the initial “biochemical phase”, with accumulation of Aβ and tau, follows a long, complex, 

cellular phase that encompasses feedback and feedforward mechanisms and responses from cells within 

the neurovascular and the glioneuronal units 131. This holistic view includes dysfunction of several 

mechanisms described above that ultimately lead to the development of the dementia clinical syndrome. 

At the macroscopic level, AD is characterised by cortical and hippocampi atrophy and dilated lateral 

ventricles 132. At the microscopic level, the hallmarks of the disease are: amyloid plaques, which are 

extracellular aggregates of amyloid β peptides (Aβ40 and Aβ42) fused with dystrophic neurites, astrocytic 

and microglial processes; NFTs, which are intraneuronal depositions of misfolded, hyperphosphorylated 

tau; cerebral amyloid angiopathy, characterised by amyloid plaques in the vessel walls; extensive 

neuronal and synapse loss; and reactive astrocytes and activated microglia in the areas surrounding the 

amyloid plaques 132.  
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Figure 7: Major pathogenic events in AD leading to synaptic dysfunction and neuronal loss according to the 

amyloid cascade hypothesis. Figure adapted and modified from references 130,133.  

1.4. Biomarkers for neurological disorders: definitions and 

terminology 

The search for biomarkers in the field of brain diseases has received enormous attention the last decades. 

The definition of the biomarker as “a characteristic that is objectively measured and evaluated as an 

indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a 

therapeutic intervention” was proposed by the Biomarkers Definitions Working Group in 2001 134. 

Biomarkers can fall into many categories based on the context of use and the research strategy they 

serve. These categories, as described by Lewczuk and colleagues, are a) predictive, b) diagnostic, c) 

prognostic, d) treatment response, e) surrogate, f) trait, and g) state markers 135 (Table 2). Biomarker’s 

classification is not definite and different categories may overlap; therefore, a marker can be assigned to 

more than one category. Defining the context of use needs careful consideration when designing a 
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biomarker, as it may affect the methodology selected for its development as well as the requirements for 

its analytical validation 136. Immunoassays and in particular enzyme-linked immunosorbent assays 

(ELISAs) are the most commonly selected methodologies for biomarker determinations, as they are 

quantitative, sensitive and high throughput 137.  

Good candidate biomarkers might be relevant as diagnostic tools in several brain diseases; hence, target 

specificity and sensitivity values of a technically validated biomarker must be determined according to 

each disease 138. Sensitivity and specificity are measures of the clinical performance of a biomarker 139 

and they are usually estimated together as the two sides of the same coin. The term sensitivity describes 

the probability of the biomarker to detect a diseased individual when the person has the disease, while 

specificity describes the ability of the biomarker to distinguish between healthy and diseased individuals, 

in other words when only a diseased individual will give a positive result in the biomarker test 139.  

Table 2: Classification of biomarkers 135. 

Biomarker category Purpose Study design 

Predictive Predict the likelihood of the disease at the pre-clinical stage Cross-sectional 

Diagnostic Distinguish individuals having the disease from healthy or facilitate 

differential diagnosis 

Cross-sectional 

Prognostic Assess the patient’s outcome and disease progression Longitudinal 

Treatment response  Monitor treatment efficacy Longitudinal 

Surrogate  Provide a primary outcome measure of the effect of an intervention Longitudinal 

Trait Identify individuals at high-risk for a disease Cross-sectional 

State Change with the course of the disease Longitudinal 

1.5. Nature and origin of biomarkers 

The nature of a biomarker varies widely and a biomarker can be either physiological, anatomical, 

molecular or biochemical 140. Identification of specific tissue-derived biomarkers is considered to increase 

their successful rate as they originate from the affected tissue and reflect underlying pathophysiological 

processes. Based on that, a brain biopsy would be the perfect biospecimen for investigation in brain 

diseases 141; however, sampling the brain tissue is invasive and the risk for resulting in neurologic deficits 

is high 142. Moreover, examination of brain tissue at autopsy, although it serves as a diagnostic gold 

standard, cannot provide information on how the complex pathophysiological processes evolve over time 

125,135,143. Therefore, research efforts focus on developing genetic biomarkers, used mainly for risk 

assessment, or imaging and biochemical markers measured in biofluids indicating the presence and 

monitoring the progression of a disease 138.  
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1.5.1. Genetic biomarkers 

Genetic biomarkers for neurodegenerative diseases and brain injury include DNA, RNA and noncoding 

RNA species 144. Genetic mutations are sometimes associated with cancer or specific neurodegenerative 

diseases, such as HD and the familial form of AD, where they play a causative role 145. In other cases, 

genetic biomarkers may provide indication and help identifying pathways involved in disease mechanisms 

138.  

1.5.2. Imaging biomarkers 

Neuroimaging has proven to be an invaluable tool for scientists to study the brain in vivo, its structure 

and function without invading the skull 146. Imaging methods have the advantage of reflecting the extent 

of the neuropathological load, mapping the brain regions that are most affected and the chronological 

and topographical order in which changes occur, as well as the varying degrees of focal lesions 125. 

Medical imaging modalities include computerized tomography (CT) and magnetic resonance imaging 

(MRI), which provide structural information, positron emission tomography (PET) using radioligands to 

measure the load of different molecules and brain metabolism, along with other more advanced and 

sophisticated imaging techniques 147. A comprehensive review of these techniques is outside the scope 

of this dissertation.  

The value of imaging biomarkers in clinical practice is limited due to lack of specialised personnel and 

equipment in clinical settings such as emergency departments or non-specialized centres, lack of 

standardised acquisition and analysis methods across multiple centres worldwide and the high cost of 

the appropriate equipment 148. 

1.5.3. Fluid biomarkers 

Biofluids represent a rich source for potential biomarkers and may indicate pathophysiological processes 

occurring in the brain in response to a neurodegenerative disease or an injury. Their application in several 

contexts of use, such as in clinical trials, is simple and they allow multiple analysis in the same sample 

149. In this category of biomarkers, CSF and blood have the lead; however, recent studies focus also on 

identifying biomarkers for the detection of neurodegenerative disorders in saliva (reviewed in 150) and 

urine (reviewed in 151).  

The heterogeneity of several brain diseases is reflected in the variety of pathways and biochemical 

processes that appear to alter in the presence of the disease. This heterogeneity may hinder the accuracy 

of exploratory biomarkers, resulting in only few markers eventually applied in clinical practice 152. 

Nevertheless, CSF and blood represent an unlimited pool of candidate markers that need to be 

investigated. Identifying proteins in biofluids that originate from the different units and cell types of the 

brain is a common approach in the biomarker discovery pipeline 153. Establishing an ideal fluid biomarker 

has been a challenge and has not yet been fulfilled. Several criteria have been suggested for considering 
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a biomarker suitable for the diagnosis of neurodegenerative dementias, but the most important and 

relevant to all the brain diseases are high sensitivity and specificity, simple and reliable acquisition and 

analysis 154 (Figure 8).  

 

Figure 8: Important criteria for an ideal fluid biomarker for neurodegenerative diseases 149,154.  

Validation of fluid biomarkers, both CSF and blood, is though challenged by the high variability observed 

between studies 155,156. The sources for these discrepancies are multiple and can arise from pre-analytic 

factors, affecting the specimen itself, from analytic components related to the assay and from availability 

and characteristics of the study population 156,157 (Figure 9).  

 

Figure 9: Factors influencing the variability of biomarker tests 155–157.  Applicable only to blood;  Applicable 

only to CSF. SOPs: Standard Operating Procedures 
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1.5.3.1. CSF biomarkers 

CSF, as the fluid that surrounds the brain and spinal cord, is in direct contact with the extracellular space 

of the brain and may represent the perfect body fluid for mirroring changes regarding the physiology of 

the brain 158,159. The most established CSF biomarkers are amyloid β (Aβ) peptides, total tau (T-tau) and 

phosphorylated tau (P-tau) and have been developed and validated for the diagnosis and prediction of 

progression of AD 160. These CSF biomarkers are included in the clinical criteria of AD as recommended 

by the National Institute on Aging and the Alzheimer’s Association workgroup 124 and the International 

Working Group (IWG) 161. CSF T-tau and P-tau are increased in AD compared to controls, while Aβ42 and 

the ratio Aβ42/Aβ40 are decreased 162. Today, these biomarkers can be determined with fully automated 

detection systems and the Alzheimer’s Association QC program for CSF biomarkers has been set up in 

order to standardize the results between labs 160,163. In the TBI field, blood biomarkers have exhibited 

poor performance so far and hence, CSF biomarkers are being explored 164 with candidate markers 

reflecting axonal, neuronal and astrocyte injury, neuroinflammation and BBB integrity 159.  

However, the application of CSF biomarkers is limited due to several factors. Lumbar puncture for CSF 

collection is relatively invasive and requires well-trained medical staff. The procedure may not always be 

acceptable to patients or healthy individuals participating in clinical trials. In addition, its application is 

limited in large population studies and when repeated sampling is required 149. Another limiting factor is 

the risk for contamination of CSF with blood during the collection process, which could affect biomarker 

measurements. Moreover, in TBI clinical practice, less severe patients, such as mild and moderate cases, 

are not always subjected to CSF collection 153. Therefore, these limitations underline the need for 

alternative and/or complementary biomarker research strategies.  

1.5.3.2. Blood biomarkers 

Since implementation of neuroimaging and CSF markers in clinical routine is challenging, research efforts 

have focused on the development of blood-based biomarkers. Existing CSF and novel candidate markers 

are being explored for their value as blood-based tools. New technologies with highly sensitive detection 

systems are becoming available and pave the way for the development and eventual use of blood 

biomarkers 165.  

Certainly, a blood test is easier and offers some advantages over CSF and imaging markers. A non-

invasive blood test is simple to perform in most health-care facilities, is feasible to large populations and 

is cost-effective and time-efficient 135,156. Blood-based biomarkers for neurodegenerative dementias, such 

as AD, could be used as a first step screening tool in the diagnostic procedure of the general population 

and may aid in patient selection and stratification into clinical trials 166. In TBI, since most of the cases are 

mild and moderate and blood sampling is part of the common medical practice, blood biomarkers could 

offer rapid and accurate diagnosis as well as outcome prediction 153,167. In other types of brain injury, for 
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example in stroke, blood biomarkers could facilitate rapid differential diagnosis between hemorrhagic and 

ischemic stroke when brain imaging facilities are not available 168.  

However, several factors may complicate the study of blood biomarkers and therefore very sensitive and 

highly specific assays should be used to measure and validate them 169. One of the key challenges is the 

fairly low abundance of brain-derived proteins in blood due to restricted transport across the BBB and the 

much larger volume of blood 159. Furthermore, parallel expression of proteins in other tissues contributes 

to the blood proteome, affects the blood levels of the analyte of interest and may complicate the 

interpretation of the results 166. Other physiological factors and processes in blood, such as presence of 

binding proteins e.g. albumin and immunoglobulins in high levels 170, presence of heterophilic antibodies 

171, proteolytic degradation in plasma 172 or protein metabolism in the liver, may affect the concentrations 

of the analyte 166,169.  

Many candidate markers have been studied in blood for diagnosis of neurodegenerative diseases and 

brain injury. These markers originate from different brain cell types and reflect either specific pathologies 

or functional disturbances. Biomarkers reflecting the pathological processes involved in AD, such as Aβ 

peptides, T-tau, P-tau and neurofilament light, are now measured with ultrasensitive assays (reviewed in 

169) and have started showing promise, as changes in their levels are reproducible between studies 160. 

Blood-based biomarkers studied in association with TBI are summarized in Table 3.  

Table 3: Proteins in blood as diagnostic and prognostic candidate markers in TBI assessment. 

Modified from references 153,173. 

Biomarker Origin Pathobiological mechanism Diagnostic Prognostic 

NSE Neurons Neuronal cell body injury 174–177 177–180 

UCH-L1 Neurons Neuronal cell body injury 181,182 183 

SNTF Neurons Axonal damage 184 184,185 

Tau Neurons Axonal damage 186,187 188 

NF-L Neurons Axonal damage 189,190 191 

pNF-H Neurons Axonal damage 192 193 

S100B Astrocytes Astrogliosis/Astroglial injury/BBB damage 194 194–196 

GFAP Astrocytes Astrogliosis/Astroglial injury 197–199 195,200,201 

GFAP-BDP Astrocytes Astrogliosis/Astroglial injury 202–204 202 

MBP Oligodendrocytes Demyelination 205 206,207 

Tau-A Neurons Neuronal injury 39 39 

Abbreviations: NSE: neuron specific enolase; UCH-L1: Ubiquitin C-terminal hydrolase-L1; SNTF: all-spectrin N-terminal 

fragment; NF-L: neurofilament light chain; pNF-H: phosphorylated neurofilament heavy subunit; S100B: S100 calcium 
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binding protein B; GFAP: glial fibrillary acidic protein; GFAP-BDP: glial fibrillary acidic protein- breakdown products; MBP: 

myelin basic protein 

1.6. Neo-epitope biomarkers in blood 

In pathologic states of the brain, resulting from either a slowly progressing disease or a sudden injury 

incident, cellular proteome homeostasis may be disrupted and/or dysregulated. Under physiologic 

conditions, a myriad of PTMs take place to tightly regulate the state, function and activity of proteins. 

Protein PTMs can be either enzymatic or non-enzymatic additions of different small chemical groups or 

protein tags, including among others phosphorylation, glycosylation, acetylation, ubiquitination, 

sumoylation 208. Moreover, proteins can be modified irreversibly through post-translational cleavage 209. 

The occurring fragments may exhibit a unique part of the molecule that was not exposed before, termed 

neo-epitope 210. Under pathologic conditions, some of these modifications get activated and shift the 

strictly regulated protein processing towards an aberrant state, with protein fragmentation playing a key 

pathological role 28,211–213. Understanding and studying these modifications can provide new promising 

therapeutic targets and treatment approaches as well as novel targets in biomarker research (Figure 10).  

 

Figure 10: Proteolytic neo-epitope fragments as biomarker tools. Proteolytic degradation of proteins at specific 

cleavage sites generates smaller fragments and exposes sequences of the molecule that were masked before. 

These sequences can be used as recognition epitopes for the generation of highly specific monoclonal 

antibodies. These antibodies recognise and bind specifically to the neo-epitope sequence and are further used 

in the development of ELISAs for the detection of the neo-epitope fragments in biofluids and tissue extracts. 

Figure made by Tzara O.  

Detecting PTM signatures in different diseases is a good strategy for biomarker discovery, as they may 

be characterised by tissue and disease specificity and may be associated with a pathology either as 

drivers or as consequences 210. Qualitative and quantitative analysis of PTMs can be useful biomarkers 

for diagnosis of several chronic diseases 214–216 and cancers 217–219.  

As an example from brain diseases, in AD the core biomarkers Aβ42 and P-tau result from PTMs, 

proteolytic cleavage by secretases of APP 220 and hyperphosphorylation of tau protein 221, respectively. 
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Several PTMs of the microtubule-associated protein tau have been found in relation to several brain 

diseases called tauopathies 222. Truncation of tau, one of the most studied PTM of tau, appears to be an 

early event in the progression of AD 29,223. Proteolytic fragments of tau have been reported in several 

studies to be present in brain extracts, CSF and blood in patients with different brain pathologies, 

suggesting their potential role as biomarkers for diagnostic purposes or as indicators of disease 

progression 36,38,40,224–228.  

Typically, different populations of full-length and tau fragments can be determined in CSF and/or blood 

with a number of established ELISAs (reviewed in 158). The specificity of each one of the assays relies on 

the antibody or pair of antibodies used and the epitope(s) recognised, allowing investigation of the distinct 

tau forms and their clinical relevance 229. Previously our group has developed two competitive ELISAs for 

the serological detection of two cleaved forms of tau, the Tau-A and Tau-C fragments. The Tau-A ELISA 

detects the C-terminal fragment(s) of tau after cleavage at Ala152 by ADAM10 36 and the Tau-C ELISA 

has been developed for recognizing the N-terminal fragment(s) of tau cleaved by caspase-3 at Asp421 

38. As mentioned earlier in the introduction, these fragments have been studied in several studies in 

relation to cognitive function in AD patients 36, for their capacity as diagnostic 40 and prognostic markers 

in AD 38 and as predictive markers of dementia 41. Moreover, the same markers have been investigated 

in other types of brain injury, like TBI 39 and brain damage after out-of-hospital cardiac arrest 42.  

Recently our group developed an ELISA for the detection of a caspase-6-generated fragment of GFAP 

and investigated its association with brain pathology after out-of-hospital cardiac arrest 230. Moreover, 

GFAP and its breakdown products (GFAP-BDP) generated after cleavage by calpain have been studied 

in serum as indicators of injury and as predictors of injury severity in TBI 203. Cleavage of other proteins, 

such as α-synuclein 231,232, TDP-43 233, ApoE 234,235, has been reported in the literature and the generated 

fragments have been suggested as possible targets in development of biomarkers for neurodegenerative 

dementias 236,237.  

Another possible source for neo-epitope biomarkers is the pool of proteins and PTMs constituting the 

ECM of the brain. ECM remodelling takes place in order to maintain tissue homeostasis and includes 

dynamic events, like formation and degradation of proteins and several other PTMs 210. Therefore, PTMs 

on proteins that are specifically expressed in the ECM of the brain could be novel targets for biomarker 

development and could be indicators of specific disease mechanisms and pathologies. 

An overall advantage of neo-epitope biomarkers formed through the proteolytic degradation over the 

intact proteins is that due to their smaller size, these peptide fragments may more easily cross the BBB 

238,239, enter the peripheral circulation and may allow detection in blood 236,237.  

This dissertation will focus on neo-epitope biomarkers formed through the proteolytic degradation of ECM 

proteins and tau, used as indicators of ECM turnover and integrity of neurons and as tools for investigating 

mechanisms involved in neurodegenerative processes.  
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1.7. Current applications and future needs for blood-based 

biomarkers in neurodegenerative diseases: the AD paradigm 

Understanding the nature of neurodegenerative diseases and unravelling the mechanisms driving 

disease progression have achieved great progress the recent years and biomarkers have played a central 

role in that. AD as the most common neurodegenerative disease is the most studied and AD research 

leads the development of biomarkers and therapeutics in this group of diseases.  

Biomarkers for early and accurate diagnosis in AD are crucial. Currently, no disease-modifying drugs are 

available and the only medication given to patients includes symptoms relief therapies 240,241. Patients 

may benefit more if current therapies are administrated early during the disease and alleviate their 

symptoms. Discovering the aetiology of their symptoms may lessen their anxiety and may help them 

better plan their future and manage their resources 242–244. If diagnosis takes place early, patients may 

be still eligible to participate in clinical trials and benefit from a potential effective therapy and at the same 

time help advance medical research. Also from a governmental and society perspective, there are studies 

suggesting that early diagnosis and efficient treatment of AD may have additional financial benefits for 

the state and the health-care system 245. A blood-based screening tool applied to the general population 

as part of a routine diagnostic procedure could help identify those individuals at risk and those that should 

be referred to specialized centres and memory clinics for further examination with more invasive and 

expensive techniques 166.  

Furthermore, biomarkers serve as an important tool in drug development and in clinical trials for disease-

modifying therapies. Prognostic and predictive enrichment strategies can be facilitated by employing 

biomarker tests 246. So far clinical trials for AD therapies have failed and this highlights the need for further 

investigation of disease mechanisms, identification of key molecular players and better characterization 

of participants in clinical trials 165,247,248. Investigating certain disease mechanisms by measuring specific 

biomarkers reflecting the respective processes may help identify new therapeutic targets, and design and 

interpret outcomes from current and future clinical trials 249. Today for example, biomarker measurements 

for AD are used to assess the effect of disease-modifying treatments in phase 2 and phase 3 clinical trials 

247. Robust biomarkers reflecting changes occurring early in the disease continuum will help identify 

patients that could be included in clinical trials. It is considered necessary to intervene as early as possible 

in order to develop successful therapies 250. Stratification of the right population in trials, both patients 

and controls, requires screening of large numbers of individuals. Biomarkers assessed easily and with 

low cost, such as markers measured in blood, could facilitate this process 166. Moreover, blood-based 

biomarkers could be an alternative to CSF or imaging biomarkers in this screening process, if they exhibit 

good correlation with some of the existing biomarkers 152. Such biomarkers could also be useful for 

monitoring efficacy of treatment and evaluate patient’s response 251,252.  



Introduction | Ourania Tzara 36 

Clinical application of personalized medicine is gaining increasing importance and modelling prognosis 

for each individual is mainly based on biomarker profiles. Already in AD research the AT(N) classification 

system tracks pathological changes in the three main trajectories of AD (Aβ pathology, tau pathology, 

neurodegeneration) 253 and is used for estimation of disease burden and for monitoring changes in 

participants of clinical trials 125. Research moves towards implementation of biomarker panels and not 

just application of single-marker approaches, thus allowing monitoring of different pathogenic 

mechanisms involved in disease manifestation and progression 169.  
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2. Hypothesis and Aim 

The work presented in this PhD thesis was driven by the hypothesis that neurodegeneration, a hallmark 

in many neurological disorders, impacts physiology of brain cellular components and extracellular 

structures. Molecular changes underlying neurodegeneration often involve post-translational 

modifications and proteolytic degradation of proteins. Fragments of proteins reflecting these changes 

represent attractive targets in biomarker development. Their potential value as biomarker tools may rise 

when the proteins and hence, the fragments are tissue-specific and can be quantified in blood with highly 

sensitive technologies. 

Therefore, the overall aim of the thesis was to develop novel biomarkers that have these characteristics 

and explore their association with different neurological disorders. This aim may be further subdivided as 

follows: 

• Develop a novel competitive ELISA for serological detection of the MMP-2-generated neo-epitope 

fragment of neurocan, NCAN-M (Paper I).  

• Explore the association of NCAN-M with TBI (Paper I).  

• Develop an electrochemiluminescence assay for the Tau-A biomarker and demonstrate its 

improved sensitivity compared to the standard Tau-A ELISA (Paper II).  

• Explore the diagnostic value of Tau-A in acquired forms of brain injury (TBI and stroke) (Paper 

II).  

• Investigate the association of the three novel biomarkers, NCAN-M, Tau-A and Tau-C, with brain 

metastases in a preliminary cancer study.  

• Implement the Tau-C ELISA in a digital platform using micro-droplet arrays, targeting at improving 

its sensitivity.  

• Establish a cell culture model to assess the connection between neuronal death and the Tau-C 

biomarker.  
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3. Results 

The first two chapters summarize the work resulted from this thesis that was included in two manuscripts 

(papers I & II), which have been submitted for publication to scientific journals. The rest of the chapters 

describe the work, done in this dissertation, that requires additional data to generate manuscripts.  

3.1. MMP-2-generated N-terminal fragment of neurocan: its levels in 

serum and its association with TBI (Summary of paper I) 

This chapter is based on a manuscript (paper I) entitled “Development of a competitive enzyme-linked 

immunosorbent assay measuring an MMP-2-generated fragment of neurocan in blood and its association 

with human traumatic brain injury” submitted for publication.  

Proteins of the brain ECM appear to be altered in TBI 254. These alterations regard their levels and their 

proteolytic processing. Neurocan is a brain specific ECM protein, which is under physiological conditions 

cleaved by MMP-2 generating an N- and a C-terminal fragment 72,76. In different forms of CNS injury, full-

length neurocan is re-expressed by reactive astrocytes and hence, the levels of its generated fragments 

alter 88,90.  

The aim of this study was first to develop an ELISA specifically detecting the N-terminal fragment of 

neurocan generated by MMP-2 (NCAN-M) in serum and secondly, to investigate its levels in association 

with human TBI in a temporal and in a severity-dependent way.  

3.1.1. Development and technical characterization of the NCAN-M assay 

For the detection of the neo-epitope fragment, a mouse monoclonal antibody was raised against the 

sequence preceding the major cleavage site of neurocan for MMP-2 at amino acids 635 ↓ 636 (human 

neurocan), as predicted from the literature 76. The generated antibody was used for the development of 

an ELISA, designed to specifically detect the N-terminal half of human neurocan, referred to as NCAN-

M. The final NCAN-M ELISA conditions were determined after several tests with different buffers, 

incubation times and temperatures. 

The selectivity of the competitive NCAN-M ELISA towards the amino acid sequence TSPDLPMMAM, 

used for the generation of the monoclonal antibody and as the standard peptide, was verified by loss of 

reactivity when an elongated and a truncated peptide were tested (Figure 11A). As shown in Figure 11B, 

the specificity was further confirmed as human recombinant neurocan in the presence of MMP-2 resulted 

in the generation of the neo-epitope fragment which was quantified by the NCAN-M ELISA.  
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Figure 11: Specificity of the NCAN-M ELISA. (a) The percentage of inhibition at given concentrations of the 

selection peptide, an elongated and a truncated peptide, measured in NCAN-M ELISA. %B/B0; B: the OD at 

given concentrations (ng/ml) of the peptide; B0: the OD at 0 ng/ml peptide. (b) Measurement of NCAN-M 

fragment generated after in vitro cleavage of recombinant human neurocan protein by MMP-2 ± GM6001. Data 

are presented as mean ± SD. Statistical significance: *p≤0.05, **p≤0.01. Adapted from Tzara et al submitted.  

 

The technical performance of the NCAN-M ELISA was validated in a series of tests including intra- and 

inter-assay variation tests, determination of the linear measurement range, the lower limit of detection 

and lower limit of quantification, dilution and spiking recovery tests, interference tests (biotin, lipids, 

haemoglobin) and analyte stability tests in regard to freeze/thaw cycles and temperature-dependent 

prolonged storage (Table 4). It was demonstrated that NCAN-M ELISA is a technically robust, precise 

and accurate assay and can be used for quantification of NCAN-M in serum samples. Based on the 

dilution recovery of samples diluted in assay buffer from 1+1 until 1+5, dilution 1+2 was selected as the 

samples working dilution. When common interference substances, such as haemoglobin, lipid and biotin, 

were spiked in serum samples, recovery results showed no significant matrix effect. Freeze/thaw cycles 

did not affect the stability of the analyte whereas caution should be paid if samples analysed in the ELISA 

have been exposed to room temperature (RT) for 24 hours or more according to recovery results.  
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Table 4: Summary of technical validation of the NCAN-M ELISA. Adapted from Tzara et al submitted. 

Technical validation test Results 

Intra-assay variation, %CV  4.3 

Inter-assay variation, %CV  9.4 

IC50 1.97 ng/ml 

Detection range (LLMR-ULMR) 0.28-10.23 ng/ml 

LLOD 0.16 ng/ml 

LLOQ 0.73 ng/ml 

Dilution Recovery, % 101.6 

Spiking Recovery, % 102.1 

Analyte stability 2h, 4°C/20°C 100.5%/95% 

Analyte stability 4h, 4°C/20°C 93.1%/85.5% 

Analyte stability 24h, 4°C/20°C 97.8%/77.4% 

Analyte stability 48h, 4°C/20°C 94.7%/62.1% 

Freeze/Thaw recovery, F/T1, F/T2, F/T3, F/T4 95.8%, 98.8%, 91.8%, 94.8% 

Interference   

Recovery in Haemoglobin low/high, % 92%/91% 

Recovery in Lipid low/high, % 113.9%/106.7% 

Recovery in Biotin low/high, % 95%/84.5% 

LLMR: lower limit of measurement range; ULMR: upper limit of measurement range; LLOD: lower limit of detection; LLOQ: 

lower limit of quantification; CV: coefficient of variation. Percentages are reported as mean. 

3.1.2. Study participants 

NCAN-M levels were determined in serum with the NCAN-M ELISA and studied for their relation to TBI. 

Serum from 40 non-trauma controls and 40 TBI patients, including mild and moderate cases based on 

the GCS classification system, were tested in the NCAN-M ELISA. Samples were purchased from 

National BioService LLC, a research biobank and bioservice in Russia. All study participants were adults, 

Caucasians, and samples from different patients were collected at several time points after the injury, 

with half of the TBI samples collected within 24 hours and the other half, except for one sample (17 days), 

in a period of 8-days following injury.  

3.1.3. NCAN-M levels and time post-TBI 

NCAN-M levels did not differ between controls (5.63 ng/ml, 95%CI= 4.76-6.50) and TBI patients (5.03 

ng/ml, 95%CI= 4.23-5.83) when all the TBI samples from all time points were included in the analysis. 
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In the early phase post-TBI, i.e. within the first 24 hours after the injury, NCAN-M levels were decreased 

in the TBI group (4.10 ng/ml, 95%CI= 3.40-4.81) compared to the control group (5.63 ng/ml, 95%CI= 

4.76-6.50, p=0.0068) (Figure 12A). The area under the Receiver operating characteristic (ROC) curve 

showed that the NCAN-M biomarker has some discriminatory power between controls and TBI patients 

within 24 hours after the injury (AUC=0.71, 95%CI= 0.58-0.85) (Figure 12B). Regarding the temporal 

profile of the biomarker in the TBI patients, a significant moderate correlation between NCAN-M levels 

and blood collection time was observed (rs=0.52, p=0.0008) (Figure 12C).  

Figure 12: Serum NCAN-M levels in non-trauma controls and TBI patients from several time points post-TBI. 

(a) NCAN-M levels in TBI samples collected within 24 hours from the injury (n=20) were decreased compared 

to controls (n=40). Error bars represent the mean ± 95%CI. Groups were compared using Mann-Whitney test. 

Statistical significance: **p≤0.01. (b) Receiver operating characteristic (ROC) curve analysis was performed to 

assess the discriminatory performance of NCAN-M levels between TBI patients and controls in the early phase 

of TBI (AUC=0.71, 95%CI=0.58-0.85). (c) Correlation of NCAN-M levels in TBI patients and days from TBI 

until blood collection was analysed using Spearman’s correlation test (rs=0.52, p=0.0008). The best-fit line with 

linear regression with 95% confidence bands is indicated. One sample collected after 17 days from injury was 

excluded from the statistical analysis. Adapted from Tzara et al submitted. 

3.1.4. NCAN-M levels and TBI severity 

Mild TBI patients (4.36 ng/ml, 95%CI= 3.70-5.03) had decreased levels of NCAN-M compared to patients 

with moderate TBI (6.26 ng/ml, 95%CI= 4.34-8.18, p=0.0454) (Figure 13A). The calculated AUC was 

0.69 (95%CI= 0.50-0.89) showing a moderate discriminatory ability of the biomarker between mild and 

moderate cases (Figure 13B). A moderate but significant inverse correlation of NCAN-M levels to the 

GCS score showed that mild TBI cases exhibited lower levels of NCAN-M compared to more severe TBI 

(rs=-0.41, p=0.0096) (Figure 13C).  
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Figure 13: Serum NCAN-M levels in TBI patients with different severity levels based on the GCS classification 

system. (a) NCAM-levels were decreased in mild TBI (n=26) compared to moderate TBI (n=14). Error bars 

represent the mean ± 95%CI. Groups were compared using Mann-Whitney test. Statistical significance: 

*p≤0.05. (b) Receiver operating characteristic (ROC) curve analysis was performed to assess the 

discriminatory performance of NCAN-M levels between mild and moderate TBI (AUC=0.69, 95%CI=0.50-

0.89). (c) Correlation of NCAN-M levels in TBI patients to GCS score was analysed using Spearman’s 

correlation test (rs=-0.41, p=0.0096). The best-fit line with linear regression with 95% confidence bands is 

indicated. Adapted from Tzara et al submitted. 

3.1.5. Conclusion 

This manuscript reports the development of the NCAN-M ELISA, a competitive ELISA that specifically 

detects the MMP-2-generated N-terminal fragment of neurocan in human serum. The assay was reliable, 

specific and accurate. NCAN-M was quantified in serum samples from TBI patients and non-trauma 

controls and revealed a significant decrease within the first 24 hours post-TBI followed by an increase in 

the levels of the biomarker over time after the injury. TBI severity moderately correlated to NCAN-M 

levels. This exploratory study suggests that NCAN-M could be a novel biomarker associated with 

pathobiological changes occurring in response to TBI.  
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3.2. Quantification of Tau-A after brain injury in an advanced 

electrochemiluminescence immunoassay (Summary of paper II) 

This chapter is based on a manuscript (paper II) entitled “Quantification of Tau-A in serum after brain 

injury: a comparison of two analytical platforms, ELISA and electrochemiluminescence immunoassay” 

submitted for publication.  

The Tau-A fragment corresponds to the C-terminal fragment of tau generated after proteolytic cleavage 

by ADAM10 at Ala152 (tau441 isoform) 36. The Tau-A biomarker has been developed previously at Nordic 

Bioscience and it has been studied as a marker of neuronal damage in several studies 36,38–40. When 

Tau-A was measured in a large prospective study in order to assess its relation to the risk of incident of 

dementia, the sensitivity of the Tau-A standard ELISA was proven limited, as 68% of the samples were 

measured below the lower limit of quantification 41. This underscored the need to develop a new in-house 

immunoassay for analysing Tau-A by implementing the assay in a more sensitive platform. The Meso 

Scale Discovery (MSD) platform is an electrochemiluminescence system and was selected for this 

project, as electrochemiluminescence-based assays are characterised by increased sensitivity and broad 

dynamic range 255.  

The aim of this study was to develop an electrochemiluminescence immunoassay (ECLIA) for the 

quantification of Tau-A in serum, the Tau-A ECLIA, and compare the two versions of the assay, ELISA 

and ECLIA, by measuring Tau-A in two independent studies related to two different types of brain injury: 

TBI and stroke. 

3.2.1. Development and technical characterisation of the Tau-A ECLIA  

The mouse monoclonal antibody raised against the linear sequence of tau that follows the ADAM10 

cleavage site at Ala152, previously used in the Tau-A ELISA 36, was now used for the development of 

the Tau-A ECLIA on the MSD platform. The MSD platform uses a technology that detects light upon 

electrochemical stimulation generated in the wells of an MSD plate. For the generation of the 

electrochemiluminescent signal, a secondary SULFO-TAG labelled goat anti-mouse antibody was used. 

The same assay buffer and reagents were used in both assays. Preliminary experiments were performed 

to optimize Tau-A ECLIA conditions in regard to concentration of coating peptide and antibodies, 

incubation times, shaking speed and temperature. The technical performance of the Tau-A ECLIA, 

summarized in Table 5, showed that the assay was technically robust and could be further used for 

measuring Tau-A in clinical studies. 

3.2.2. Sensitivity of the Tau-A ECLIA 

The analytical sensitivity of the Tau-A ECLIA, determined as the lower limit of detection (LLOD), was 

better but with a small difference compared to the Tau-A ELISA (ECLIA LLOD: 2.7 ng/ml, ELISA LLOD: 
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3.1 ng/ml). 104 samples from two independent studies were measured in both assays and 10.6% of the 

total determinations were below the LLOD in the Tau-ELISA, while only 1.0% was below the respective 

LLOD in the ECL version of the assay, suggesting an improved functional sensitivity of the Tau-A ECLIA.  

Table 5: Technical performance of Tau-A ECLIA. Adapted from Tzara et al submitted. 

Parameter Tau-A ECLIA 

Intra-assay variation between duplicates, %CV 6.5 

Inter-assay variation between plates, %CV 8.4 

LLOD (range), ng/ml 2.7 (0.7 – 5.7) 

ULOD (range), ng/ml 502.8 (470 – 541) 

LLOQ, ng/ml 8.87 

Dilution Recovery, % 88.8 

Data are reported as mean. LLOD: lower limit of detection; ULOD: upper limit of detection; LLOQ: lower limit of 

quantification. 

3.2.3. Tau-A in the TBI cohort 

The TBI cohort included 20 TBI patients and 20 non-trauma controls and the samples were purchased 

from National BioService LLC, Russia. Serum Tau-A levels determined in the ELISA were increased in 

TBI patients (49.41 ng/ml, 95%CI= 34.76-64.09) compared to controls (16.87 ng/ml, 95%CI= 12.32-

21.42). The same was observed in the Tau-A ECLIA determinations (TBI: 121.1 ng/ml, 95%CI= 96.36-

145.8; Controls: 57.74 ng/ml, 95%CI= 45.87-69.59). Although statistically the difference was almost the 

same (ELISA: p=0.0005, ECLIA: p=0.0002), is worth mentioning that the distribution of measurements in 

the Tau-A ECLIA was broader and all samples were measured above the LLOD, in contrast to the ELISA 

(Figure 14).  

 

Figure 14: Tau-A in TBI patients and non-trauma controls. a: Tau-A measurements on the ELISA platform 

(p=0.0005). In the Tau-A ELISA, 7 samples were measured below the LLOD and were assigned the LLOD 

value for the ELISA, which after adjusting for dilution was 9.3 ng/ml. b: Tau-A measurements on the MSD 
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platform (p=0.0002). All values were above the LLOD. Data are presented as mean ± 95%CI. Adapted from 

Tzara et al submitted. 

3.2.4. Tau-A in the stroke cohort 

In the stroke cohort, Tau-A was measured in serum from 64 participants, equally divided in four groups: 

healthy controls, patients after hemorrhagic stroke and patients after mild and severe ischemic stroke 

respectively. Samples were from the Clinical Stroke Research Unit Biobank (Department of Neurology, 

Rigshospitalet, Copenhagen University Hospital, Denmark). The stroke severity (neurological status) was 

assessed with the National Institute of Health Stroke Scale (NIHSS) and the degree of disability or 

dependence in daily activities (functional status) with the modified Rankin Scale (mRS). Tau-A was 

measured in both versions of the assay. Tau-A levels, as determined in the ECL version, were distributed 

over a broader range and only one sample was below the detection limit and was assigned the LLOD 

value. This broader distribution of values resulted in significant separations between the groups (Figure 

15B).  

Tau-A ECLIA determinations showed in most of the cases improved discriminatory power between the 

groups based on the AUC. Both ECLIA and ELISA results failed to show strong correlation to stroke 

severity or degree of disability or dependence in daily activities, although correlations were stronger in 

case of the ECLIA results. A summary of the Tau-A results is presented in Table 6.  

 

Figure 15: Serum Tau-A levels in the stroke study. a: Tau-A ELISA measurements could not discriminate 

between the groups. Four samples were measured below the LLOD; hence, they were assigned the LLOD 

value (9.3 ng/ml after adjusting for dilution). b: Tau-A measured in ECLIA. Healthy controls differed from 

hemorrhagic stroke and severe ischemic stroke patients (p=0.0172 and p=0.0118, respectively). Mild ischemic 

stroke patients had decreased serum Tau-A levels compared to severe ischemic stroke patients (p=0.0445). 

One sample was below the detection range and was assigned the LLOD value (8.1 ng/ml after adjusting for 

dilution). Data are presented as mean ± 95%CI. Adapted from Tzara et al submitted. 
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Table 6: Tau-A results in ELISA and ECLIA in the stroke study. Adapted from Tzara et al submitted. 

 ELISA ECLIA 

Healthy controls (HC) (n=16)   

Mean (95%CI), ng/ml 31.78 (26.00-37.55) 43.74 (31.46-56.02) 

Hemorrhagic stroke (HS) 

(n=16) 
  

Mean (95%CI), ng/ml 43.63 (28.24-59.02) 92.31 (64.26-120.4) 

Mild, ischemic stroke (IS) 

(n=16) 
  

Mean (95%CI), ng/ml 36.33 (20.74-51.93) 55.67 (28.45-82.90) 

Severe, ischemic stroke (IS) 

(n=16) 
  

Mean (95%CI), ng/ml 48.42 (33.27-63.57) 89.41 (65.11-113.7) 

Correlation to NIHSS   

Spearman r and p 0.23, p=0.1131 0.31, p=0.0328 

Correlation to mRS   

Spearman r and p 0.29, p=0.0460 0.48, p=0.0060 

ROC analysis AUC 95%CI AUC 95%CI 

Healthy vs hemorrhagic stroke 0.62 0.41-0.83 0.82** 0.67-0.97 

Healthy vs mild ischemic stroke 0.57 0.36-0.78 0.52 0.30-0.73 

Healthy vs severe ischemic 

stroke 
0.73* 0.54-0.92 0.83** 0.67-0.99 

Hemorrhagic vs mild ischemic 

stroke 
0.59 0.38-0.80 0.75* 0.58-0.92 

Hemorrhagic vs severe ischemic 

stroke 
0.55 0.34-0.76 0.51 0.30-0.72 

Mild vs severe ischemic stroke 0.68 0.48-0.87 0.76* 0.59-0.93 

Spearman r and p for correlation between ELISA and ECLIA 

ECLIA 0.53, p<0.0001 - 

AUC values with statistical significance are in bold and underlined. Statistical significance (*p<0.05; **p<0.01). NIHSS: 

National Institute of Health Stroke Scale; mRS: modified Rankin Scale; ROC: Receiver operating characteristic; AUC: Area 

under the ROC Curve; CI: confidence interval 

 



Ourania Tzara| Results 47 

3.2.5. Correlation between Tau-A ELISA and ECLIA determinations 

Tau-A ELISA determinations correlated very strongly to Tau-A ECLIA determinations (rs=0.92, p<0.0001) 

in the TBI cohort. In the stroke cohort, this correlation was moderate but still significant (rs=0.53, 

p<0.0001) (Figure 16).  

 

Figure 16: Association between serological Tau-A measurements on the two platforms, ELISA and MSD. 

Correlation between the ELISA and the ECLIA Tau-A levels was very strong in the TBI study (rs=0.92, 

p<0.0001, Fig. 16 (A)) and moderate in the stroke cohort (rs=0.53, p<0.0001, Fig. 16(B)). Adapted from Tzara 

et al submitted. 

3.2.6. Conclusion 

This manuscript reports the development of a new, more advanced version of the Tau-A immunoassay. 

The Tau-A ECLIA is characterised by improved functional sensitivity which allows broader distribution of 

values and better separation between groups when compared to the Tau-A standard ELISA. Data from 

this study supported previous findings that Tau-A is elevated in different forms of brain injury as a function 

of neuronal damage. 
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3.3. A panel of brain-specific biomarkers and their association with 

brain metastases 

This chapter describes the preliminary results from an exploratory study of cancer patients with or without 

brain metastases (BM). At the time of writing this dissertation, few demographic and clinical data about 

the study participants were available. Therefore, analysis presented here is limited to biomarkers’ levels 

and their association with the presence of BM. 

BM represent the most common neurologic complication that patients with systemic malignancies 

develop. They are characterised by high rates of morbidity and mortality and patients with BM are likely 

to have limited life expectancy 256. Primary tumours that metastasize to the brain are in a declining order 

of frequency lung, breast, melanoma and kidney 257, with other types of cancer spreading to the brain as 

well. Identifying those patients that develop BM would be facilitated by a simple screening tool. Such a 

tool could be based on a panel of brain-specific proteins indicative of pathobiological changes occurring 

in the brain as a result of metastasis, which are detected in blood with a minimally invasive evaluation 

method.  

The aim of this study was to investigate the association of the three brain-specific markers, NCAN-M, 

Tau-A and Tau-C, with BM. NCAN-M is a fragment of neurocan, a component of the brain ECM, and Tau-

A and Tau-C are fragments of the microtubule-associated protein tau.  

3.3.1. Study participants 

Samples included in this study were requested from Biobanco-IMM, Lisbon Academic Medical Center, 

Lisbon, Portugal. A total of 223 cancer patients, 81 without and 142 with BM, were included in the current 

analysis. The patients’ characteristics available at the time of writing the thesis are provided in Table 7.  

Table 7: Characteristics of cancer patients. 

 Primary cancer 

 Lung (LC) Breast (BC) Melanoma (MC) Renal (RC) Colorectal (CC) 

Total number of patients 83 77 19 13 31 

Brain metastases (BM), % 89.2 35.1 63.2 53.8 71 

Age, Median (range) 59.5 (30-81) 54 (29-79) 63 (40-85) 60 (51-83) 63 (32-82) 

N/A, % 13.3 - 5.3 6 19.4 

Gender, % female 26.5 100 42.1 23.1 41.9 

N/A, % 1.2 - - - - 

N/A: Not available 
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3.3.2. Biomarkers’ Assessment 

Serum levels were measured by in-house competitive ELISA or ECLIA assays according to the 

manufacturer’s instructions (Nordic Bioscience). All the utilized assays are listed in Table 8. In each assay 

plate, kit control samples were included to monitor inter-assay variation. Samples were run in duplicates 

and duplicates CV% were below 20%. Samples measured below the lower limit of measurement range 

(LLMR) or detection (LLOD) were assigned the respective LLMR or LLOD value, depending on the assay. 

All the samples were stored at -80°C upon recipient and until analysis. 

Table 8: Characteristics of assays used for biomarker measurements. 

Biomarker Specifications Detection range (ng/ml) Technical references 

NCAN-M 
Recognizes a fragment of neurocan  

generated by MMP-2 at Met635 0.28 - 10.23 
Manuscript Tzara et al 

submitted 

Tau-A 
Recognizes a fragment of tau  

generated by ADAM10 at Ala152 
2.69 – 502.8 

Manuscript Tzara et al 

submitted 

Tau-C 
Recognizes a fragment of tau  

generated by caspase-3 at Asp421 
2.14 – 148.5 38 

 

Statistical analysis 

Statistical analysis was performed with the GraphPad Prism statistical software. Data are presented as 

mean with 95% confidence intervals (CI). Normality of data was tested with D’Agostino and Pearson test 

or Shapiro-Wilk test, where data sets were too small. Differences between groups of patients with or 

without BM were assessed with Welch’s t test, when data were normally distributed, or Mann-Whitney 

test, when data were non-normally distributed. Statistical significance was defined as p≤0.05. 

3.3.3. Serum levels of NCAN-M, Tau-A and Tau-C 

Serum levels of NCAN-M, Tau-A and Tau-C were analysed for their association to the presence or not of 

BM in cancer patients grouped according to their primary tumour. 

Interestingly, the levels of the biomarkers differed between the different cancer types in absence of BM. 

Moreover, the same biomarker changed in a different way in patients with BM in the different cancer 

groups. The levels of the biomarkers are illustrated in Figure 17. Specifically, in lung cancer NCAN-M 

and Tau-C were elevated in patients with BM. Accordingly, a trend for increased levels of Tau-A was 

observed in patients with BM, but the difference was not significant. It should be noted that in the lung 

cancer group, there is a big difference in number of patients with BM and without.  

In contrast to lung cancer, in breast cancer, all the tested biomarkers were significantly decreased in 

patients with BM and the same pattern was observed in melanoma cancer. In renal cancer, there was a 

trend for increased levels in patients with BM in all tested biomarkers, but no significant differences were 
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observed. A trend for increased biomarker levels in patients with BM was observed in colorectal cancer, 

except for Tau-A levels, which were almost equal between the groups. 

 

 

Figure 17: Dot-plots showing levels of NCAN-M (A), Tau-A (B) and Tau-C (C) in cancer patients with different 

primary tumours and with or without brain metastases. Data are presented as mean ± 95CI. Welch’s t test or 

Mann-Whitney test were performed on biomarkers values. Statistical significance: *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001. BC: Breast cancer; LC: Lung cancer; MC: Melanoma cancer; RC: Renal cancer; 

CC: Colorectal cancer; BM: brain metastases 

3.3.4. Conclusion 

In conclusion, these preliminary data show some differences in the levels of the biomarkers tested 

regarding the presence or absence of BM. However, analysis is limited due to missing clinical data and 

hence, no specific conclusions can be drawn.  
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3.4. Implementation of the Tau-C competitive ELISA in a digital 

format using micro-droplet arrays with air/water interface 

This chapter describes the work conducted during my external stay at Dufva’s laboratory at the 

department of Health Technology at DTU.  

The aim of this project was to transfer the Tau-C competitive ELISA, previously developed at Nordic 

Bioscience, on a digital format using micro-droplet arrays (MDA) created with an air/water interface, 

previously developed by Kunding et al at Dufva’s laboratory 258, targeting an increase in the sensitivity of 

the immunoassay.  

Digital ELISAs are characterised as highly sensitive by enabling detection and quantification of single 

protein molecules at sub-femtomolar concentrations 259. Systems that allow detection of protein analytes 

at very low concentrations in blood have an important diagnostic value, especially in neurological 

disorders where brain derived proteins are less abundant in blood.  

Kunding et al applied their MDA platform to perform a sandwich digital ELISA for the detection of synthetic 

ApoE3 and reported detection at concentrations as low as 100 aM 258. In this project, we aimed at 

performing a competitive digital ELISA for the detection of the Tau-C biomarker.  

3.4.1. Tau-C ELISA reagents and characteristics 

Nordic Bioscience Tau-C ELISA utilises a mouse monoclonal antibody raised against the caspase-3-

generated N-terminal fragment of tau at position Asp421 (Tau-C fragment), identifying the 10 amino acid 

sequence 412’ -SSTGSIDMVD- ‘421 at the C-terminus of the Tau-C fragment. The same synthetic 

decapeptide SSTGSIDMVD is used as peptide standard to construct the calibration curve and the same 

peptide tagged with biotin (Biotin-SSTGSIDMVD) as coating peptide. All the incubations are done in 

assay buffer consisting of 10 mM PBS, 68 mM NaCl, 1% w/v BSA, 0.1% w/v Tween-20, 0.36% v/v 

Bronidox pH 7.4. In this project, the mouse monoclonal anti-Tau-C antibody was conjugated with HRP 

using the Peroxidase labelling kit (Roche, Cat. no. 11829696001).  

The current version of the Tau-C ELISA has the following characteristics: 

• Standard curve range: 0.73 nM-370 nM (2-fold dilutions, 11-point curve) 

• IC50=16 nM 

• Calculated lower limit of detection (LLOD): 1.1 nM 

• Coating peptide concentration: 0.7 nM 

• Monoclonal antibody concentration: 40 pM 
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3.4.2. Experimental setup - general steps 

To perform the experiments, we used a microfluidic system composed of patterned slide as substrate for 

the formation of the droplet array, a PDMS (Polydimethylsiloxane) lid forming microchannels when 

pressed on top of the slide and a 3D printed holder to clamp them together, containing inlets to load the 

liquid reagents into the channels and outlets connected to a peristaltic pump. The MDA was prepared as 

described in 258. Briefly, it is a glass slide with hydrophilic SiO2 circles (spots, 10 µm in diameter) 

surrounded by a continuous hydrophobic FDTS coating. When the PDMS lid was placed on top of the 

patterned and functionalised glass slide and was assembled into the flow-system, sixteen identical fluidic 

channels were formed. Each channel contained approximately 70000 spots, where droplets were 

generated once liquid flowed over the surface.  

For the functionalization of the surface, the MDA chips were cleaned by sonication sequentially in acetone 

and in isopropanol for 5 minutes. The glass chips were washed with 99.9% ethanol and were treated with 

a 1% v/v solution of an epoxy silane ((3-Glycidyloxypropyl) trimethoxysilane (GLYMO), Sigma) in 97% 

ethanol for 2 hours, rinsed with ethanol and cured for 1 hour at 110°C. 

The MDA chips were coated overnight at 4°C with 0.1 mg/l neutravidin solution in 10 mM PBS. The chips 

were rinsed with PBS and dH2O and assembled in the microfluidic device. Following the procedure for 

the standard competitive Tau-C ELISA, the chips were incubated with the coating peptide, allowing the 

biotin tagged on the peptide to interact with the neutravidin on the surface of the chip. The flow-system 

was rinsed with 10 mM PBS and incubated with the standard peptide and the monoclonal antibody 

solution. According to the principles of a competitive ELISA, molecules of the standard peptide compete 

with molecules of the biotinylated peptide attached on the surface of the chip for binding to the antibody 

molecules. The chips were flushed with 10 mM PBS to remove excess antibody and standard peptide-

antibody complexes. Finally, enzyme substrate solution (10 mM PBS, 0.2% v/v H2O2 30%, 1% v/v Triton-

X, 0.4% v/v ApliFu red) was flushed through the channels, leaving on the surface formed micro-droplets 

containing detection reagents. In droplets where the HRP-conjugated antibody was attached to the 

biotinylated peptide, a strong fluorescence signal was generated. For visualization, the MDA was imaged 

on a Zeiss Axio ObserverZ1 microscope equipped with a Zeiss Axiocam MRm B/W camera and the red 

fluorescence signal from the ApliFu red was detected with excitation at 555 nm and emission at 583 nm. 

Micrographs of the channels were acquired, and number of positive droplets were counted with the 

ImageJ software, setting a threshold that was kept the same for all the images from the same experiment.  

3.4.3. Tau-C digital ELISA: Optimization process and assay’s characteristics 

This was the first time that the described MDA was used for a competitive digital ELISA. It may be noted 

that we did not perform any calculations prior to experiments to better understand and hence, predict the 

kinetics of the single molecules in the MDA, which may differ from the bulk reactions taking place in 
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standard plates. Therefore, a great deal of effort and time was spent in optimizing assay conditions by 

primarily following the approach used in developing a standard ELISA.  

As defined by the terms “single-molecule-counting” and “digital ELISA”, a spot can be either “on” or “off” 

depending on the presence or not of a single antibody molecule in each droplet. Based on calculations 

previously done by our colleagues at DTU, the monoclonal antibody solution should not exceed a 

concentration of 33 pM for in-channel incubation. Higher concentrations would oversaturate the surface 

of the MDA chip which due to the competitive format of this assay would turn all the spots “on”. 

To start with, we performed checkerboard analysis to estimate the working concentrations for the coating 

peptide and the mAb. As in the sandwich digital ELISA a high concentration of the capture antibody is 

used 260,261, we aimed at using a high concentration of coating peptide and saturating the surface of the 

chip. Representative micrographs are shown in Figure 18, with different concentrations of coating peptide 

tested and mAb concentration at 33 pM. In absence of coating peptide, no background signal was 

generated, excluding any unspecific binding of the mAb to the functionalised surface of the chip. 

 

Figure 18: Fluorescence micrographs from channels incubated with different concentrations of coating peptide 

and concentration of mAb at 33 pM. On the right a description of the incubation times and temperatures for 

each step is illustrated.  
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The following table (Table 9) summarizes the main settings we applied in regard to concentration of 

peptides and mAb, incubation times and temperatures. Several combinations of these conditions were 

tested. 

Table 9: Main settings of the digital Tau-C ELISA tested in several combinations. 

Reagent Concentrations Conditions 

Coating peptide Ranging from 3 nM-150 nM 
1h, o/n 

RT, 4°C 

mAb Ranging from 33 pM-330 pM 
Mixed in ratio 1:1 

• Pre-incubation 
15min up to 2h or o/n at 4°C 

• In-channel incubation 
5min, 10min, 1h, 2h, o/n at RT or 4°C 

• Flushing the channel 
Flow speed 0.5 rpm, on ice 

Standard peptide Ranging from 10 pM-1000 nM 

 

As shown in the table above, we tried different ways to perform the competition step. We noticed that few 

minutes were enough for the mAb to react with the peptides in the channel. We were also surprised that 

only very high concentrations of the standard peptide could compete with the coating peptide for binding 

to the mAb. Therefore, we tried to incubate the mAb with the standard peptide prior to loading the samples 

on the MDA chip. Moreover, we assumed that reactions in the formed droplets on the MDA took place 

very quickly. Hence, we tried to flush the samples, containing mAb and STD, through the channel. In 

these trials we used higher concentrations of mAb.  

Representative fluorescence micrographs from two experiments conducted under different conditions are 

shown in Figures 19 and 20. For each experiment, interpolation of a sigmoidal, 4PL standard curve, 

where X axis is log(concentration), was done with GraphPad Prism as shown in Figures 19B and 20B. 

Both experiments showed that the linear range of the curve was approximately 1 nM-100 nM, which 

indicated no improvement regarding the sensitivity of the digital Tau-C ELISA compared to the Tau-C 

standard ELISA. 
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Figure 19: Digital ELISA for the Tau-C synthetic peptide (Experiment 1). A. Fluorescence micrographs of digital 

ELISA detection of the Tau-C synthetic peptide at different concentrations. B. Description of the specific 

experimental conditions. The standard peptide was incubated with the mAb prior to loading samples on the 

MDA. The competitive step took place while the samples flushed through the channel. C. Interpolation of a 

standard curve based on the concentration of the standard peptide and the number of “on” spots. IC50 and R2 

are indicated on the right. Data presented as mean ± SD. 
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Figure 20: Digital ELISA for the Tau-C synthetic peptide (Experiment 2). A. Fluorescence micrographs of digital 

ELISA detection of the Tau-C synthetic peptide at different concentrations. B. Description of the specific 

experimental conditions. The standard peptide was mixed with the mAb just before loading on the MDA. The 

competitive step took place while samples and mAb were incubated in channel. C. Interpolation of a standard 

curve based on the concentration of the standard peptide and the number of “on” spots. IC50 and R2 are 

indicated on the right. Data presented as mean ± SD. 
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3.4.4. Conclusion 

Here, we report the development of the Tau-C digital ELISA on MDA previously developed at Dufva’s 

laboratory at DTU. Digital ELISAs are characterised by increased sensitivity and very low detection limits. 

Nevertheless, Tau-C assay in the digital format did not improve the sensitivity of the standard ELISA for 

the detection of synthetic Tau-C peptide. The reasons for that remain unclear although some assumptions 

can be made. The concentration of the coating peptide used in these experiments was very high and this 

can move the equilibrium in the system towards the interaction of the mAb with the immobilised peptides 

on the surface rather than with the free peptides in the sample solution. Moreover, the structural 

arrangement of the immobilised peptides on the surface may favour the binding of the mAb to the coater, 

especially in this system where reaction volumes are very small. The affinity of the anti-Tau-C mAb has 

not been measured, and in this system, where reactions take place very quickly, it could have a great 

impact on the binding of the mAb to the low abundant peptide in the samples. Certainly, optimization of 

the system and theoretical calculations could improve the chances of developing a highly sensitive digital 

competitive ELISA on the MDA platform.  
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3.5. An in vitro study linking the Tau-C biomarker to neuronal death 

This chapter describes an in vitro study demonstrating the biological relevance of the Tau-C biomarker 

to neuronal death. Materials and methods for this study are provided in Appendix I (pp106-107).  

Cleavage of tau by caspase-3 32, a caspase required for neuronal apoptosis 262, has been studied in 

association with neurodegenerative diseases and AD 28,263. An ELISA specific for the caspase-3-

generated N-terminal fragment of tau at Asp421, Tau-C ELISA, has been previously developed at Nordic 

Bioscience and human studies have suggested that Tau-C is a biomarker related to neuronal damage 38–

40.  

In this study, we aimed to determine the relevance of the Nordic Bioscience Tau-C biomarker directly to 

neuronal death. To study this association, we used the SH-SY5Y cell line, a cell-line studied for its tau 

expression and widely used in translational neuroscience research 264–266. To induce neuronal death, we 

used staurosporine, which is a known caspase-activating cell stressor 267. Staurosporine induces a 

caspase- and calpain-dependent apoptosis and has been used in previous studies as cell-death inducer 

in order to mimic events that take place in neurodegenerative diseases such as AD 263.  

We examined the effect of staurosporine on tau fragmentation and specifically on generation of the Tau-

C fragment, as quantified with the in-house Tau-C ELISA.  

3.5.1. Cell culture model 

In this study we used an alternative protocol for differentiating the SH-SY5Y cells, which is described in 

the supplementary section. This alternative differentiation protocol does not include use of retinoic acid, 

phorbol esters or other specific neurotrophins such as brain-derived neurotrophic factor (BDNF), as other 

differentiation protocols suggest 268,269. In our protocol, undifferentiated cells following 10 days of serum 

deprivation acquired a more neuronal phenotype, with the formation and extension of numerous thin, 

branched neuritic processes connected to each other (Figure 21).  

 

Figure 21: Phalloidin staining of SH-SY5Y cells after 2 (left) and 9 (right) days in vitro incubation in medium 

supplemented with 1% FBS. Phalloidin-Tetramethylrhodamine B isothiocyanate stains filamentous actin and 

Day 2 Day 9 
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allows visualization of the actin cytoskeleton. Magnification 20x. Fluorescent micrographs adapted from a 

previous study conducted at Nordic Bioscience.  

A detailed characterisation of these mature, neuron-like cells was out of the scope of this thesis. 

Nevertheless, these differentiated cells expressed tau, the protein of interest, as verified by western blot 

analysis, in contrast to the undifferentiated SH-SY5Y cells (see Figure 23).  

3.5.2. Induction of apoptosis and assessment of cell viability 

Treatment with staurosporine (STS) induced cell death as shown in Figure 22. A 35 ± 2.9 (mean ± SE) 

% reduction in cell viability was observed when cells were treated with STS 125 nM and a 53 ± 3.5 (mean 

± SE) % reduction when cells were treated with STS 250 nM, showing a dose-dependent effect of 

staurosporine on neuronal death.  

 

Figure 22: Staurosporine-induced cell death of differentiated SH-SY5Y cells. Cells were treated for 24 hours 

with staurosporine (STS) at concentrations of 125 nM or 250 nM or vehicle as control (ctrl). Cell viability was 

assessed with the alamarBlue assay. Data are presented as mean ± SD. The raw data from treated cells in 

each experiment were normalized relative to the mean of the control wells in the respective experiment. Control 

cells were considered as 100% viable. Data were normally distributed according to D'Agostino-Pearson test. 

Ordinary one-way ANOVA with Tukey’s multiple comparison test was performed for the statistical analysis of 

the results. Statistical significance ****p<0.0001.  

3.5.3. Tau fragmentation during staurosporine-induced apoptosis 

Representative samples from each set of experiments were blotted for tau protein. Lysates and medium 

from undifferentiated cells were loaded on the gels to confirm that the “differentiation” protocol used in 

this study results in a more mature and neuron-like cell population that expresses tau.  

Intact tau was present in the medium of control cells but exhibited a significant reduction after treatment 

with staurosporine in a dose-dependent manner, as shown in Figure 23. This reduction in levels of total 

tau was accompanied with the presence and gradual increase in the levels of truncated forms of tau. As 



Results | Ourania Tzara 60 

expected, intact tau was present in the cell lysates of control and treated cells, while truncated tau forms, 

although more difficult to distinguish, appeared after exposure to staurosporine.  

 

Figure 23: Fragmentation of tau during staurosporine-induced apoptosis of differentiated SH-SY5Y cells. 

Representative cell lysates from each experiment and the respective media were probed for tau protein. Cell 

lysates were re-probed for p38 as loading control.  

3.5.4. Generation and release of the Tau-C fragment during staurosporine-

induced apoptosis  

Generation and release of the Tau-C fragment was studied with the competitive Tau-C ELISA.  

After 24 hours treatment with STS or vehicle, medium from cells was collected and measured at the Tau-

C ELISA. As shown in Figure 24, upon induction of cell death by staurosporine, caspase-3 cleavage of 

tau at Asp421 resulted in the generation of the Tau-C fragment, which can be quantified with the Tau-C 

ELISA. Tau-C generation and release in the medium seemed to be to some extent dose-dependent, 

although the difference between the two concentrations of staurosporine was not significant.  
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Figure 24: Tau-C generation and release in the medium of differentiated SH-SY5Y cells during staurosporine-

induced apoptosis. After 24 hours treatment with staurosporine (STS) at concentrations of 125 nM or 250 nM 

or vehicle as control (ctrl), medium from the cells was collected and 20 µl medium of each well were loaded at 

the Tau-C ELISA in duplicates. Data are presented as mean ± SD. The raw data from treated cells from both 

experiments were normalized relative to the mean of the control wells calculated based on the results from 

both experiments. Raw data were corrected for background signal from the different media. Data were normally 

distributed according to D'Agostino-Pearson test. Ordinary one-way ANOVA with Tukey’s multiple comparison 

test was performed for the statistical analysis of the results. Statistical significance *p≤0.05, **p<0.01.  

3.5.5. Conclusion 

The relevance of the Nordic Bioscience Tau-C biomarker to neuronal death was verified in this study. 

Tau-C levels, quantified by the Tau-C ELISA, have been shown to increase as function of brain damage 

in patients after cardiac arrest 42. Modelling neuronal death in vitro, in order to mimic cell death 

mechanisms in neurodegenerative diseases, was achieved using a simple cell system and inducing 

apoptosis with staurosporine. Although this in vitro system was not examined in detail, it was shown that 

the cells upon differentiation were expressing tau, Tau-C was secreted in the media during apoptosis and 

the Tau-C ELISA was used to quantify the secreted fragment.  
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4. Discussion 

In several neurological disorders, there is an unmet need for easily accessible, reliable biomarkers for 

diagnostic and prognostic purposes. In addition, biomarkers are useful tools that aid in our understanding 

of diseases’ underlying mechanisms. In a broad spectrum of neurological diseases, altered cellular 

homeostasis triggered by a series of events and cell stressors leads to degeneration of synapses and 

axons and results in neuronal damage and death. Changes in other cell types and extracellular structures 

of the brain are linked and further contribute to neurodegeneration through a complex interaction between 

them.  

Use of biomarkers that enable monitoring of the neurodegeneration process and neuronal death is crucial 

in understanding the neurodegenerative pathology in different diseases. Biomarkers that could identify 

patients with active neurodegeneration processes would be valuable not only as diagnostic or prognostic 

tools but also in clinical trials for stratifying the high-risk patients, enriching the study population with 

more-responsive patients and assessing the efficacy of disease-modifying treatments that aim to halt 

these processes and ultimately prevent neurons from death 270.  

Research efforts focusing on biomarkers are crucial and have been intensified the recent years. More 

and more new biomarkers are identified, and existing biomarkers are optimised. Advancements in the 

field of assay technology allow higher sensitivities; hence, more accurate measurements across the 

whole range of concentrations are feasible, thus highlighting small disease-related changes and leading 

to safer conclusions. In addition, the use of current biomarkers in relation to other neurological disorders, 

which share common pathobiological mechanisms, is being explored and opens new possibilities for 

diagnosis in the spectrum of brain diseases.  

Biomarker development strategies include analytical method validation and clinical qualification of the 

candidate marker 271. In that framework, this dissertation describes the development of novel 

immunoassays for quantification of brain-specific neo-epitope biomarkers in serum. Additionally, it 

provides biological and clinical evidence for the relation of the studied biomarkers to pathobiological 

processes that occur in response to various forms of brain injury and other neurological complications. In 

the context of analytical method validation, in this thesis we developed a competitive standard ELISA for 

the detection of a neo-epitope fragment of neurocan, NCAN-M, presented in paper I. Implementation of 

the Tau-A and Tau-C standard ELISAs, previously developed at Nordic Bioscience, in more advanced 

technological platforms was explored and resulted in a new electrochemiluminescence immunoassay for 

Tau-A quantification, described in paper II. Further, from the perspective of clinical qualification, we 

presented an example of functional validation of our candidate Tau-C biomarker by linking it with the 

biological process of neuronal death using a cell culture model. Proof of concept clinical evaluation of our 

biomarkers was performed by analysing samples from independent studies. NCAN-M was studied for its 
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diagnostic potential in TBI (paper I) and Tau-A was explored in TBI and stroke (paper II). NCAN-M, Tau-

A and Tau-C were studied in a preliminary study for their association with brain metastases in various 

cancer types.  

4.1. Development of biomarker assays 

Competitive immunoassays for quantification of brain-derived neo-epitope biomarkers in serum 

The cornerstone of the Nordic Bioscience approach in biomarker development is the neo-epitope protein 

fingerprint technology. This technology allows for the assessment of specific neo-epitope protein 

fragments that are generated after cleavage by known proteases at specific cleavage sites. The protein 

fingerprint biomarkers studied in this thesis are the N-terminal fragment of neurocan generated by MMP-

2 at Met635 (NCAN-M), the C-terminal fragment of tau generated by ADAM10 at Ala152 (Tau-A) and the 

N-terminal fragment of tau generated by caspase-3 at Asp421 (Tau-C).  

The proteins, these fragments originate from, are specifically expressed in the brain. Neurocan is 

considered as a secreted brain-specific CSPG 72. Tau is mainly considered as brain-specific although 

non-neuronal sources have been reported in the literature 272, and a high molecular weight tau protein, 

known as big tau, is expressed in the periphery 273,274. Tissue specificity is a feature that strengthens the 

clinical qualification of a candidate biomarker 275. In case of the brain, this is even more important as it is 

a relatively small organ and is surrounded by the BBB (discussed in the next paragraph) 166. Therefore, 

a brain-derived marker is more likely to reflect a pathobiological process that takes place in the brain 166. 

In addition, protein fragments generated through aberrant proteolytic degradation, which is related to a 

disease pathology, specifically reflect this pathological process and may have increased potential as 

disease biomarkers 166. In this thesis, we specifically studied neo-epitope fragments that are generated 

only when specific cleavages of physiological or pathobiological importance take place. 

The presence of the BBB challenges the development of blood-based biomarkers that originate from the 

brain. The BBB encompasses several cell types and ECM components and effectively separates the 

brain from the peripheral blood circulation 276. It strictly controls transport of water, molecules and ions 

and protects the brain from toxins, pathogens and peripheral immune cells, thus regulating brain 

homeostasis and maintaining a healthy environment essential for neuronal function 101. CSF though, 

which is in direct contact with the brain interstitial fluid, is absorbed into the blood across the arachnoid 

membrane and allows certain degree of exchange of small molecules and peptides 277. Recent evidence 

suggests that an additional clearance pathway, the glymphatic system, attributes to the presence of Aβ 

and tau in blood 278,279. In addition, in neurological disorders impairment of these clearance systems and 

BBB disruption increase the efflux of proteins and peptides to the periphery enabling their detection in 

blood 100,280,281.  
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In view of this, protein fragments such as our biomarkers, due to their smaller size, are more likely to 

cross the BBB and be present in blood than counterpart full-length proteins 236. No wonder that single 

molecule-array immunoassays, relying on their increased sensitivity, are required for determination in 

blood of brain-derived proteins, as in the case of neurofilament light and tau 229,282.  

With the purpose of detecting even very small protein fragments that carry the neo-epitope, we exploit 

the competitive format of immunoassays. In a competitive immunoassay, detection of the analyte is based 

on a single antibody, thus making it suitable for detection and quantification of smaller molecules 283. This 

is a major difference from the sandwich immunoassay, where detection of analyte of interest relies on 

antibody pairs that recognise different epitopes on the protein 283. This requires that epitopes of the two 

antibodies do not overlap and are spatially distinct 283.  

Furthermore, in the competitive format recognition of the fragments is based only on one epitope and is 

not limited by another epitope at the other end of the fragment. This is of major importance, as proteins 

are susceptible to PTMs that may occur during their journey from the brain into the bloodstream and such 

PTMs may destroy the epitopes recognised from the antibodies used in the respective assays 284. So, 

with our competitive assays we target one single epitope and in fact a neo-epitope, which is generated 

only under specific conditions. As a result, all the fragments that contain the neo-epitope at one end will 

be detected in our ELISAs independently of their length or other possible PTMs on other parts of the 

molecule (Figure 25). This feature of Nordic Bioscience technology compensates to some extent for the 

lower analytical sensitivity that characterises competitive assays in comparison to sandwich assays, 

which are more common for biomarker analysis in research settings and clinical routine 285.  

 

Figure 25: Detection of neo-epitope fragments in a competitive ELISA. An intact protein is cleaved by a known 

protease at a specific cleavage site. All the fragments containing the neo-epitope will be detected in the ELISA. 

Other PTMs in other positions on the neo-epitope fragment(s) do not affect its binding to the monoclonal 

antibody. Figure made by Tzara O. 
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Critical steps in immunoassay development 

When developing an ELISA, specific requirements need to be met regarding its target specificity, its 

analytical performance, its sensitivity and its consistency 283. In paper I, the NCAN-M ELISA was 

developed from scratch and will be used as a basis for discussion on these critical steps.  

The linear neo-epitope recognised by the monoclonal antibody used in the NCAN-M ELISA was identified 

from the literature 76. Its uniqueness relative to the entire human proteome, as examined with the NPS@: 

Network Protein Sequence Analysis 286, allowed its selection as epitope in this study. Neurocan 

undergoes proteolysis between the amino acids Met638 and Leu639 (rat neurocan) and this 

endoproteolytic cleavage is developmentally regulated in vivo 74,75,287. In 2001, Turk et al identified MMP-

2 as a responsible enzyme for this cleavage, by performing in vitro processing of neurocan by MMP-2 76.  

Selectivity is one of the most important parameters in the assay validation process and must be evaluated 

288. In paper I, we verified that NCAN-M is highly specific for the neo-epitope as testing of an elongated 

and a truncated peptide showed loss of reactivity. We also performed in vitro processing of neurocan by 

MMP-2 and verified the specificity of the ELISA, as only MMP-2 cleaved neurocan and not full-length 

protein resulted in significant signal generation. We must acknowledge though, that our epitope’s design 

is based on the primary structure of the protein and does not account for its three-dimensional structure.  

Our NCAN-M ELISA is a robust and precise assay, as both the within and between plates variability were 

<10%. Similarly, as reported in paper II, the Tau-A ECLIA demonstrated very low intra- and inter-assay 

variabilities. Determination of the lowest concentrations of the analyte that can be reliably measured is 

another necessary step in immunoassay development 289. The NCAN-M assay’s performance in recovery 

tests (dilution, spiking, interference) verified its reliability and relative accuracy regarding analyte 

determinations in serum. Analytical interference is very important to be recognised, if it exists, especially 

when the specimen is a complex biofluid, such as serum, that contains molecules that originate from all 

the tissues in the body 284 that may interfere with biomarker measurements 290.  

Finally, sample stability tests are essential for eliminating pre-analytical sources of variation 157,288. 

Samples handling prior to analysis regarding time-dependent storage at different temperatures and 

freeze-thaw cycles was tested in NCAN-M ELISA. The results highlighted that storage of samples at room 

temperature for extensive period should be a source of concern. 

Towards more sensitive technologies 

Continuous technological advances and breakthroughs along with multiplicity of current approaches have 

accelerated research on blood-based biomarkers for neurological disorders. The driver for many of these 

new technologies is increased sensitivity. Proteins derived from the brain can reach the blood stream by 

passive diffusion across the BBB and/or CSF drainage pathways 236,277. This restricted transport and the 

dilution of proteins in the large blood volume result in very low concentrations, emphasizing the need for 

highly sensitive immunoassays 141.  



Discussion | Ourania Tzara 66 

ELISA is considered as the gold standard method for biomarker detection and quantification and many 

variations in signal generation are used today 291. A relatively recent variation of immunoassays is the 

Meso Scale Discovery® (MSD) platform (www.mesoscale.com), which is based on the detection of an 

electrochemiluminescence signal and is characterised by increased sensitivity 292. 

In paper II, we presented the development of the Tau-A ECLIA, an optimized version of the Tau-A ELISA 

previously developed at Nordic Bioscience 36, based on the MSD platform. Sensitivity of the Tau-A ECLIA 

was proven limited in a previous study highlighting the need for improvement 41. Our new system’s 

technical performance demonstrated that Tau-ECLIA is a precise and accurate immunoassay. A cross-

platform comparison was necessary in order to conclude on the improved performance of the new assay. 

In contrast to other studies, where higher analytical sensitivity was reported when assays were transferred 

to the MSD platform in comparison to the respective standard ELISAs 255,293, the sensitivity of the Tau-A 

ECLIA was not significantly higher compared to the ELISA’s. Nevertheless, analysis of serum samples 

from two independent studies revealed that Tau-A ECLIA determinations spanned across a broader 

range of concentrations, and samples at the lower end of the spectrum were accurately measured. This 

yielded more information about the low samples and allowed better separations between the studied 

groups and hence, improved the discriminatory performance of the Tau-A biomarker. It was assumed 

that correlation of measurements across platforms would be high in both studies. However, we observed 

a very high correlation only in the TBI study, while in the stroke study this correlation was moderate. In 

other studies, where correlations of measurements across platforms were explored, moderate 

relationships were also reported 255,294. Our observation could point to the variability caused by pre-

analytical factors in biomarker measurements and difficulties in comparing results from different studies 

157.  

Ultrasensitive technologies have further addressed sensitivity needs, have overcome technical limitations 

and today represent new promising tools in biomarker research. Examples of such technologies are the 

single-molecule array (Simoa™), proprietary to Quanterix (www.quanterix.com) 259, the single-molecule 

counting (SMC™) on the Erenna® platform from Singulex Inc. (www.singulex.com) and the Immuno-PCR 

295,296. Highly sensitive biosensors are also implemented in AD biomarker research, with a study from 

Kim et al earlier this year reporting a sensor array able to detect core AD biomarkers at femtomolar levels 

with high accuracy 297. In general, such platforms have increased the sensitivity range up to sub-

femtomolar concentrations and therefore allow quantification of molecules that could not be examined 

with conventional assays 141. 

In an attempt to investigate the performance of one of the Nordic Bioscience competitive ELISAs on an 

ultrasensitive platform, we implemented the Tau-C ELISA in a digital format using micro-droplet arrays 

with air/water interface. Digital ELISA is a modified version of the conventional ELISA that can reach 

detection at the level of femtograms and can provide improved diagnostic performance of biomarkers 298. 

http://www.mesoscale.com/
http://(www.quanterix.com/
http://www.singulex.com/
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Recently, a digital ELISA was developed by Pérez-Ruiz and collegues reaching detection of tau in a 

plasma matrix at attomolar concentrations by using high-affinity antibodies 299.  

The MDA platform we applied was developed by Kunding and collegues at Dufva’s laboratory at DTU 

and has exhibited detection of synthetic analytes at concentrations as low as 100 aM 258. Our 

experimental work, though, did not result in any actual improvement in the detection of the synthetic Tau-

C peptide compared to the Tau-C ELISA. A major difference between the two studies though is the assay 

format, since we applied a competitive assay. In 2018, Wang et al published their work on competitive 

immunoassays implementing the Simoa technology and reported a 50-fold increase in sensitivity 

compared to conventional ELISA 300. Why we did not manage to achieve greater sensitivity is still under 

investigation. We should mention here that the dissociation constant of our anti-Tau-C antibody has not 

been studied. This could be a possible flaw in our study since affinity of the antibody can have a significant 

effect on the sensitivity of a competitive assay and with a likely higher impact on ultrasensitive platforms 

300. Moreover, concentration of the competitor is another significant factor that impacts assays’ sensitivity 

300. The fact that, for the MDA system to be functional, we used much higher concentration of coating 

peptide (competitor) than we use in the Tau-C ELISA, could somewhat explain that the digital assay’s 

sensitivity did not improve compared to the standard ELISA’s sensitivity. Nevertheless, this work opened 

a new field that would be interesting to further explore in the future by addressing also theoretical 

considerations, as micro-scale analytical systems differ from macro-scale in respect to relative effects of 

forces such as surface tension, gravity, reduced volume and fluid flow 301.  

4.2. Biological validation and clinical qualification of biomarkers 

Experimental evidence linking the Tau-C biomarker to neuronal death 

Hyperphosphorylated and C-terminally truncated tau aggregates are a common characteristic among 

dementia and neurodegenerative diseases 302. Caspase-3 mediated cleavage of tau at Asp421 has been 

linked to AD pathology both in vitro and in vivo 28,263,303. It has been reported in the literature that this 

event occurs early during tau pathology in AD 33 and Tau-C, the caspase truncated tau species, is 

detectable by immunohistochemistry in AD brains 28. In previous studies, it was demonstrated by western 

blotting and immunohistochemistry that tau is cleaved by caspase-3 during neuronal apoptosis in vitro 

28,31,213. In our in vitro study, we demonstrated that human SH-SY5Y neuroblastoma cells express tau 

upon differentiation and confirmed previous findings showing that treatment with staurosporine induces 

neuronal death accompanied by generation of the caspase-3 cleaved tau, Tau-C. Media from the cell 

cultures treated with staurosporine or vehicle were measured in our Tau-C ELISA and the obtained 

differences in Tau-C concentration confirmed the link between neuronal apoptosis and detection of the 

Tau-C fragment with our in-house ELISA.  
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Serological quantification of Tau-C fragments, with the Tau-C ELISA, has been explored in relation to AD 

in previous studies 38,40,41. Data from one study showed that Tau-C levels were elevated in AD patients 

compared to other types of dementia 40. Another study demonstrated that Tau-C measured in serum 

could serve as a prognostic biomarker in early AD, as its levels correlated to changes in cognitive function 

over time 55. In a large prospective study, higher Tau-C levels were associated with decreased risk of 

incident dementia, suggesting a potential predictive value of the biomarker 41.  

Furthermore, Tau-C has been investigated in other forms of brain injury, as indicator of neuronal damage 

and death. In relation to TBI, Tau-C levels were increased in concussed ice hockey players compared to 

their pre-season levels 39. These data suggest that even mild head traumas can initiate neuronal damage 

that could be monitored with a simple blood-biomarker. In more severe cases of brain injury as happens 

due to cardiac arrest, Tau-C levels increased over a 3-days period after cardiac arrest, although Tau-C 

showed no association with neurological outcome 42.  

These clinical data together, suggest that Tau-C assessed in serum may have diagnostic or prognostic 

value in several forms of brain injury and chronic neurodegenerative diseases. With our in vitro 

experiments, we tried to elucidate the connection between neuronal death and Tau-C generation and 

subsequent release, acknowledging though the simplicity of the approach. This was primarily done to 

support previous and future studies investigating Tau-C as marker of neurodegeneration in brain 

disorders.  

Exploring NCAN-M in traumatic brain injury 

The protein biomarker pipeline includes several stages until the candidate marker qualifies for testing its 

clinical utility in large cohorts 137. One of this stages, the verification process, involves study of a biomarker 

in clinical samples aiming at providing evidence for the biomarker’s potential clinical utility 137.  

In paper I, we described the identification of the biomarker candidate NCAN-M and the development of a 

technically robust competitive ELISA for its detection. We hypothesised that ECM remodelling processes, 

which occur in brain following TBI 254, could impact proteolytic processing of neurocan and that we would 

be able to monitor these changes in serum with the NCAN-M ELISA. In order to provide the first evidence 

of potential clinical utility of NCAN-M in TBI assessment, we measured NCAN-M levels in a small study 

involving individuals exposed to TBI and non-trauma controls.  

Our findings that NCAN-M levels decreased in the first day after TBI and that NCAN-M discriminated 

between patients with TBI and those not exposed to injury suggest a potential diagnostic value of NCAN-

M. Minta and collegues had previously investigated serological levels of neurocan in TBI and reported a 

decrease in the TBI group compared to controls 96. Data from in vivo studies report that following CNS 

injury neurocan is re-expressed, likely by reactive astrocytes, and its processing rate decreases affecting 

the abundance of the generated fragments 86–91,304. 
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In an attempt to explore NCAN-M levels over time post-TBI, we measured NCAN-M in TBI patients 

sampled at different time points after the injury. Our data indicated a moderate positive association 

between NCAN-M and time post-TBI, presenting opportunities for its investigation as monitoring 

biomarker during the recovery process. From the difference in NCAN-M levels between mild and 

moderate TBI and the association of NCAN-M with the GCS score, we suggest that NCAN-M could be 

further investigated as a function of TBI severity.  

TBI is considered as a complex cascade of multiple pathophysiological events 305. Research so far has 

primarily focused on identifying biomarkers reflecting inflammation, neuronal and astroglial injury 305,306. 

By investigating novel biomarkers like NCAN-M as indicators of distinct pathobiological processes taking 

place in the brain could add value in TBI diagnosis and monitoring of disease progression. To elucidate 

additional aspects of brain injury would offer emerging opportunities in TBI assessment and management 

and in future treatments.  

Tau-A in diagnosis of acquired brain injury 

Stroke and TBI are both distinct forms of acquired brain injury and leading causes of disability in adults 

103,114. In both diseases, occurrence is often sudden, and patients are administered in prehospital settings, 

where availability of imaging facilities may be limited. Hence, blood biomarkers may represent an 

alternative or supplementary way for diagnosis and management of these diseases 307.  

Although TBI and stroke have different etiologies, rapid neurodegeneration and BBB disruption are 

shared characteristics between them 3. Tau pathology as function of neurodegeneration has been studied 

in association with ischemia and TBI, and tau has been identified as one of the players in the 

pathophysiology of these diseases 308,309. Therefore, biomarkers in blood reflecting tau pathology are 

being explored as diagnostic and outcome prediction tools in TBI and stroke. Tau detected in blood has 

shown promising results as prognostic biomarker in stroke 310,311 and in TBI studies total tau in blood was 

increased post-TBI 312–315.  

In paper II, we demonstrated that Tau-A levels were elevated in TBI patients compared to controls during 

the first 24 hours after the injury. Tau-A has been studied before in ice-hockey players that have sustained 

concussion or brain injury 39. In this longitudinal study, no difference between pre- and post-season Tau-

A levels was observed but Tau-A levels were related to the severity of the injury and could predict the 

return to play time, highlighting the potential of Tau-A marker as a monitoring tool in TBI 39. In our stroke 

study, results were not that clear as Tau-A levels were elevated in hemorrhagic and severe ischemic 

stroke patients compared to healthy controls but could not discriminate between patients who suffered 

mild ischemia and controls. Moreover, the differences in Tau-A levels between hemorrhagic and ischemic 

stroke could not provide enough evidence that Tau-A could be used for the differential diagnosis of stroke 

subtypes. In a study with patients after cardiac arrest, Tau-A levels increased over time although they 

were not able to predict neurological outcome 42.  
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All these findings could lay the ground for future studies, where Tau-A together with other tau fragments 

and total tau could be studied as markers of neuronal damage and outcome prediction.  

Brain-specific neo-epitope biomarkers associated with brain metastases 

Up to 30% of adults suffering from an extracranial tumour will develop brain metastases (BM) 316, an 

estimation that emphasizes the importance of BM as a public health burden and the necessity of improved 

diagnosis, prognosis and treatment strategies. 

In cancer management, liquid biopsies including serum are being investigated for circulating proteins, 

metabolites, circulating tumour cells but also circulating nucleic acids, extracellular vesicles and tumour-

educated platelets 317. Discovery of protein-based biomarkers that could demonstrate clinical utility has 

been the objective of recent research efforts 317. Longitudinal studies would be the ideal type of studies 

in order to discover biomarkers for BM, monitor treatment efficacy, prognose tumour recurrence and 

identify tumour pseudoprogression 317. Blood biomarkers, able to allow early detection of brain metastatic 

dissemination, especially in specific subtypes of cancer with higher risk of BM, would be a great discovery 

in the field, would improve our understanding regarding underlying mechanisms and could even prevent 

BM from occurring 317.  

The brain-specific pre-metastatic process may be more likely to be recognised and studied when 

biomarkers that are brain-specific are utilized. NCAN-M, Tau-A and Tau-C, as previously discussed in 

this thesis, are considered as brain-specific markers and hence, exploring their relationship with BM 

interested us. During the pre-metastatic neural niche formation, changes in the BBB occur accompanied 

by activation of brain resident cells and ECM remodelling 318. Inactive metastatic cells can rest in the 

neural niche for long time periods until they start proliferating and thriving in the foreign brain environment 

319. During these processes, cancer cells interact with the brain resident cells, with astrocytes acting as 

protagonists in this crosstalk 118. Metastatic tumour cells manage to integrate in the neuro-glia niche by 

adopting neuronal features and eventually causing neuronal damage in the surrounding tissue by 

expanding their colonies 118. Therefore, changes in brain ECM and neuronal integrity due to BM could be 

reflected in the levels of NCAN-M, and Tau-A and Tau-C respectively.  

Our results must be interpreted though with great caution, as at the time of writing this dissertation, the 

available clinical data were limited to tumour’s tissue-origin and the development or not of BM. Some 

factors that could affect the analysis will be discussed later in the Limitations section.  

Nevertheless, our preliminary analysis demonstrated some significant differences between the groups 

with BM and those without, depending on the primary cancer. NCAN-M was the marker with significant 

differences and very good discriminatory power in most cancer types. What surprised us, though, was 

that our markers in some cancer types were positively associated with BM whereas in others this 

association was negative. In the same cancer type though all the markers followed the same trend for 

elevated or decreased levels. A very simplistic and general explanation for this difference could be that 
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primary tumours differ from each other and BM from one type might behave in a different way than from 

another 320. Further analysis would likely reveal more associations to clinical data and enabling safer 

conclusions to be drawn. 
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5. Limitations 

There are several limitations in the present studies that require consideration when interpreting our 

results. The most important factor affecting the performance and specificity of the antibodies used for 

developing our immunoassays is the nature of the binding to the target 321, in this case the neo-epitope. 

Our monoclonal antibodies are raised against synthetic peptides containing the epitope which means that 

they recognise and effectively bind to the linear sequence of amino acids, as in a fully denatured protein. 

However, we perform analysis in serum samples, where protein targets are in their native state, a fact 

that may impact the binding of the antibody to the target and hence, the performance of the assay 322. To 

address that, we tested the reactivity of the assay with recombinant human neurocan, which is produced 

in eukaryotic expression system, after in vitro cleavage by MMP-2. To ensure target specificity, we 

selected the epitope based on its uniqueness to the entire human proteome. To further validate the 

specificity of our assays we could also test immunodepleted specimens. Moreover, our assays employ 

synthetic peptides as calibrators and hence, absolute concentrations of fragments in serum might be 

different.  

Regarding the NCAN-M study, we should acknowledge that MMP-2 was recognised as a responsible 

enzyme for neurocan processing at its major cleavage site (rat neurocan Met638-Leu639), in an in vitro 

study. In this original study, Turk et al predicted that MMP-3 could be another likely protease to recognise 

the same cleavage site in rat neurocan, although they did not confirm this prediction with experimental 

work 76. In our study we confirmed that our ELISA can selectively detect recombinant human neurocan 

cleaved in vitro by MMP-2, but we did not test other proteases.  

Moreover, in our cell experiments we have made some assumptions that should be acknowledged. 

Although we showed with Western blotting that the protocol we followed for differentiation of the SH-

SY5Y cells resulted in a cell population expressing tau, we did not study any other neuronal markers to 

confirm their neuronal phenotype and did not examine the homogeneity of the cell population. Moreover, 

we treated the cells with staurosporine in order to induce a caspase-dependent apoptosis and mimic 

events that occur in neurodegenerative diseases, such as AD. It would be though relevant to show that 

fragmentation of tau during Aβ-mediated cell death, as shown in previous studies 323, generates the Tau-

C fragment which can be further quantified with our in-house Tau-C ELISA. 

Implementation of the competitive Tau-C assay in the micro-droplet array did not show any improvement 

in sensitivity, perhaps due to various reasons. The very high concentration of the coating peptide is likely 

that it moves the equilibrium in the system in a way, so that the monoclonal antibody reacts primarily with 

the highly available peptides immobilized on the surface of the array than with the analyte in the sample 

(synthetic standard peptide). This is a limiting factor when detection of an analyte at very low 

concentrations is desirable. Moreover, the system we used was not technically optimised and this could 
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have affected the performance of the assay in unpredictable ways. A more thorough theoretical analysis 

and optimization of the system is required in order to develop an ultrasensitive competitive digital assay 

in the future.  

A major limitation in this dissertation concerns the studies we used to evaluate the association of our 

biomarkers with the respective diseases. A common limitation is that all the studies involved a small 

number of participants. TBI samples and respective control samples in paper I and paper II were 

purchased from the National BioService LLC. Since the subjects were not recruited into a clinical study, 

samples were not accompanied by thorough clinical assessment and data and hence, interpretation of 

the results should be done with caution. In relation to the same samples, severity of TBI was assessed 

based only on the GCS score and no outcome measures were available. This study serves mainly as 

proof of concept that NCAN-M levels in serum change in relation to brain injury. Our findings require 

investigation in other studies, preferably longitudinal studies, with well-characterised study population, 

that would provide additional information about the kinetics of the biomarkers and association with other 

injury and outcome measures.  

Data analysis in the stroke study was limited by outcome measures as well. NIHSS and mRS scores, as 

measures of neurological and functional status respectively, are considered reliable measures 324, lesion 

volume though was not studied. Blood sampling was performed mostly within seven days from the index 

stroke and therefore varied between the patients. Moreover, information on possible treatments was not 

provided. All these factors may have affected biomarker measurements. As suggested above for TBI, a 

longitudinal study would allow the biomarker levels to be monitored over time and thus, information in 

relation to recovery from stroke would be obtained. 

Finally, availability of clinical data regarding the cancer study was a major limiting factor for analysis. 

There are several factors that may have influenced our results and remain unknown. Selectively, such 

factors may be the time to development and diagnosis of brain metastases, number and location of the 

metastatic loci, subtype of primary cancer, extracranial metastases, therapies, radiotherapy and surgery. 

Moreover, in several cancer types, gene and protein expression of tau has been reported 325–329 and in 

some studies tau expression has been found to further increase in metastatic tumours 330. Therefore, it 

should be noted that this preliminary analysis was presented with the main objective of showing a 

perspective on cancer and brain metastases, but further investigation is required.  

To sum up, our results require verification in other independent, well-characterised studies in order to 

further explore and evaluate the clinical relevance of our biomarkers.  
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6. Conclusion 

In this thesis, we performed research in order to address the need for novel biomarkers in neurological 

disorders. The biological heterogeneity of these diseases is characterised by complex interactions and 

alterations that involve a wide range of pathophysiological processes that may lead to neuronal damage 

and death. Reliable biomarkers, measured in a minimally invasive way in blood and able to specifically 

detect and monitor these pathophysiological mechanisms, are the subject of extensive research 

worldwide and the general objective of this dissertation.  

Our main findings are divided into those related to the development of novel biomarker assays and those 

related to biological validation and clinical qualification of biomarkers. They are summarised as follows: 

➢ Development of novel biomarker assays 

o We developed a specific and technically robust competitive ELISA for serological 

quantification of the neo-epitope MMP-2-generated N-terminal fragment of neurocan, 

NCAN-M.  

o We developed an electrochemiluminescence-based assay for quantification of Tau-A, an 

ADAM10-generated fragment of tau, and demonstrated that this version of the assay is 

superior to Tau-A ELISA in accurately measuring samples with low concentration of 

analyte, in providing a broader distribution of samples values across the measurement 

range and hence, in allowing separation between groups.  

o We explored the possibility of implementing the Tau-C ELISA in an ultrasensitive platform, 

although we failed to increase the sensitivity of the assay.  

➢ Biological validation and clinical qualification of biomarkers 

o We demonstrated with in vitro experiments that the Tau-C fragment can be quantified in 

the in-house Tau-C ELISA as a function of neuronal death. 

o We explored NCAN-M levels in association with TBI as a proof of concept and observed 

that NCAN-M levels decrease in the first day post-TBI compared to controls and may 

correlate with time post-TBI and with injury severity. 

o We showed that Tau-A is increased in TBI and in subset of stroke patients compared to 

respective controls. 

o We presented a preliminary exploratory analysis for levels of NCAN-M, Tau-A and Tau-

C in relation to brain metastases in different cancer types. 

Taken together, these data indicate that neo-epitope fragments of brain specific proteins may reflect 

specific pathobiological responses and could serve as blood-based biomarkers, individually tested or 

combined in a multi-panel approach, in several forms of brain injury, chronic neurodegenerative diseases 

or other neurological complications such as brain metastases. Such tools may not be disease specific 
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and therefore may not aid much in differential diagnosis but could be investigated as diagnostic or 

prognostic tools in the wide spectrum of diseases related to neurodegeneration. Their application could 

help elucidate underlying disease mechanisms and trace specific pathophysiological processes. NCAN-

M could be a marker reflecting changes related to ECM remodelling processes and Tau-A and Tau-C 

markers related to neuronal injury and death. Neurodegenerative diseases are complex and are better 

defined as disease continuums rather than static clinical manifestations. Therefore, biomarkers that 

reflect all aspects of pathology are needed in the field, and the study of biomarker signatures could be 

the first step in achieving the desired breakthroughs. Whether our biomarkers could serve that purpose 

certainly needs to be investigated in future studies.  
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7. Perspectives 

The data presented in this thesis are promising and could lay the groundwork for future investigations.  

First, in order to investigate the importance of the neo-epitope fragments in diagnosis of several diseases, 

we could study them in combination with the respective intact proteins or other protein fragments. Such 

an approach has been shown by Chen and colleagues to highlight the importance of specific tau species 

in diagnosis of AD compared to full-length tau determinations in blood 229. Although our main goal is to 

develop blood-based biomarkers for neurodegenerative diseases, for research purposes we could 

optimize our assays for performing analysis of CSF and then, we could measure protein fragments in 

both CSF and blood and investigate correlations between the biofluids and between the biomarkers and 

other disease-related variables. 

Tau pathology is a key player in many neurodegenerative diseases and tau species have been 

extensively studied in biofluids as indicators of neuronal damage. Neurocan has not yet been well studied, 

but findings in TBI and AD indicate potential as diagnostic biomarker. Here, we presented work involving 

three neo-epitope biomarkers, two distinct tau fragments and a neurocan fragment that reflect different 

pathobiological processes. Well-characterised cross-sectional studies could serve as starting point to 

explore the diagnostic power of our biomarkers in several neurological diseases. Longitudinal studies 

would also allow the study of biomarkers kinetics and exploration of their prognostic value. In future 

studies these biomarkers could be studied separately but also in combination, as multi-marker 

approaches are appealing in the field and start to be a more promising approach. Studies in AD, CTE 

and other dementias as well as in TBI and other forms of brain injury could be of interest.  

Furthermore, as proteomic approaches have been in recent years extensively used for identification of 

new targets and quantification of analytes 331, they represent an attractive possibility for studying brain 

specific proteins in blood. One major advantage of mass spectrometry (MS) over immunoassays is that 

MS does not rely on antibodies for detection and quantification of proteins 135,331. Moreover, MS-based 

techniques are not limited by analytical interference, which is a shortcoming of immunoassays especially 

when blood is used as specimen 332. Serum proteome profiling, as introduced by Geyer et al 333, in 

patients with AD and healthy controls could reveal differences in the levels of brain-specific proteins and 

could serve as an ideal diagnostic test in the future. Such methodology could also be applied for other 

neurological disorders.  

Finally, the reasons for failing to reach higher sensitivity in our Tau-C detection system by applying the 

Tau-C ELISA on the micro-droplet array remain unknown. Ultrasensitive technologies though are the 

future in biomarker research. Therefore, we could conduct additional research and being inspired by 

Wang et al from their work on competitive assays in the Simoa platform 300, we could immobilise on the 

surface of the array a secondary anti-mouse antibody instead of the competitor peptide, and label with 
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an enzyme the competitor peptide. Samples would be incubated with the monoclonal anti-Tau-C antibody 

and the labelled competitor in a reaction cuvette and reaction mixture would be afterwards incubated or 

flushed though the microfluidic channel. The immunocomplexes would interact with the immobilised 

secondary antibody and signal would be generated only on the array spots, where competitor 

immunocomplexes would bind to the surface. In this case, it would be easier to control concentrations of 

antibody and competitor, and maybe with this assay format we could reach lower detection limit and 

hence, higher sensitivity.  
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Appendix I 

Material and methods for the section: An in vitro study linking the Tau-C biomarker to 

neuronal death (pp 58-61) 

Maintenance cultures 

Undifferentiated SH-SY5Y human neuroblastoma cells (Sigma Aldrich) were cultured in Dulbecco’s 

Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F-12) medium (Sigma Aldrich, Cat. no. 

D8062) supplemented with 10% v/v fetal bovine serum (FBS) (Sigma Aldrich, Cat. no. F7524), 1% v/v 

Penicillin-Streptomycin solution (Sigma Aldrich, Cat. no. P4333) and maintained at 37°C, 5% CO2. The 

medium was changed every 3 days. When the cells attained 80-90% confluency, they were passaged 

into new culture flasks after trypsinization (Sigma Aldrich, Cat. no. T3924).  

Cultures of differentiated SH-SY5Y cells 

Undifferentiated SH-SY5Y cells were plated onto 6-well plates at a cell density of 7500 cells/cm2. The 

cells were grown in DMEM/F-12 medium supplemented with 1% v/v FBS (FBS), 1% v/v Penicillin-

Streptomycin solution (differentiation medium) and maintained for 10 days in vitro at 37°C, 5% CO2. The 

medium was changed every 3-4 days.  

Experimental design 

Two independent sets of experiments were conducted. In each experiment, cells were plated in three 6-

well plates as three replicates of each condition in each plate. In the first set of experiments, cells were 

exposed only to staurosporine solution 125 nM while in the second set both 125 nM and 250 nM 

staurosporine solutions were used for induction of apoptosis.  

Induction of apoptosis 

Apoptosis was induced by addition of staurosporine (STS) (Sigma Aldrich, Cat. no. S6942) at 

concentrations of 125 nM or 250 nM, prepared from a stock solution of 1 mM in DMSO and diluted in 

differentiation medium and subsequent incubation for 24 hours. 10 days in vitro differentiated SH-SY5Y 

cells were treated with differentiation medium containing STS or vehicle (DMSO) (control cells-ctrl) for 24 

hours. Control cells were exposed to the same volume of vehicle diluted in medium as with the highest 

staurosporine concentration.  

Assessment of cell viability 

Cell viability was assessed with the alamarBlue assay (Invitrogen, Cat. no. DAL1100) according to the 

manufacturer’s protocol. After treatment with STS or vehicle for 24 hours, medium was replaced with 

differentiation medium containing 10% v/v alamarBlue solution and the cells were incubated at 37°C, 5% 

CO2. Once the colour has changed from blue to red-purple, medium was transferred to a black 96-well 
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plate and fluorescent signal was measured with excitation at 540 nm and emission at 590 nm at a 

SpectraMax M5 microplate reader (Molecular Devices). 

Cell lysis and protein extraction 

Cells were scraped off gently from the bottom of the wells into the media and placed directly on ice. Cells 

were pelleted by centrifugation at 350xg for 5 minutes and media were collected for further analysis. Cell 

pellets were washed with ice-cold PBS and lysed in ice-cold RIPA buffer (150 mM NaCl, 25 mM Tris base 

pH7.6, 0,1% SDS, 1% IGEPAL CA-630, 1% sodium deoxycholate) plus protease inhibitor cocktail 

(Roche, Cat. no. 05056489001). After 20 minutes incubation on ice, cell lysates were centrifuged at 4°C 

for 15 minutes at 14000xg. The supernatants were collected in clean tubes and protein concentration 

was determined using the RC DC protein assay kit II (Bio-Rad, Cat. no. 5000122). 

Western blot analysis 

Equal amounts of protein extracts (15 µg) or equal volumes of media (30 µl) were separated on SDS-

PAGE (10% Bis-Tris) under reducing conditions and transferred onto nitrocellulose membranes. Blocking 

with 5% v/w milk in TBS-T for 1 hour at room temperature (RT) was followed by overnight incubation at 

4°C with primary antibodies diluted 1:1000 in blocking solution: rabbit polyclonal anti-tau antibody 

(Invitrogen, Cat. no. PA5-27287) or mouse monoclonal anti-p38 antibody [M138] (Abcam, Cat. no. 

ab31828), used as loading control for lysates. Incubation with secondary antibodies goat anti-rabbit IgG 

HRP-conjugated (Jackson ImmunoResearch Europe Ltd., Cat. no. 111-035-003) or rabbit anti-mouse 

IgG HRP-conjugated (Jackson ImmunoResearch Europe Ltd., Cat. no. 315-035-045), diluted 1:10000 

and 1:5000 in blocking solution respectively, for 1 hour at RT was followed by ECL signal generation and 

detection with the C-DiGit Blot Scanner (LI-COR).  
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Abstract 

Following traumatic brain injury (TBI) remodelling of brain extracellular matrix (ECM) occurs, 

characterised by modified synthesis and degradation of ECM proteins. Biomarkers reflecting novel 

pathophysiological processes in response to TBI could aid in diagnosis and elucidation of disease 

mechanisms. Available data indicate that neurocan, a brain-specific ECM protein, is cleaved by 

MMP-2 and its fragments are present in the brain. The aim of this study was to develop an assay for 

detection of the MMP-2-generated N-terminal fragment of neurocan (NCAN-M), measure its levels 

in serum from 40 controls and 40 TBI patients (mild and moderate), collected at several time points 

post-TBI, and investigate the biomarker’s diagnostic potential. A highly specific monoclonal 

antibody recognising the neo-epitope fragment NCAN-M was generated and used to develop a 

sensitive competitive ELISA. Dilution and spiking recovery tests demonstrated accuracy and 

precision and intra- and inter- assay CVs were below 10%. In the early phase, within 24 hours from 

injury, NCAN-M levels were decreased in TBI compared to controls. A moderate correlation of 

NCAN-M to days post-TBI was observed. Analysis of all samples from all time points showed a 

discriminatory power of NCAN-M between mild and moderate TBI and a moderate inverse 

correlation to the Glasgow Coma Scale score. These findings suggest that NCAN-M could serve as 

diagnostic marker during acute phase of TBI and be used to assess the extent of TBI severity. Further 

research is required to verify our results in other studies and in relation to other brain diseases.  
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1. INTORDUCTION 

Traumatic brain injury (TBI) is defined as a disruption of the brain function caused by an external 

force applied to the head (Menon et al., 2010). TBI is a leading cause of disability and death related 

to injury with a worldwide estimation of 69 million TBI cases every year (Dewan et al., 2018). In 

clinical practice severity of TBI can be classified as mild, moderate or severe based on the sum score 

of behavioural responses (eye, motor and verbal) graded according to the Glasgow Coma Scale (GCS) 

(Teasdale & Jennett, 1974). However, in TBI clinical care, the GCS severity classification often does 

not adequately reflect the extent of the injury and cannot distinguish between subsets of TBI with 

different pathoanatomical changes (Maas et al., 2017). Diagnosis and characterization of TBI should 

rely on multiple dimensions including clinical assessment, pathophysiological and neuroimaging 

findings along with biomarker tests (Maas et al., 2017). The established cerebrospinal fluid (CSF) 

and imaging biomarkers for brain injury could be to some extent replaced or supplemented by blood-

based biomarkers.  

Development of biomarkers measured in blood, indicative of trauma-induced pathophysiological 

changes in the brain, targets an unmet medical need for minimally invasive, inexpensive and rapid 

diagnosis, monitoring of disease progression and outcome prediction. Current candidate peripheral 

markers of TBI reflect mainly pathological processes related to neuronal and glial damage, reviewed 

in (Zetterberg & Blennow, 2016; Agoston et al., 2017). Markers of astroglial injury include the S100-

B, the glial fibrillary acidic protein (GFAP) and its breakdown products (Vos et al., 2010; Metting et 

al., 2012; McMahon et al., 2015; Thelin et al., 2017). The extent of neuronal and axonal injury is 

mirrored in the levels of several markers such as neuron-specific enolase (NSE) (Thelin et al., 2016), 

ubiquitin C-terminal hydrolase-L1 (UCHL-1) (Li et al., 2015), myelin basic protein (MBP) (Thomas 

et al., 1978; Borg et al., 2012), total-tau (Stukas et al., 2019), neurofilament light (NF-L) (Al Nimer 

et al., 2015; Shahim et al., 2016) and phosphorylated neurofilament heavy subunit (pNF-H) 

(Anderson et al., 2008). All these biomarkers facilitate diagnosis and prognostication of outcome 

after TBI, but in some cases the lack of exclusive presence in the central nervous system (CNS) 

diminishes their diagnostic and prognostic value. The changes occurring in the brain after a head 

injury are complex and affect multiple compartments of the brain tissue implying a need for 

development of biomarkers reflecting other important pathobiological processes. 

The extracellular matrix (ECM) of the brain, as part of the neural tissue, undergoes changes in 

composition and distribution in response to TBI (George & Geller, 2018). The brain ECM is mainly 
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composed of hyaluronic acid, proteoglycans and glycosaminoglycans, produced by neurons and glia 

cells (Mouw et al., 2014). Subsets of neurons are ensheathed by lattice-like extracellular aggregates 

called perineuronal nets (PNN), whose deposition and composition are regulated under physiological 

and pathological conditions by proteolytic processing (Bonneh-Barkay & Wiley, 2009; Bozzelli et 

al., 2018). Neurocan is a chondroitin sulfate proteoglycan of the CNS ECM and part of the PNN 

(Rauch et al., 2001). Its expression and processing have been extensively studied in rodents during 

development of the brain and under pathological conditions (Rauch et al., 1991, 2001; Meyer-Puttlitz 

et al., 1995; Haas et al., 1999; Asher et al., 2000; Zhou et al., 2001) by the use of antibodies 

recognising different regions of the molecule. Under physiological conditions full length neurocan, 

known also as the juvenile type due to its presence only in the immature brain, is cleaved by matrix 

metalloproteinase 2 (MMP-2) generating an N-terminal and a C-terminal fragment (Matsui et al., 

1994; Meyer-Puttlitz et al., 1995; Turk et al., 2001). The importance of this cleavage event for the 

brain physiology is highlighted by the fact that the sequence surrounding this cleavage site in 

neurocan is highly conserved among different mammalian species (Rauch et al., 2001). Moreover, 

this developmentally regulated processing of neurocan may be of some biological importance and the 

generated fragments may display distinct interactions with other molecules through their different 

structural domains (Retzler et al., 1996). The N-terminal fragment (NTF) has been shown to be a 

component of the PNN (Matsui et al., 1998) and its interaction with tenascin-R seems to affect its 

abundance in these formations (Bruckner et al., 2000). The C-terminal fragment through its 

interaction with heparan sulfate proteoglycans (HSPGs) has been shown to promote neurite 

outgrowth (Akita et al., 2004). In the mature brain, the NTF may be further cleaved, thus leading to 

the generation of smaller fragment(s) and peptide(s) (Matsui et al., 1994; Oohashi & Bekku, 2010). 

Hence, neurocan proteolytic fragments are present in the brain and investigation of their levels both 

under physiological and pathological conditions may be of interest. 

The dynamics of neurocan in human CSF and blood, along with other ECM proteins, have been 

recently investigated in severe TBI (Minta et al., 2019). In that study, serum neurocan levels were 

lower in severe TBI patients compared to controls and further decreased over time after the injury 

(Minta et al., 2019). Neurocan was not found to correlate to other existing markers for TBI, suggesting 

that its levels may reflect a distinct pathobiological response to TBI. 

In this study we aimed to investigate whether alterations in brain ECM remodelling induced by TBI 

affect proteolytic degradation of neurocan and particularly, levels of the MMP-2-generated neurocan 

NTF, designated as NCAN-M. We developed a competitive enzyme-linked immunosorbent assay 
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(ELISA) for the serological detection of the neo-epitope fragment NCAN-M. We measured the 

NCAN-M levels in serum from non-trauma controls and from patients with TBI, mild and moderate, 

collected either within 24 hours after the injury or at later time points.  

 

2. MATERIALS AND METHODS 

 

2.1.Reagents and peptides 

All reagents were standard high-quality chemicals from companies such as Merck and Sigma-

Aldrich. The synthetic peptides used for monoclonal antibody production and assay development are 

described in Table 1.  

Peptides were purchased from Genscript (Piscataway, New Jersey, USA) and stock solutions were 

prepared in buffer composed of 50 mM PBS, 137 mM NaCl, 1% BSA, 0.1% w/v Tween-20, 0.9% 

w/v EDTA, 0.36% v/v Bronidox, 10% w/v sorbitol, pH 7.0.  

2.2.Generation of the antibody 

The amino acid sequence 626’- TSPDLPMMAM- ‘635 in the human neurocan was used for the 

generation of a mouse monoclonal antibody specific for the generated neo-epitope at the C-terminus 

of the N-terminal half, and it was additionally used to design the selection peptide (TSPDLPMMAM). 

The linear epitope before the cleavage site was predicted from the literature (Turk et al., 2001) and 

selected based on its uniqueness relative to the entire human proteome using NPS@: Network Protein 

Sequence Analysis (Combet et al., 2000). 

The methods for the generation of the monoclonal antibody were as previously described (Sun et al., 

2019). Briefly, immunization of 6-7 weeks old Balb/C mice with subcutaneous injection of 

immunogenic peptide emulsified in SPECOL adjuvant was followed by booster doses with 2-weeks 

interval. Bleeds were collected to monitor serum antibody levels. Mice with a stable antibody titer 

and the best native reactivity were chosen for fusion following the procedure described by Gefter and 

colleagues (Gefter et al., 1977). Spleen cells were fused with SP2/0 myeloma cells and the cells were 

distributed to 96-well microtiter plates. Subcloning by “limiting dilution” was employed ensuring 

growth of single clones. Supernatants from three antibody producing hybridomas were collected and 

the monoclonal antibodies, isotype IgG, κ, were purified by using HiTrap Protein G HP columns (GE 

Healthcare, Chicago, Illinois, USA) according to manufacturer’s instructions. After testing the 
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antibodies for their reactivity towards the selection peptide (TSPDLPMMAM) the most promising 

one (clone 1E3) was selected for assay development. 

2.3.Development of the NCAN-M ELISA 

After several checkerboard analyses, the optimal conditions including assay buffer, time, temperature 

and concentrations of the biotinylated peptide and antibody were determined.  

The competitive ELISA procedure was as follows: a 96-well streptavidin-coated microtiter plate 

(Roche, Hvidovre, Denmark, cat. no.11940279) was coated with 100 µl of biotinylated peptide 

(Biotin-TSPDLPMMAM) dissolved in assay buffer (25 mM PBS, 1% w/v BSA, 0.1% w/v Tween-

20, 0.36% v/v Bronidox (PBS-BTB), 2 g/l NaCl, pH 7.4) (final concentration of 8 ng/ml), for 30 

minutes at 20°C with shaking (300rpm). The plate was washed five times in washing buffer and 20 

µl of sample/control/selection peptide (TSPDLPMMAM) was added, followed by 100 µl monoclonal 

antibody solution (final concentration of 75ng/ml). The plate was incubated for 1 hour at 20°C with 

shaking followed by five washes in washing buffer. Next, 100 µl of rabbit anti-mouse horseradish 

peroxidase (HRP)-conjugated IgG antibody (Jackson ImmunoResearch Europe Ltd., 

Cambridgeshire, UK, cat. no.315-035-045) diluted in assay buffer (final concentration of 267 ng/ml) 

was added to the plate and incubated for 1 hour at 20°C with shaking. Subsequently, the plate was 

washed five times in washing buffer and 100 µl Tetramethylbenzidine (TMB, Kem-En-

TecDiagnostics, Taastrup, Denmark) was added and incubated for 15 minutes at 20°C with shaking 

in the dark. To stop the reaction of TMB, 100 µl of 1% sulfuric acid (H2SO4) was added and the plate 

was read in a VersaMax ELISA microplate reader (Molecular Devices, LLC., CA, USA) at 450 nm 

with 650 nm as reference. SoftMax Pro Software was used for collection and analysis of raw data.  

2.4.Technical evaluation 

A 10-point calibration curve was calculated by three-fold dilution of the selection peptide (from 

starting concentration 180 ng/ml) and plotted using a 4-parametric mathematical fit model. The 

resulting standard curve was used to interpolate unknown samples. Antibody specificity was 

calculated as a percentage of signal inhibition of three-fold diluted selection, elongated and truncated 

peptides. Seven samples including five healthy human serum samples, diluted 1+2 with assay buffer, 

and two control samples with selection peptide spiked in assay buffer were determined in duplicates 

in ten independent runs. The intra- assay variation was calculated as the mean coefficient of variation 

(CV%) within plates, and the inter-assay variation was calculated as the mean CV% between plates. 

The measurement range defined as the range between LLMR (lower limit of measurement range) and 
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ULMR (upper limit of measurement range) was calculated based on the standard curve. The dilution 

linearity of the assay was determined using five human serum samples and was calculated as the 

percentage recovery of several dilutions from the samples diluted 1+1 with assay buffer. The accuracy 

of the assay was verified by spiking two-fold dilutions of the selection peptide, starting from 

concentration of 5ng/ml, in three human serum samples and was calculated as percentage recovery 

of the expected concentration, after combining the concertation of the peptide and the analyte present 

in the serum. The lower limit of detection (LLOD) was calculated as the concentration of three 

standard deviations above the response at the zero standard (buffer). The lower limit of quantification 

(LLOQ) was determined as the lowest concentration reproducibly measured with a precision lower 

than 30%. The average LLOQ was calculated from several dilutions of three human serum samples, 

run in quadruplicates in three independent runs. The analyte stability was determined by three human 

serum samples subjected to four freeze / thaw cycles and calculated as the percentage recovery from 

samples of zero freeze / thaw cycle. Further determination of the analyte stability was based on the 

recovery of three human serum samples after incubation either at 4°C or 20°C for 2, 4, 24 or 48 hours 

and reference samples stored at −20°C. The susceptibility of the assay to interfering substances was 

determined after spiking two concentrations (high/low) of biotin or haemoglobin or intralipid 20 in 

serum samples and calculated as the percentage recovery of the analyte in non-spiked serum. 

2.5.In vitro cleavage of human neurocan 

In vitro cleavage of recombinant human neurocan (R&D systems, Minneapolis, Minnesota, USA, cat. 

no. 6508-NC-050) was performed by mixing human MMP-2 catalytic domain (Giotto Biotech, Sesto 

Fiorentino, Italy, cat. no. G04MP02C) and protein, in a ratio of 1:10, in MMP buffer (50 mM Tris-

HCl, 150 mM NaCl, 10 mM CaCl2, 10 µM ZnCl2, 0.05% v/v Brij35, pH 7.5) and incubating for 2 

hours at 37°C. The reaction was stopped by adding EDTA (final concentration of 1 µM). Inhibition 

of cleavage was achieved by adding the broad-spectrum matrix metalloproteinase inhibitor GM6001 

(final concentration of 20 µM). Cleavage solutions were prepared in triplicates and were frozen until 

analysis. The cleavage was verified by ELISA analysis. 

2.6.Human samples 

Serum samples from 40 individuals who had been exposed to TBI and 40 non-trauma controls were 

purchased from a commercial vendor (National BioService LLC, Russia). The vendor was 

responsible for ethical sourcing and management of the bio-specimens and no access to personalised 

data was feasible. The study participants were adults Caucasians, both genders. All participants were 
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free of diagnosis for cognitive disorders. Individuals with multiple causes of TBI were included in 

the study. The severity of the TBI was assessed based on the GCS score and subjects were assigned 

to severity groups accordingly. Serum samples were collected at different time points after the injury, 

starting within 24 hours and up to 17 days. Upon receipt, the samples were aliquoted and stored at -

80°C until tested in the NCAN-M ELISA. Samples were diluted 1+2 with assay buffer, were run in 

duplicates and CVs were below 15%. One sample measure with levels below the lower limit of 

measurement range was assigned the LLMR value.  

2.7.Statistical analysis 

Quantitative data were analysed using GraphPad Prism, version 8.3.0 (GraphPad Software, San 

Diego, CA, USA). One-way ANOVA with Dunn’s multiple comparison test was performed for the 

analysis of the results obtained from the in vitro cleavage of recombinant human neurocan by MMP-

2. Non-parametric tests were performed due to non-normal distribution of samples’ measurements 

according to D'Agostino-Pearson normality test. Data were expressed as mean with 95% confidence 

interval (CI). Comparison of the serum NCAN-M levels between control and TBI patients and 

comparison between mild and moderate TBI were performed by the Mann-Whitney test. Correlation 

between NCAN-M and days passed from TBI until blood collection as well as correlation of NCAN-

M to GCS score was assessed using Spearman’s correlation test. Receiver-operating characteristic 

(ROC) curve analysis was performed for evaluating the diagnostic ability of the biomarker to 

discriminate between controls and TBI patients at early phase post-TBI and to distinguish between 

mild and moderate TBI. Statistical significance was defined as p≤0.05.  

3. RESULTS 

3.1.Assay specificity 

The antibody used for the development of the NCAN-M ELISA was raised against the predicted 

MMP-2 cleavage sequence of human neurocan (TSPDLPMMAM). To test the neo-epitope specificity 

of the antibody for the cleavage site, we determined the inhibitory effect of the selection 

(TSPDLPMMAM), an elongated (TSPDLPMMAML) and a truncated peptide (TSPDLPMMA). At 

the highest concentration, the selection peptide inhibited the signal to 10.5%, while extension and 

truncation of the sequence by one amino acid led to signal inhibition by 89.9% and 80.2%, 

respectively (Figure 1a). To further confirm the specificity of the assay, we investigated the reactivity 

of the antibody towards recombinant human neurocan in MMP-buffer, with or without the presence 

of MMP-2 and GM6001 inhibitor (Figure 1b). The neurocan fragment was generated in the presence 

of MMP-2, while addition of the GM6001 inhibitor diminished the cleavage. Likely, host cell protein 
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impurities in the recombinant protein (Kumar et al., 2008) might cause incomplete cleavage in the 

presence of MMP activation buffer and thus, the low signal obtained even in the absence of MMP-2 

could be explained. That was verified by the absence of detectable signal above the LLOD, when 

GM6001 inhibitor was present in the solution containing neurocan. Taken together, these data 

indicate that the NCAN-M ELISA is specific for the cleaved sequence of the MMP-2 generated N-

terminal half of neurocan. 

3.2.Technical characterization 

The technical performance of the competitive NCAN-M ELISA is summarized in Table 2. The 

measurement range defined by the LLMR and ULMR was 0.28-10.23 ng/ml. The calculated intra- 

and inter-assay variations were 4.3% and 9.4%, respectively. The antibody showed native reactivity 

towards human serum. Dilution linearity experiments showed that the assay is accurate (Figure 2a-b) 

and the mean dilution recovery, from dilutions 1+1 to 1+5, was 101.6%. Selection peptide spiked in 

serum resulted in a mean recovery of 102.1% (Figure 2c), indicating accuracy and no interaction of 

the target protein with unknown factors in the sample affecting the antibody binding. The LLOD was 

determined to be 0.16 ng/ml and the LLOQ 0.73 ng/ml. Up to four freeze/thaw cycles did not show 

to affect the stability of the analyte and the calculated mean recovery from samples thawed only once 

before the run was 95.3% (Figure 2d). Storage of samples at 4°C for 2, 4, 24 and 48 hours did not 

affect the stability of the analyte (Figure 2e). Recoveries after storage at 20°C for 24 and 48 hours 

were below the 80% lowest acceptable limit, indicating that the analyte is sensitive to storage at higher 

temperatures for an extensive amount of time. Substances such as biotin, haemoglobin and intralipid 

20, did not interfere with the assay at both, low and high concentrations.  

3.3.NCAN-M levels in serum from TBI patients and non-trauma controls 

To investigate the potential of our biomarker in TBI diagnosis, we measured NCAN-M levels in 

serum from non-trauma controls and TBI patients, mild and moderate, collected at different time 

points post-TBI. Participants’ clinical characteristics are shown in Table 3.  

Analysis of all the samples, including all time points, did not show any difference in the levels of 

NCAN-M between controls (5.63ng/ml, 95%CI= 4.76-6.50) and TBI patients (5.03ng/ml, 95%CI= 

4.23-5.83).  

Levels of NCAN-M in samples collected within 24 hours from injury were decreased in TBI patients 

(4.10ng/ml, 95%CI= 3.40-4.81) compared to controls (5.63ng/ml, 95%CI= 4.76-6.50, p=0.0068) 
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(Figure 3a). The diagnostic power (AUC) of NCAN-M determined at the early phase post-TBI in 

distinguishing TBI patients from controls was 0.71 (95%CI=0.58-0.85) (Figure 3b).  

To investigate the temporal profile of NCAN-M levels in serum following TBI, we analysed NCAN-

M levels in relation to samples collection time. This analysis revealed a significant moderate 

correlation between NCAN-M and days passed form the injury (rs=0.52, p=0.0008) (Figure 3c). 

3.4.NCAN-M levels in serum from TBI patients with different severity level 

NCAN-M levels were decreased in serum from mild TBI patients (4.36ng/ml, 95%CI= 3.70-5.03) 

compared to moderate TBI (6.26ng/ml, 95%CI=4.34-8.18, p=0.0454) (Figure 4a). ROC analysis 

showed that NCAN-M is capable of distinguishing between mild and moderate TBI (AUC=0.69, 

95%CI=0.50-0.89) (Figure 4b). There was a significant moderate inverse correlation to the GCS score 

as measure of injury severity (rs=-0.41, p=0.0096) (Figure 4c).  

4. DISCUSSION 

Novel biomarkers reflecting pathobiological responses induced by TBI are of great importance as 

they could facilitate elucidation of underlying disease mechanisms and could provide additive value 

in TBI diagnosis. Alteration of ECM proteins and proteases in regard to expression and activity levels, 

proteolysis and other post-translational modifications, orchestrate the remodelling of the ECM in the 

brain following TBI (George & Geller, 2018). In the present study we developed a robust competitive 

ELISA targeting N-terminal neurocan fragment(s) generated by MMP-2 proteolytic degradation of 

neurocan, a brain-specific ECM protein. We determined NCAN-M levels in serum from controls and 

TBI patients, mild and moderate, collected at different time points post-TBI. We investigated whether 

NCAN-M could serve as diagnostic marker at the early phase of TBI and whether it could 

discriminate between injuries of different severity based on the GCS classification system. To our 

knowledge this is the first study measuring specifically the MMP-2-generated neurocan NTF in 

human serum and profiling its levels in TBI.  

4.1.NCAN-M ELISA is a reliable method for measuring NCAN-M levels in serum  

The novel monoclonal antibody used for the development of the competitive NCAN-M ELISA was 

raised against the linear sequence of amino acids preceding the major proteolytic processing site in 

the central region of human neurocan (Met635-Leu636). The competitive format of the assay allows 

detection of all the generated neurocan fragments presenting the neo-epitope sequence at the C-

terminus, independently of the length and the sequence at the other end of the fragment. The antibody 
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was shown to be specific for the amino acid sequence as elongation and truncation of the sequence 

by one amino acid led to loss of reactivity (Figure 1a). We further investigated the specificity of the 

assay to the MMP-2-generated neurocan NTF derived from recombinant human neurocan cleaved by 

MMP-2 in vitro (Figure 1b). Our findings confirmed that NCAN-M ELISA specifically detects the 

neo-epitope fragment.  

The technical characterization of the NCAN-M ELISA included comprehensive experiments for 

evaluating the assay’s precision, accuracy, linearity, stability and interferences. The assay’s 

performance was within prespecified acceptable limits indicating that the assay is technically robust, 

specific and accurate, with a well-defined detection and measurement range. In addition, we showed 

that our ELISA provides a method for the quantitative determination of NCAN-M in human serum. 

Our data suggest that normal handling of serum samples and avoidance of sample’s storage for an 

excessive amount of time at room temperature assure reliable biomarker measurements. 

4.2.Serum NCAN-M levels decrease in an early phase post-TBI 

The MMP-2 proteolytic NTF of the brain-specific neurocan has been shown to be present in the brain 

under physiological conditions (Matsui et al., 1994; Meyer-Puttlitz et al., 1995; Turk et al., 2001). In 

this study, we measured NCAN-M in serum from non-trauma controls and TBI patients, collected at 

different time points post-TBI. Analysis of all the samples showed no difference between controls 

and TBI (data not shown). In order to assess the diagnostic potential of our marker in the early phase 

following injury, we narrowed down the analysis to samples collected within 24 hours from the injury. 

We observed a significant decrease in NCAN-M levels in the TBI group (Figure 3a) and ROC curve 

analysis confirmed that our marker was capable to distinguish patients from controls (Figure 3b). 

Analysis of NCAN-M levels following TBI in relation to time post-TBI, for a period of up to 8 days, 

showed a moderate correlation and a trend for increasing NCAN-M levels over time (Figure 3c).  

Serological levels of neurocan were determined before in a study from Minta and collegues (Minta 

et al., 2019), showing a decrease in the protein levels in severe TBI patients compared to controls in 

a period of 1-5 days post-TBI and further decrease over time in a period of up to 6-12 days. In their 

study, Minta et al used a commercial sandwich ELISA kit recognising human neurocan and measured 

neurocan levels in longitudinal serum samples of severely injured patients (Minta et al., 2019). A 

possible explanation for the difference in the temporal profile observed between the two studies could 

be that NCAN-M, which is a fragment of neurocan, may show a different temporal profile than its 

full-length counterpart. Transport across the blood brain barrier may differ for the two forms, full-
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length and fragments, and has been suggested to explain discrepancies in levels between cleaved and 

full-length forms of the same protein in another study (Grand et al., 2019). In addition, the two assays 

detect different neurocan species that could be differently regulated and related to pathobiological 

responses induced by TBI.  

Our findings regarding the decreased levels of NCAN-M observed in the first day post-injury (Figure 

3a) could be explained by increased expression of full-length neurocan and modified processing 

induced by TBI. In support to our hypothesis, literature on neurocan levels in response to various 

types of CNS injury suggests that full-length neurocan is upregulated in the CNS in response to injury 

and the levels of the MMP-2 fragments seem to decrease (Haas et al., 1999; McKeon et al., 1999; 

Asher et al., 2000; Inatani et al., 2000; Matsui et al., 2002; Deguchi et al., 2005; Shen et al., 2008). 

In previous studies, it has been reported that in the damaged region surrounding the injury core, 

reactive astrocytes and ECM molecules form the glial scar (Fitch & Silver, 2008; Karve et al., 2016). 

Reactive astrocytes re-express full-length neurocan, which contributes to the restriction of the damage 

to the injury site with its growth inhibitory properties (Asher et al., 2001).  

MMP-2, the protease responsible for neurocan’ s processing investigated in this study, under brain 

physiological conditions can be found as inactive zymogen and as active enzyme and participates in 

physiological and pathological processes (Rempe et al., 2016). MMP-2 is one of the MMPs that 

appear to be upregulated after TBI (Abdul-Muneer et al., 2016). It can be speculated that neurocan’ 

s processing and hence generation of fragments might depend on abundance and activation of MMP-

2 in brain during the post-injury period. This hypothesis could explain the observed changes in 

NCAN-M levels as days pass from the injury incident (Figure 3c). In support to our findings, in rat 

brain after transient focal cerebral ischemia, MMP-2 expression and activation caused likely by 

reactive microglia/macrophages were greatly increased by day 4 (Planas et al., 2001). In an in vivo 

model of surgically-induced brain injury, enzymatic activity of MMP-2 was increased at different 

time points post-surgically (Yamaguchi et al., 2007). In humans after spinal cord injury, upregulation 

of MMP-2 has been reported in a time-dependent manner, from 2 to 8 days postinjury (Buss et al., 

2007).  

4.3.Serum NCAN-M levels show a moderate correlation to injury severity 

To investigate whether NCAN-M levels correlate to injury severity, assessed in this study according 

to the GCS classification system, we analysed serum from mild and moderate TBI patients. Our 

marker was decreased in mild TBI (Figure 4a) and ROC curve analysis was used to assess the 
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discrimination performance of the marker (Figure 4b). In addition, a moderate inverse correlation of 

NCAN-M levels to GCS score (Figure 4c) confirmed our observation that NCAN-M levels increase 

with injury severity. We hypothesized that MMP-2 may be differently activated in moderate 

compared to mild TBI. In support of our hypothesis, in a prospective study, Vilalta and colleagues 

have showed that MMP-2 plasma levels were significantly increased in a group of moderate and 

severe TBI patients when compared to MMP-2 levels in mild TBI patients and healthy volunteers 

(Vilalta et al., 2008). Moreover, findings from different micro-dialysis studies suggest that MMP-2 

upregulation might occur only in a subset of TBI patients (Guilfoyle et al., 2015).  

4.4.Limitations 

The main limitations of our study are the small cohort size together with lack of clinical findings, 

outcome prediction and long-term recovery for the TBI patients. Correlation of our marker to clinical 

TBI severity is based only on the GCS score. Estimation of the GCS score can be affected by several 

confounders such as the time passed from injury, hemodynamic parameters and intoxicating 

substances (Bruns & Hauser, 2003). The same sum score can be given to patients experiencing 

different underlying cerebral pathologies and structural changes (Andriessen et al., 2010). Moreover, 

our analysis is limited by lack of other existing biomarkers. Hence, no conclusion could be drawn 

regarding correlations to other markers and to the pathophysiological processes they may reflect. 

Another limitation is lack of repeated sampling at several time points post-injury that could allow 

longitudinal analysis of the biomarker levels. Finally, samples in this study were not collected at the 

same time post-TBI for all the patients, limiting the interpretation of results when all the samples 

were included in the analysis. 

4.5.Conclusion 

This study demonstrates a novel, robust and specific ELISA assay for serological determination of 

NCAN-M in humans. Our preliminary data suggest that NCAN-M levels can be monitored in serum 

following TBI, might discriminate between TBI and controls in an early phase post-TBI and might 

correlate to injury severity. We show that NCAN-M may be a novel biomarker for monitoring 

processing of neurocan, a brain-specific ECM protein. This could help to further understand TBI 

pathophysiology and could provide a useful tool in TBI clinical assessment. Further investigation is 

warranted to verify our results in other studies and explore NCAN-M in relation to other neurological 

disorders.  
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Table 1: Synthetic peptides used for monoclonal antibody production and assay development 

Peptide Sequence 

Immunogenic peptide KLH-CGG-TSPDLPMMAM 

Selection peptide TSPDLPMMAM 

Elongated peptide TSPDLPMMAML 

Truncated peptide TSPDLPMMA 

Biotinylated peptide Biotin-TSPDLPMMAM 

KLH: Keyhole Limpet Hemocyanin 

 

Table 2: Summary of technical validation of the NCAN-M ELISA 

Technical validation test Results 

Intra-assay variation, %CV  4.3 

Inter-assay variation, %CV  9.4 

IC50 1.97 ng/ml 

Detection range (LLMR-ULMR) 0.28-10.23 ng/ml 

LLOD 0.16 ng/ml 

LLOQ 0.73 ng/ml 

Dilution Recovery, % 101.6 

Spiking Recovery, % 102.1 

Analyte stability 2h, 4°C/20°C 100.5%/95% 

Analyte stability 4h, 4°C/20°C 93.1%/85.5% 

Analyte stability 24h, 4°C/20°C 97.8%/77.4% 

Analyte stability 48h, 4°C/20°C 94.7%/62.1% 

Freeze/Thaw recovery, F/T1, F/T2, F/T3, F/T4 95.8%, 98.8%, 91.8%, 94.8% 

Interference   

Recovery in Haemoglobin low/high, % 92%/91% 

Recovery in Lipid low/high, % 113.9%/106.7% 

Recovery in Biotin low/high, % 95%/84.5% 

LLMR: lower limit of measurement range; ULMR: upper limit of measurement range; LLOD: 

lower limit of detection; LLOQ: lower limit of quantification; CV: coefficient of variation. 

Percentages are reported as mean. 
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Table 3: Clinical characteristics of the study population 

 TBI patients 

n=40 

Non-trauma controls 

n=40 

Mediam age (range) 52 (24-84) 50.5 (23-73) 

Gender, % female  45% 65% 

TBI severity  

(GCS score) 
Mild (13-15) Moderate (9-12)  

 26 14  

Days from TBI until 

blood collection 
   

1 day 18 2  

2 days 3 3  

3 days 2 3  

5 days 1 1  

6 days - 3  

7 days - 1  

8 days 1 1  

17 days 1 -  

TBI: traumatic brain injury; GCS: Glasgow Coma Scale 
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FIGURE 1. Specificity of the NCAN-M ELISA. (a) The percentage of inhibition at given 

concentrations of the selection peptide, an elongated and a truncated peptide, measured in NCAN-

M ELISA. %B/B0; B: the OD at given concentrations (ng/ml) of the peptide; B0: the OD at 0 ng/ml 

peptide. (b) Measurement of NCAN-M fragment generated after in vitro cleavage of recombinant 

human neurocan protein by MMP-2 ± GM6001. Data are presented as mean ± SD. Statistical 

significance: *p≤0.05, **p≤0.01.  

FIGURE 2. Technical performance of the NCAN-M ELISA. (a) Dilutions of human serum 

samples. (b) Linearity upon dilution of serum samples. Samples were run diluted with assay buffer 

form 1+1 and up to 1+5. (c) Spiking recovery measured in serum samples (n=3) after spiking different 

standard peptide concentrations as indicated. (d) Analyte stability expressed in recovery percentage 

after up to four freeze/thaw cycles (n=3). (e) Stability of the analyte after storage at 4°C calculated in 

% recovery from samples stored at -20°C (n=3). Data are presented as mean ± SD. 

FIGURE 3. Serum NCAN-M levels in non-trauma controls and TBI patients from several time 

points post-TBI. (a) NCAN-M levels in TBI samples collected within 24 hours from the injury 

(n=20) were decreased compared to controls (n=40). Error bars represent the mean ± 95%CI. Groups 

were compared using Mann-Whitney test. Statistical significance: **p≤0.01. (b) Receiver operating 

characteristic (ROC) curve analysis was performed to assess the discriminatory performance of 

NCAN-M levels between TBI patients and controls in the early phase of TBI. (AUC=0.71, 

95%CI=0.58-0.85). (c) Correlation of NCAN-M levels in TBI patients and days from TBI until blood 

collection was analysed using Spearman’s correlation test (rs=0.52, p=0.0008). The best-fit line with 

linear regression with 95% confidence bands is indicated. One sample collected after 17 days from 

injury was excluded from the statistical analysis.  

FIGURE 4. Serum NCAN-M levels in TBI patients with different severity levels based on the 

GCS classification system. (a) NCAM-levels were decreased in mild TBI (n=26) compared to 

moderate TBI (n=14). Error bars represent the mean ± 95%CI. Groups were compared using Mann-

Whitney test. Statistical significance: *p≤0.05. (b) Receiver operating characteristic (ROC) curve 

analysis was performed to assess the discriminatory performance of NCAN-M levels between mild 

and moderate TBI (AUC=0.69, 95%CI=0.50-0.89). (c) Correlation of NCAN-M levels in TBI 

patients to GCS score was analysed using Spearman’s correlation test (rs=-0.41, p=0.0096). The best-

fit line with linear regression with 95% confidence bands is indicated. 
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FIGURE 1. Specificity of the NCAN-M ELISA 

 

 

FIGURE 2. Technical performance of the NCAN-M ELISA 
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FIGURE 3. Serum NCAN-M levels in non-trauma controls and TBI patients from several time 

points post-TBI 

 

 

FIGURE 4. Serum NCAN-M levels in TBI patients with different severity levels based on the 

GCS classification system 
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Abstract 

Background: Neuronal damage occurs in response to different forms of brain injury and can be 

detected by applying blood-based biomarkers. Previous studies have indicated the utility of the 

ADAM10-generated fragment of tau, Tau-A, as a biomarker of neuronal damage; however, the 

sensitivity of the detection system has proved limited. Methods: We converted the Tau-A ELISA to 

an electrochemiluminescence-based immunoassay, Tau-A ECLIA, and compared the methods by 

measuring serum samples from TBI and stroke patients. Results: The Tau-A ECLIA was technically 

robust and analytical sensitivity was 2.7 ng/ml. In the ELISA, 10.6% of the overall samples were 

measured below the lowest detection limit, whereas only 1% was below the respective limit in the 

ECLIA. Serum Tau-A levels were highly associated between the platforms in the TBI study (rs=0.92, 

p<0.0001) and this was less strong in the stroke study (rs=0.53, p<0.0001). Tau-A measured in both 

assays could discriminate between TBI patients and non-trauma controls. Only Tau-A ECLIA 

determinations could discriminate healthy controls from hemorrhagic (p=0.0172) and severe 

ischemic stroke patients (p=0.0118), as well as mild ischemic stroke patients from severe (p=0.0445). 

A moderate linear relationship between Tau-A ECLIA results and the acute degree of disability 

(mRS) was observed (rs=0.48, p=0.006). Conclusions: Our findings support that Tau-A ECLIA is 

characterised by improved functional sensitivity compared to the ELISA, facilitates broader 

distribution of samples and therefore separation between groups. Tau-A could be a potential marker 

reflecting neuronal damage in response to brain injury. Further studies in other brain diseases are 

warranted.   

Keywords: Tau-A fragment, Serum biomarker, Electrochemiluminescence immunoassay, Traumatic 

brain injury, Stroke 
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Background 

In the field of brain diseases, extensive research has been conducted the recent years on the discovery 

and validation of novel blood-based biomarkers. Biomarkers are valuable tools for the diagnosis of a 

disease and may contribute significantly in the assessment of clinical outcome [1]. Blood-based 

biomarkers in neurological disorders represent the alternative to cerebrospinal fluid (CSF) and 

neuroimaging biomarkers, are characterised as cost- and time-efficient, less invasive and more widely 

applicable at pre-hospital settings [2].  

Due to the blood brain barrier (BBB), transport of large molecules between the brain and the periphery 

is restricted [3]. Protease-cleaved fragments, due to their smaller size, might pass more readily the 

BBB and be present in the peripheral circulation, reflecting a pathophysiological process taking place 

in the brain [4]. Under diseased states, disruption of the BBB occurs and permeability to molecules 

might be increased [5–7]. Therefore, highly sensitive systems are needed for the detection in blood 

of soluble brain-derived biomarkers, indicative of changes occurring in the brain in response to 

pathologic events, compensating for the likely lower availability of these proteins in the periphery. 

Traumatic brain injury (TBI) and stroke are forms of acquired brain injury which represents one of 

the leading causes of death and disability in adults [8]. Stroke affects mostly the elderly population 

while the incidence of TBI extends to all age groups [5]. Several peripheral markers have been 

identified as potential biomarkers in TBI (reviewed in [9, 10]) and stroke (reviewed in [11]). The 

microtubule-associated protein tau which in the human adult brain can be found in six main isoforms 

[12] and its modifications have been proposed as markers of neuronal injury associated with 

neurodegeneration [13]. The zinc metalloprotease, a disintegrin and metalloprotease 10 (ADAM10), 

has been identified as the responsible enzyme for cleavage of tau at A152-T153 (tau 441 isoform) 

generating a C-terminal fragment, the Tau-A [14].  

Different forms of tau, full-length tau and fragments, have been reported to cross the BBB [15]. 

Serological Tau-A levels were measured by standard ELISA in studies associated with brain 

pathologies such as Alzheimer’s disease [14, 16, 17], TBI [18] and brain injury due to cardiac arrest 

[19], showing that tau undergoes proteolysis in response to brain damage. The generated Tau-A 

fragment can be detected in the peripheral circulation and its levels appear to be altered in association 

with disease. In a large prospective cohort of postmenopausal women, Tau-A was determined in 

serum and baseline Tau-A levels were associated with the risk of incident of dementia [20]. In the 

former study, one of the challenges arose, was the sensitivity of the Tau-A ELISA as only 32% of the 
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samples were measured above the calculated lower limit of quantification (LLOQ) [20]. That 

emphasized the need for improving the sensitivity of the Tau-A detection system. Analytical issues, 

such as low sensitivity, might limit the potential of a candidate biomarker in research, as well as the 

eventual application of a validated biomarker in clinical practice [21].  

In order to advance and optimize the sensitivity of our Tau-A detection system, we converted the 

standard competitive Tau-A ELISA [14] to an electrochemiluminescence (ECL)-based assay, using 

the Meso Scale Discovery (MSD) platform. 

In this study, we report the development and validation of the Tau-A electrochemiluminescence 

immunoassay (ECLIA) for measuring Tau-A in human serum. Both the Tau-A ELISA and ECLIA 

were applied for the analysis of the same serum samples from two independent studies related to brain 

injury. Our focus was to compare the assays’ performance regarding sensitivity and to investigate the 

relationship of the biomarker to the clinical diagnosis of TBI and stroke.  
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Methods 

Reagents and Peptides 

All chemicals were purchased from Merck (Kenilworth, NJ, USA) and Sigma-Aldrich (St. Louis, 

MO, USA). MSD GOLD 96-well Streptavidin SECTOR Plates, MSD Read Buffer T (4x), SULFO-

TAG labeled goat anti-mouse IgG and QuickPlex SQ 120 system containing the MESO QuickPlex 

SQ 120 Imager and MSD DISCOVERY WORKBENCH software were acquired from Meso Scale 

Diagnostics, LLC (Rockville, MD, USA). The reagents and buffers required for performing the Tau-

A ECLIA are listed in Table 1.  

Table 1 Required reagents for performing the Tau-A ECLIA 

Reagent Description 

Microtiter plates MSD GOLD 96-well Streptavidin SECTOR Plate (Cat. no. L15SA-1, Meso 

Scale Diagnostics, LLC, Rockville, MD, USA) 

Blocking Buffer 10 mM PBS, 5% w/v BSA, 0.36% v/v Bronidox, pH 7.4 

Coating Buffer 10 mM PBS, 1% w/v BSA, 0.1% w/v Tween-20, 0.36% v/v Bronidox (PBS-

BTB), 8 g/l NaCl, pH 7.4 

Incubation buffer 150 mM Tris, 1% w/v BSA, 0.05% w/v Tween-20, 0.36% v/v Bronidox 

(TBS-BTB), pH 8.0 

Wash buffer 25 mM Tris, 1.0% w/v Tween-20, 0.07% v/v Bronidox, 3 g/l NaCl, pH 7.2 

Read buffer MSD Read Buffer T (4x) (Cat. no. R92TC-1, Meso Scale Diagnostics, LLC, 

Rockville, MD, USA) diluted 1:1 with MilliQH2O 

Coating peptide Synthetic peptide TPRGAAPPGQ-Biotin 

Monoclonal antibody Anti-human mAb Tau-A 

Standard peptide for quantification Synthetic peptide with sequence TPRGAAPPGQ 

Secondary antibody Anti-mouse antibody goat SULFO-TAG labeled (Cat. no. R32AC-1, Meso 

Scale Diagnostics, LLC, Rockville, MD, USA) 
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Serum samples 

Samples included in the TBI cohort were purchased from a commercial vendor (National BioService 

LLC, Russia). Samples’ engagement to ethic rules and approval for use in research were managed by 

the vendor. All study participants were Caucasians with no prior diagnosis for any cognitive disorder. 

The cause of TBI varied between the participants and the Glasgow Coma Scale (GCS) classification 

system was used for assessing the severity of the TBI. Blood sampling was performed within the first 

24 hours after the injury. Upon receipt samples were aliquoted and stored at -80°C. 

Samples in the stroke cohort is from the Clinical Stroke Research Unit Biobank (Department of 

neurology, Rigshospitalet, Copenhagen University Hospital, Denmark). All patients gave written 

informed consent to donate blood to future research and use in this study has been approved by the 

Ethics Committee (H-15021321) and the data-protecting agency (RH-2017-54; IT suite nr. 05293). 

Blood samples were all taken in the morning after an overnight fast while the patients were 

hospitalized at the acute stroke unit, most within seven days from the index stroke. All patients were 

over the age of 18 with clinically and CT/MR verified hemorrhagic or ischemic stroke. The stroke 

severity (neurological status) was rated with the National Institute of Health Stroke Scale (NIHSS) 

and the degree of disability or dependence in daily activities (functional status) with the modified 

Rankin Scale (mRS). Patients were divided into three groups: hemorrhagic stroke, mild ischemic 

(NIHSS 0-1) and severe ischemic stroke (NIHSS 8-29). All patients but one (Asian) were Caucasians. 

The Clinical Stroke Research Biobank has also provided samples from healthy age-matched persons. 

Samples were all stored at -80°C immediately after the initial centrifugation and pipetting.  

ELISA and ECLIA methodology 

A monoclonal antibody raised against the ADAM10 cleavage site at Ala152 (tau441 isoform) and 

recognising the 10 amino acid sequence TPRGAAPPGQ right after the cleavage site was used for the 

development of the Tau-A ELISA and the Tau-A ECLIA. The Tau-A ELISA methodology was as 

previously described [14] and the calculated LLOD was 3.1 ng/ml.  

The Tau-A ECLIA was established using the Tau-A ELISA reagents and transferred onto the MSD 

platform (Meso Scale Diagnostics, LLC, Rockville, MD, USA). Preliminary checkerboard analyses 

were performed in order to optimize the experimental conditions including incubation periods, 

temperature, shaking speed and concentrations of the peptides and antibodies. The final Tau-A 

ECLIA procedure is described in Table 2.  
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Table 2 Protocol for quantification of Tau-A on the MSD platform 

Step Procedure Incubation conditions 

Blocking 150 µl of Blocking buffer is added to the well. Incubate for 1h, 20°C, 

shaking 300rpm 

Washing Wash plate with Washing Buffer 3 times.  

Coating 25 µl of the Coating peptide (final concentration 8 ng/ml) 

is added to the well. 

Incubate for 1h, 20°C, 

shaking 750rpm 

Washing Wash plate with Washing Buffer 3 times.  

Preparation of standards Prepare 3-fold serial dilutions of the Standard peptide in 

Incubation buffer (starting concentration 750 ng/ml, 6 

dilution steps and buffer with zero peptide).  

 

Preparation of samples Sample are diluted 1+2 with Incubation buffer.  

Application of standards 

and samples 

25 µl of Samples or Standards is added to the well in 

duplicates. 

 

Incubation - Competitive 

step 

25 µl of monoclonal antibody Tau-A solution (final 

concentration 69 ng/ml) is added to the well. 

Incubate for 2h, 20°C, 

shaking 750rpm 

Washing Wash plate with Washing Buffer 3 times.  

Incubation - Secondary 

antibody 

25 µl of SULFO-TAG labeled anti-mouse antibody (final 

concentration 2 µg/ml) is added to the well. 

Incubate for 1h, 20°C, 

shaking 750rpm 

Washing Wash plate with Washing Buffer 3 times.  

Addition of Read buffer 150 µl of 2x Read buffer is added to the well.   

Readout Read plate immediately in the MESO QuickPlex SQ 120 

imager. 

 

Technical validation of Tau-A ECLIA 

The specificity of the monoclonal antibody towards the cleavage site was reported previously [14]. 

Seven samples, two control samples containing spiked peptide in incubation buffer and five human 

serum samples diluted 1+2 with incubation buffer, were analysed in duplicates in ten independent 
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runs. The intra-assay coefficient of variation (%CV) was calculated as the mean %CV within plates 

and the inter-assay variation as the mean %CV between plates. The precision of the assay was verified 

by a linearity-of-dilution experiment including five human serum samples. Linearity was determined 

according to the concentration of the analyte in the samples, calculated based on the standard curve, 

and was assessed as the mean percentage recovery of several dilutions from samples diluted 1+2 with 

incubation buffer. The assay’s sensitivity and range were assessed by testing across the independent 

runs. The lower and upper limit of detection, LLOD and ULOD respectively, were determined by the 

MSD software on each of the analysed plates and the mean value was calculated. For calculating the 

lower limit of quantification (LLOQ) five human serum samples were serially diluted with incubation 

buffer and measured in three independent runs. The LLOQ for each sample was determined as the 

lowest concentration reproducibly measured with less than 30% deviation from the expected value 

and the mean LLOQ of all samples was calculated. Matrix effect and analyte stability experiments 

reflect interactions between the matrix, the analyte and the antibody. Since all the parameters 

mentioned above are the same in the two versions of the assay and these tests were performed while 

developing the Tau-A ELISA [14], such experiments were not included in the validation process of 

the Tau-A ECLIA.  

Statistical analysis 

The statistical analysis of the data was carried out with GraphPad Prism, version 8.2.0 (GraphPad 

Software, San Diego, CA, USA). Data from both studies did not pass the D'Agostino - Pearson 

normality test, therefore non-parametric analysis was performed. Data were expressed as mean with 

95% confidence interval (CI), unless indicated differently. Mann-Whitney test was used for 

comparing the Tau-A ELISA and ECLIA measurements between TBI patients and non-trauma 

controls. For the analysis of the Tau-A measurements in the stroke study, in both assays, the Kruskal-

Wallis test with Dunn’s multiple comparison test was used. Mann-Whitney test was used for 

investigating the relationship of the biomarker to the degree of disability or dependence in the daily 

activities based on the mRS score. Correlations of Tau-A levels to NIHSS and mRS scores were 

assessed using Spearman’s correlation test. The association between the Tau-A measurements 

between the two platforms was carried out by performing Spearman’s correlation analysis. Receiver-

operating characteristic (ROC) curve analysis was performed in the stroke study to evaluate the 

diagnostic ability of serum Tau-A. Statistical significance was defined as p≤0.05.  
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Results 

Technical characterisation of Tau-A ECLIA 

The technical performance of the Tau-A ECLIA is summarised in Table 3. The Tau-A monoclonal 

antibody was used for the development of the Tau-A ECLIA. To examine the reproducibility and 

repeatability of the assay, mean intra- and inter- assay coefficient of variations were assessed. The 

intra-plate calculated concentration %CV was 6.5 and the inter-plate calculated concentration %CV 

was 8.4. The mean %CV of the standards across the ten independent runs was 4.8% indicating very 

low variation. The average percent recovery relative to the optimal sample dilution (1+2 with 

incubation buffer) was calculated to be 88.8%. Serum samples dilution curves and linearity results 

are shown in Fig. S1. The mean lower limit of detection (LLOD) was 2.7 ng/ml, determined as the 

calculated concentration based on a signal of 2.5 standard deviations above the blank. The mean upper 

limit of detection (ULOD) was 502.8 ng/ml. The mean lower limit of quantification (LLOQ) was 

calculated to be 8.87 ng/ml (26.6 ng/ml after adjusting for dilution).  

Table 3 Technical performance of Tau-A ECLIA 

Parameter Tau-A ECLIA 

Intra-assay variation between duplicates, %CV 6.5 

Inter-assay variation between plates, %CV 8.4 

LLOD (range), ng/ml 2.7 (0.7 – 5.7) 

ULOD (range), ng/ml 502.8 (470 – 541) 

LLOQ, ng/ml 8.87 

Dilution Recovery, % 88.8 

Data are reported as mean. LLOD: lower limit of detection; ULOD: upper limit of detection; LLOQ: lower limit of 

quantification.  

Sensitivity and samples’ CVs in Tau-A ECLIA 

Analytical sensitivity was 2.7 ng/ml for the ECL assay. In the TBI cohort, all the 40 measurements 

were above the LLOD and the average %CV between the calculated concentration of the duplicates 

of the samples was 5.0. Only 2 measurements (5%) were in the range between LLOQ and LLOD and 
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the mean %CV was 3.4, showing very low variation even when the measurements lie in the low range 

of the assay.  

In the stroke study, one measurement out of 64 (1.6%) was below the lower end of the detection range 

and for the analysis it was assigned the LLOD value. Six out of 64 samples (9.4%) were measured in 

the range between LLOD and LLOQ and the average %CV of the duplicates’ calculated concentration 

was 8.1. The mean %CV of the calculated concentrations for all the samples in this study was 6.0.  

Tau-A in TBI 

Serum Tau-A levels were determined in TBI patients and non-trauma controls, in both the Tau-A 

ELISA and the Tau-A ECLIA, in order to investigate the potential of the biomarker in TBI diagnosis 

and compare the results obtained from the two assays. The clinical characteristics of the participants 

and the levels of the biomarker are shown in Table 4.  

Table 4 Clinical characteristics and Tau-A levels in the TBI study population 

 TBI-patients 

n=20 

Non-trauma controls 

n=20 

Median age (range) 51 (28-63) 49 (25-67) 

Gender, % female 65 % 65 % 

TBI severity (GCS) 

Mild (13-15) 18 - 

Moderate (9-12) 2 - 

Tau-A ELISA, ng/ml 

Mean (95%CI) 49.41 (34.76-64.09) 16.87 (12.32-21.42) 

Tau-A ECLIA, ng/ml 

Mean (95%CI) 121.1 (96.36-145.8) 57.74 (45.89-69.59) 

TBI: Traumatic brain injury; GCS: Glasgow Coma Scale 

ELISA results showed that serum Tau-A levels were increased in the TBI patients (49.41 ng/ml, 

95%CI= 34.76-64.09) compared to non-trauma controls (16.87 ng/ml, 95%CI=12.32-21.42) (Fig. 1 
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(A), p=0.0005). When samples were measured in the Tau-A ECLIA, the difference between the 

groups was the same (Fig. 1 (B), p=0.0002). All Tau-A ECLIA determinations were above the 

respective LLOD, while 7 out of 40 (17.5%) ELISA determinations were below the LLOD and 

therefore they were assigned the respective LLOD value. Comparison between the groups’ means 

across the two platforms, showed a 2.5 and 3.4-fold increase in the TBI and the control group, 

respectively, when samples were measured in the ECLIA. The range of the measured values in the 

ELISA was 9.3 ng/ml to 99.69 ng/ml and in the ECLIA 11.8 ng/ml – 191.43 ng/ml.  

Tau-A in stroke 

To investigate whether serum Tau-A levels would be used as a diagnostic biomarker for stroke and 

whether it would facilitate the differential diagnosis between different types of stroke, we measured 

Tau-A in a cohort including patients after hemorrhagic, mild and severe ischemic stroke and healthy 

age matched controls for comparison. The demographics of the participants are summarised in Table 

5.  

Table 5 Clinical characteristics of the stroke study population 

 Healthy controls 

 

n=16 

Hemorrhagic 

stroke 

n=16 

Mild ischemic 

stroke 

n=16 

Severe ischemic 

stroke 

n=16 

Median age (range) 66.5 (52-73) 65.5 (56-85) 69.5 (47-85) 68 (23-86) 

Gender, % female 56.25 % 31.25 % 31.25 % 50 % 

Median BMI (range), N/A 25.2 (18.9-28.1), - 26.9 (21.3-42.0), 2 28.8 (19.0-41.5), - 29.1 (20.2-37.6), 1 

Stroke characteristics     

NIHSS - 3.9 (±3.6) 0.9 (±0.5) 12.7 (±5.3) 

mRS - 2.9 (±1.2) 1.1 (±0.8) 4.1 (±1.0) 

Data for stroke characteristics are presented as mean (±Standard deviation). BMI: body mass index; mRS: modified 

Rankin Scale; NIHSS: National Institute of Health Stroke Scale; N/A: not available 

Samples were measured in both assays, which allowed a comparison between the two versions of the 

assay (Table 6). 
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Table 6 Tau-A results in ELISA and ECLIA in the stroke study 

 ELISA ECLIA 

Healthy controls (HC) (n=16)   

Mean (95%CI), ng/ml 31.78 (26.00-37.55) 43.74 (31.46-56.02) 

Hemorrhagic stroke (HS) (n=16)   

Mean (95%CI), ng/ml 43.63 (28.24-59.02) 92.31 (64.26-120.4) 

Mild, ischemic stroke (IS) (n=16)   

Mean (95%CI), ng/ml 36.33 (20.74-51.93) 55.67 (28.45-82.90) 

Severe, ischemic stroke (IS) (n=16)   

Mean (95%CI), ng/ml 48.42 (33.27-63.57) 89.41 (65.11-113.7) 

Correlation to NIHSS   

Spearman r and p 0.23, p=0.1131 0.31, p=0.0328 

Correlation to mRS   

Spearman r and p 0.29, p=0.0460 0.48, p=0.0060 

ROC analysis AUC 95%CI AUC 95%CI 

Healthy vs hemorrhagic stroke 0.62 0.41-0.83 0.82** 0.67-0.97 

Healthy vs mild ischemic stroke 0.57 0.36-0.78 0.52 0.30-0.73 

Healthy vs severe ischemic stroke 0.73* 0.54-0.92 0.83** 0.67-0.99 

Hemorrhagic vs mild ischemic stroke 0.59 0.38-0.80 0.75* 0.58-0.92 

Hemorrhagic vs severe ischemic 

stroke 
0.55 0.34-0.76 0.51 0.30-0.72 

Mild vs severe ischemic stroke 0.68 0.48-0.87 0.76* 0.59-0.93 

Spearman r and p for correlation between ELISA and ECLIA 

ECLIA 0.53, p<0.0001 - 

AUC values with statistical significance are in bold and underlined. Statistical significance (*p<0.05; **p<0.01). NIHSS: 

National Institute of Health Stroke Scale; mRS: modified Rankin Scale  
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Tau-A ELISA results could not discriminate between the groups and the range of the measured values 

was 9.3 ng/ml-136.5 ng/ml (Fig. 2 (A)). ROC analysis revealed a diagnostic power of the biomarker 

in discriminating only between severe ischemic patients and healthy controls (Fig. S2 (A), 

AUC=0.73, p=0.0262).  

Tau-A levels measured in the ECL version of the assay covered a larger range of values, from 8.07 

ng/ml to 221.63 ng/ml, allowing broader distribution of samples and better separation between the 

groups. Tau-A ECLIA results could discriminate healthy controls from hemorrhagic and severe 

ischemic stroke patients (p=0.0172 and p=0.0118, respectively) (Fig. 2 (B)). Moreover, severe 

ischemic stroke patients had significantly increased Tau-A levels compared to mild ischemic (Fig. 2 

(B), p=0.0445). Investigating the diagnostic power (AUC) of the biomarker in discriminating between 

the controls and the patient groups, as well as between the different types of stroke, showed good 

capacity of Tau-A as diagnostic biomarker (Table 6, Fig. S2 (B-E)).  

We analysed Tau-A levels from both assays in groups of patients with high and low degree of 

disability or dependence in the daily activities based on dichotomising the mRS score at 3 [22]. Tau-

A ELISA determinations could not discriminate between high and low degree of disability or 

dependence in the daily activities (Fig. 2 (C)), while Tau-A ECLIA results showed a statistically 

significant difference allowing separation between the groups (Fig. 2 (D)).  

Moreover, the relevance of the biomarker measured in the ECL assay to the clinical measurements 

appeared to be stronger compared to the ELISA’s determinations. Spearman’s correlation analysis 

was performed for testing the associations between Tau-A levels and NIHSS (Fig. S3) and mRS (Fig. 

2 (E-F)) scores. Correlation to NIHSS score was very low, irrespective of assay type (Fig. S3 (A-B)). 

We found a low but significant correlation between the mRS score and ECLIA Tau-A levels (rs=0.48, 

p=0.006, Fig. 2 (F)).  

Correlations between ELISA and ECLIA measurements 

Serum Tau-A measurements on the two platforms were very highly correlated in the TBI study (Fig. 

3 (A), rs=0.92, p<0.0001). For the stroke study, the relation was less strong (Fig. 3 (B), rs=0.53, p 

<0.0001).  
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Discussion 

Processing of tau and serum presence of the Tau-A fragment, an ADAM-10 generated fragment of 

tau, have been previously reported in association with different types of brain damage [14, 16–19]. 

In the current study we focused on investigating the serological changes of the Tau-A biomarker after 

acute brain injury by measuring Tau-A in a cohort including patients with traumatic brain injury and 

in a second cohort involving patients after stroke. We presented an optimized version of the 

previously developed Tau-A ELISA [14], the Tau-A ECLIA, an electrochemiluminescence 

immunoassay performed on the MSD platform. By comparing the results obtained from the two 

versions of the assay, we showed that Tau-A ECLIA is characterised by increased sensitivity in the 

low range of the assay and provides a broader distribution of the measurements. Hence, better 

separation between groups could be achieved and results with greater clinical significance could be 

obtained. Our results place Tau-A as a candidate marker associated with different types of brain 

injury.  

For the development of the Tau-A ECLIA we applied the same monoclonal antibody as in the Tau-

A ELISA [14]. The assay was transferred from the conventional colorimetric ELISA detection 

platform to the electrochemiluminescence MSD platform, which is normally characterised by higher 

sensitivity and larger dynamic range [23]. Our in-house developed ECL assay exhibited good 

technical performance regarding reproducibility, repeatability and precision, indicating that the assay 

was technically robust and could be further used for analysing clinical samples.  

Limits of detection (LLOD-ULOD) and the lower limit of quantification (LLOQ) were established 

for the newly developed ECLIA. The analytical sensitivity of the ECL version was only 15% higher 

compared to the ELISA’s (ECLIA LLOD:2.7 ng/ml, ELISA LLOD: 3.1 ng/ml); however, analysis of 

the serum samples from both studies demonstrated that 10.6% of the measurements were below the 

LLOD in the ELISA while only 1.0% was below the respective LLOD in the ECLIA. Moreover, only 

7.7% of the total samples from both studies were determined between the LLOD and LLOQ in the 

Tau-A ECLIA. Therefore, the Tau-A ECLIA displayed higher capacity to accurately detect and 

measure samples in the lower range of the assay indicating a higher functional sensitivity. Sensitivity 

issues have been a challenge in the past, when Tau-A ELISA was used for determining Tau-A levels 

in serum in a large scale population study [20].  

In the TBI study, the correlation between ELISA and ECLIA measurements was very high. The 

association was less strong in the stroke cohort albeit significant. Why this should be is not yet clear. 
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In another study, neurofilament light chain was measured in blood across different platforms by using 

the same pair of monoclonal antibodies and a low correlation has been reported between ELISA and 

ECLIA results [24]. Several technical shortcomings of an assay along with samples’ collection and 

handling might influence correlation results. It is worth noting that in this study, the two cohorts were 

independent, and samples were collected and handled at different clinical sites.  

Investigating serum Tau-A levels in a small cross-sectional study including TBI patients and non-

trauma controls, revealed a significant increase in the levels of the biomarker after TBI. Although the 

absolute measurements obtained from the two assays differed, with higher absolute determinations in 

the Tau-A ECLIA, no difference regarding the clinical relationship of the biomarker was observed. 

However, all the samples were measured above the LLOD in the Tau-A ECLIA. In other studies of 

acute brain injury, serum Tau-A has been reported to increase over time after cardiac arrest, with a 

peak at 48h after admission of the patients to the hospital [19], and could predict the time needed for 

concussed ice hockey players to return to play [18]. The significant increase in serological Tau-A 

levels in the acute phase of TBI could be explained by the rapid disruption of the BBB following TBI 

[5] and the consequent release of the fragment into the peripheral circulation.  

In the stroke study, we measured Tau-A in patients after mild and severe ischemic stroke and after 

hemorrhagic stroke and compared them to healthy controls. Tau-A ELISA determinations did not 

show significant differences between the groups and Tau-A displayed a significant discriminatory 

power only between healthy controls and severe ischemic patients. In the case of the ECL assay, the 

measurements were more widely distributed, facilitating better separation between the groups and 

thus, improving the discriminatory capacity of the biomarker. Epidemiological studies show that 

stroke’s burden is increasing worldwide [25]. It is crucial for the management of stroke to explore 

biomarkers’ capacity to discriminate between different subtypes of stroke, since it is not a 

homogenous disease and therapeutic approaches vary according to the type of stroke [11].  

Serum Tau-A levels did not show strong correlation to stroke severity, based on the NIHSS score, 

while Tau-A ECLIA determinations could discriminate between the functional state measured by the 

mRS. Plasma tau levels have been associated with stroke characteristics such as stroke severity, long-

term outcome and infarct volume [24]. In other studies, serum tau levels after acute ischemic stroke 

were shown to correlate with the infarction volume [26] and the clinical outcome, although higher 

levels were observed only in a subset of patients [27]. Tau has been measured in serum after 

intracerebral hemorrhage and has displayed prognostic value regarding the outcome [28]. These 
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findings support the notion that tau measured in the blood could be used as marker of neuronal brain 

damage, although tau can efflux from the brain to the periphery even under physiological conditions 

[29].  

In our system, we apply a specific monoclonal antibody that binds to a sequence of the N-terminal 

projection domain of tau. The competitive format of our assays is not dependent on an antibody 

pairing, as happens in the sandwich assay format, that most of the validated tau immunoassays apply 

[30]. Therefore, with the Tau-A assay we can detect a pool of fragments that lack the N-terminal 

domain of tau. Tau-A could be a promising complementary biomarker to the existing markers and 

could be combined with total tau measurements or other tau fragments, providing additional 

information for the changes regarding the processing of tau and deciphering underlying disease 

mechanisms in several brain diseases.  

Limitations 

The availability of clinical information in the TBI population combined with the small number of 

participants limit the analysis of the capacity of the Tau-A biomarker in TBI diagnosis. Further 

investigation of Tau-A levels in a larger longitudinal study could provide useful information about 

the diagnostic and prognostic value of Tau-A in assessment of TBI. Analysis of other candidate 

biomarkers in both studies would allow correlations between the markers and the pathophysiological 

processes they respectively reflect. Following the patients and collecting samples at different time 

points after the stroke, would make available repeated measurements of the biomarker and analysis 

of its prognostic power.  

Conclusions 

In this study we presented a technologically advanced methodology for the serological detection of 

Tau-A, displaying better discriminatory power between samples. Tau-A may be a simple, non-

invasive and consistent serum biomarker, applied in different forms of brain injury by reflecting 

neuronal damage. Further investigation is warranted to verify Tau-A diagnostic potential in TBI and 

other neurological disorders and explore Tau-A levels in relation to outcome prediction in stroke. 
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FIGURE LEGENDS 

Fig. 1 Tau-A in TBI patients and non-trauma controls. a: Tau-A measurements on the ELISA 

platform (p=0.0005). In the Tau-A ELISA, 7 samples were measured below the LLOD and were 

assigned the LLOD value for the ELISA, which after adjusting for dilution was 9.3 ng/ml. b: Tau-A 

measurements on the MSD platform (p=0.0002). All values were above the LLOD. Data are presented 

as mean±95%CI.  

Fig 2 Serum Tau-A levels in the stroke study and evaluation of the association between Tau-A levels 

and mRS as a measure of degree of disability or dependence in the daily activities. a: Tau-A ELISA 

measurements could not discriminate between the groups. Four samples were measured below the 

LLOD; hence, they were assigned the LLOD value (9.3 ng/ml after adjusting for dilution). b: Tau-A 

measured in ECLIA. Healthy controls differed from hemorrhagic stroke and severe ischemic stroke 

patients (p=0.0172 and p=0.0118, respectively). Mild ischemic stroke patients had decreased serum 

Tau-A levels compared to severe ischemic stroke patients (p=0.0445). One sample was below the 

detection range and was assigned the LLOD value (8.1 ng/ml after adjusting for dilution). c: Tau-A 

ELISA levels could not discriminate between high or low degree of disability based on the mRS. d: 

Tau-A ECLIA determinations could separate the patients with high or low degree of disability 

(p=0.0115). Data are presented as mean±95%CI. e: Little linear correlation between Tau-A ELISA 

levels and mRS score was observed (rs=0.29, p=0.0460). f: Correlation of mRS to Tau-A ECLIA 

levels was moderate (rs=0.48, p=0.0060). The best-fit lines with linear regression with 95% 

confidence bands are indicated.  

Fig. 3 Association between serological Tau-A measurements on the two platforms, ELISA and MSD. 

Correlation between the ELISA and the ECLIA Tau-A levels was very strong in the TBI study 

(rs=0.92, p<0.0001, Fig. 3 (A)) and moderate in the stroke cohort (rs=0.53, p <0.0001, Fig. 3(B)).  
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Figure 1 
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Figure 2 
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Figure 3 
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Fig. S1 Dilution linearity assessment of the Tau-A ECLIA in human serum samples. a: Dilution 

curves of serum samples from dilution 1+2 until 1+5 in incubation buffer. LLOQ: Lower limit of 

quantification. b: Linearity upon dilution of five human serum samples.  

 

Fig. S2 Receiver-operating characteristic (ROC) curves for serum Tau-A for the diagnosis of different 

types of stroke. a: Tau-A measured in the Tau-A ELISA. b-e: Tau-A measured in the Tau-A ECLIA.  
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Fig. S3 Correlation of serum Tau-A levels to NIHSS severity score. a: Correlation of Tau-A ELISA 

results to NIHSS (rs=0.23, p=0.1131). b: Correlation of Tau-A ECLIA results to NIHSS (rs=0.31, 

p=0.0328). 

 

 

 


