
 

 

Ulm University Hospital 

Department of Neurology 

Director: Prof. Dr. med. Albert C. Ludolph 

 

 

 

 

Cerebrospinal fluid ubiquitin as  

a biomarker in neurological diseases 

 

 

 

 

Dissertation to obtain  

the Doctoral Degree in Medicine (Dr. med.) 

at the Medical Faculty of Ulm University 

 

 

 

submitted by 

Samir Abu Rumeileh 

born in Jerusalem, Israel 

 

2020



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acting Dean of the Faculty:   Prof. Dr. Thomas Wirth 

 

1. Reviewer:      Univ. Prof. Dr. med. Markus Otto 

 

2. Reviewer:      Prof. Dr. med. Carlos Schönfeldt-Lecuona 

 

Date of Graduation:    24.06.2021 



 

 

Parts of this dissertation have been already published in the following journal 

article: 

 

Abu-Rumeileh S*, Oeckl P*, Baiardi S, Halbgebauer S, Steinacker P, Capellari S, 

Otto M, Parchi P. CSF Ubiquitin Levels Are Higher in Alzheimer's Disease 

than in Frontotemporal Dementia and Reflect the Molecular Subtype in Prion 

Disease. Biomolecules 10: 497 (2020). https://doi.org/10.3390/biom10040497 

* These authors contributed equally to this work. 

 

© 2020 by the authors. This article is an open access article distributed under the 

terms and conditions of the Creative Commons Attribution 4.0 International 

License (CC BY 4.0). https://creativecommons.org/licenses/by/4.0/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://creativecommons.org/licenses/by/4.0/


I 

 

Table of contents 
 

Table of contents .................................................................................................... I 

Abbreviations ........................................................................................................ II 

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

1.1 The physiological role of ubiquitin ..................................................................... 1 

1.2 The role of ubiquitin in the pathogenesis of neurological diseases .................... 2 

1.3 Neurological diseases associated with impairment of proteostasis ................... 6 

1.3.1 Prion disease………………………………………………………………….. 6 

1.3.2 Alzheimer’s disease………………………………………………………….10 

1.3.3 Frontotemporal dementia……………………………………………………12 

1.4 Cerebrospinal fluid biomarkers as diagnostic tools in neurological diseases .. 15 

1.5 Mass spectrometry for the assessment of cerebrospinal fluid biomarkers ...... 20 

1.6 Aims and hypothesis of the study .................................................................... 22 

2. Materials and methods ................................................................................. 25 

2.1 Case classification ........................................................................................... 25 

2.2 CSF biomarker analyses ................................................................................. 28 

2.3 Assessment of brain ubiquitin deposits by immunohistochemistry .................. 29 

2.4 Statistical analyses .......................................................................................... 30 

3. Results ........................................................................................................... 32 

3.1 CSF ubiquitin levels in the diagnostic groups .................................................. 32 

3.2 CSF ubiquitin levels according to prion disease subtypes and disease stage . 39 

3.3 Analysis of prion-related ubiquitin pathology ................................................... 43 

4. Discussion ..................................................................................................... 45 

5. Summary ....................................................................................................... 50 

6. References .................................................................................................... 51 

Curriculum vitae .................................................................................................. 66 

 

 

 



II 

 

Abbreviations 
 

 

Aβ 

Aβ40  

Aβ42  

AD  

ALS 

ALS-FTD  

 

APOɛ   

APP 

AUC 

bvFTD  

C9orf72  

CBS  

CI  

CJD  

CSF  

CV  

DWI  

ELISA  

FDG  

FFI  

FI  

FLAIR 

FTD  

FTLD  

FUS 

gCJD  

gCJD E200K 

 

amyloid-β  

amyloid-β peptide 1-40  

amyloid-β peptide 1-42  

Alzheimer’ disease  

amyotrophic lateral sclerosis 

amyotrophic lateral sclerosis associated with 

frontotemporal dementia 

apolipoprotein ɛ  

Amyloid Precursor Protein  

area under the curve  

behavioural variant of frontotemporal dementia  

chromosome 9 open reading frame 72 gene  

corticobasal syndrome  

confidence interval  

Creutzfeldt-Jakob disease  

cerebrospinal fluid  

coefficient of variation  

diffusion weighted imaging 

enzyme-linked immunosorbent assay 

¹⁸F-fluorodeoxyglucose  

fatal familial insomnia  

fatal insomnia 

Fluid Attenuated Inversion Recovery  

frontotemporal dementia  

frontotemporal lobar degeneration  

fused in sarcoma 

genetic Creutzfeldt-Jakob disease   

genetic Creutzfeldt-Jakob disease with E200K 

mutation 



III 

 

gCJD V210I 

 

GRN  

GSS  

HR  

IQR  

LC-MS/MS 

 

LP  

MAPT  

MM(V)1  

 

MM2C  

 

MM2T  

 

MRI  

MRM  

MS  

MV2K  

 

NDs  

NfL  

NFTs  

nfvPPA  

 

OPTN 

PET  

PPA  

PRION 

PRM  

PRNP  

genetic Creutzfeldt-Jakob disease with V210I 

mutation 

granulin gene  

Gerstmann-Sträussler-Scheinker syndrome  

hazard ratio 

interquartile range 

liquid chromatography multiple reaction 

monitoring mass spectrometry 

lumbar puncture  

microtubule-associated protein tau gene  

methionine homozygosity (valine) and scrapie 

prion protein type 1  

methionine homozygosity and scrapie prion 

protein type 2, cortical type  

methionine homozygosity and scrapie prion 

protein type 2, thalamic type  

magnetic resonance imaging  

multiple reaction monitoring  

mass spectrometry  

methionine/valine heterozygosity and scrapie 

prion protein type 2, kuru type  

neurodegenerative dementias  

neurofilament light chain protein  

neurofibrillary tangles  

nonfluent/agrammatic variant of primary 

progressive aphasia  

optineurin gene 

positron emission tomography  

primary progressive aphasia  

prion disease 

parallel reaction monitoring  

prion protein gene  



IV 

 

PrP  

PrPC  

PrPSc  

PSEN1  

PSEN2  

PSP  

p-tau  

ROC  

RPDs  

RT-QuIC 

sCJD  

SD  

sens  

spec 

SQSTM1 

SRM 

svPPA  

TARDBP  

TBK1 

TDP-43 

 

t-tau  

UBQLN2 

UPS  

VCP 

VPSPr  

VV1  

 

VV2  

prion protein  

cellular prion protein  

pathological isoform of the cellular prion protein  

Presenilin 1  

Presenilin 2  

progressive supranuclear palsy  

phosphorylated tau protein  

Receiver Operating Characteristic  

rapidly progressive dementias  

real time quaking-induced conversion assay  

sporadic Creutzfeldt-Jakob disease  

standard deviation  

sensitivity 

specificity 

sequestosome-1 gene 

selected reaction monitoring  

semantic variant of primary progressive aphasia  

TAR DNA-binding protein gene  

TANK binding kinase 1 gene 

transactive response DNA binding protein 43 

kDa  

total tau protein  

ubiquilin-2 gene 

ubiquitin-proteasome system  

valosin-containing protein 

variably protease-sensitive prionopathy  

valine homozygosity and scrapie prion protein 

type 1  

valine homozygosity and scrapie prion protein 

type 2 



1 

 

1. Introduction 

 

 

1.1 The physiological role of ubiquitin  

 

Protein homeostasis or proteostasis is defined as the correct equilibrium between 

production and degradation of proteins, and plays an essential role in cell 

physiology, development, and survival (Cao et al. 2019, Chen et al. 2020).  

In this regard, two major proteostatic systems are recognised, namely the so-

called ubiquitin-proteasome system (UPS), which is responsible for the elimination 

of soluble, misfolded and short-lived proteins, and the autophagy-lysosome 

network, which participates in the elimination of insoluble proteins, long-lived 

proteins, and intracellular organelles (Götzl et al. 2016, Cao et al. 2019, Chen et 

al. 2020). Moreover, UPS contributes also to the modulation of cell differentiation, 

inflammation, cell cycle, signalling and apoptosis (Deriziotis and Tabrizi 2008, Cao 

et al. 2019). 

The function of UPS is based on two consecutive steps, specifically a post-

translational modification involving the protein ubiquitin (the so-called 

ubiquitination), followed later by the proteolytic degradation of ubiquitinated 

proteins in the proteasome, a multi-subunit complex with a central catalytic core 

(Deriziotis and Tabrizi 2008, Cao et al. 2019).  

 

Ubiquitin is a 76 amino-acid protein, which is attached to a target protein with a 

covalent bond through the action of three enzyme, namely ubiquitin E1-activating, 

ubiquitin E2-conjugating, and ubiquitin E3-ligase enzymes (Cao et al. 2019, Lim et 

al. 2020). The reaction is ATP-dependent and produces several types of 

ubiquitination and/or ubiquitin chains, such as mono-ubiquitination, multi-mono-

ubiquitination, homogenous-ubiquitin chain, branched-ubiquitin chain, and mixed-

ubiquitin chain (Deriziotis and Tabrizi 2008, Cao et al. 2019, Lim et al. 2020). This 

incredible variety of ubiquitination processes is related to the ability of ubiquitin to 

form branching chains through the ε-amino group of any of seven lysine residues 

in its sequence (Kudriaeva and Belogurov 2019). Moreover, given the required 
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high specificity for the substrate, E2 and E3 enzymes exist in multiple forms (Cao 

et al. 2019, Chen et al. 2019, Lim et al. 2020). 

In physiological conditions, there is a tight regulation of the level of intracellular 

ubiquitin through the balance between free mono- and conjugated ubiquitin and 

the respective polyubiquitin chains (Kimura et al. 2010, Sjodin et al. 2017). These 

different ubiquitin tags decide the fate of the target proteins and regulate diverse 

biological functions in neurons, such as endocytosis, cell signal transduction 

pathways, synapse physiology, DNA damage responses, neuronal development, 

and ribosome biogenesis (Kumar et al. 2019). A polyubiquitinated protein could be 

easily recognized and degraded by the proteasome with the production of short 

peptides and amino acids that may be later reused for new protein synthesis (Cao 

et al. 2019, Kumar et al. 2020). Similarly, deubiquitinating enzymes dismantle the 

polyubiquitin chains and free ubiquitin monomers are then available to tag other 

substrates (Deriziotis and Tabrizi 2008, Al Mamun et al. 2020).  

Despite this main role, protein ubiquitination and polyubiquitin chains are also 

implied in other physiological processes, such as endocytosis, cell cycle 

regulation, immunity, subcellular localization and signal transduction (Oeckl et al. 

2014, Kudriaeva and Belogurov 2019) 

 

 

1.2 The role of ubiquitin in the pathogenesis of neurological diseases 

 

Impairment of UPS and ubiquitination have been implicated in most common 

neurological diseases, such as cerebrovascular disease, multiple sclerosis and 

neurodegenerative disorders (Deriziotis and Tabrizi 2008, Kumar et al. 2019, Chen 

et al. 2020). 

 

Regarding cerebrovascular disorders, an alteration of proteostasis has been 

suggested to be critical in the development and progression of neurological 

impairment (Chen et al. 2020). Indeed, some studies demonstrated an increased 

expression of ubiquitin in the plaques and in the peri-ischemic area, and an 

accumulation of ubiquitinated proteins after cerebral ischemia, with consequent 
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dysfunction of UPS (Chen et al. 2020). In this context, the impairment of UPS may 

lead to protein aggregation, which, in turn, might trigger ischemia-induced 

apoptosis and necrosis (Chen et al. 2020).  

On the other hand, several pieces of evidence suggested that alterations in UPS 

play a role also in the pathophysiology of multiple sclerosis (Kumar et al. 2019). 

Accordingly, abnormally ubiquitinated axons have been described in the normally 

myelinated white matter in multiple sclerosis patients. Moreover, UPS has been 

implicated in the regulation of some inflammatory processes, such as in the 

pathological T-helper cell 17-mediated response (Kumar et al. 2019).  

 

In cerebral aging several cellular and molecular alterations have been described, 

including disturbances of proteostasis, accumulation and deposit of ubiquitinated 

protein aggregates, aberrant autophagy, increased oxidative stress and impaired 

cellular signaling (Cuanalo-Contreras et al. 2019).  

Among neurodegenerative disorders, prion disease, Alzheimer’s disease (AD) and 

frontotemporal dementia / frontotemporal lobar degeneration (FTD/FTLD) are 

significantly associated with ageing (Deriziotis and Tabrizi 2008, Götzl et al. 2016, 

Cuanalo-Contreras et al. 2019). The three neurodegenerative dementias (NDs) 

are proteinopathies characterized by extracellular and/or intracellular disease-

specific protein aggregates, accompanied by neuronal loss in the affected brain 

regions (Götzl et al. 2016, Jucker and Walker 2018). 

Though the molecular mechanisms underlying the relationship between aging and 

neurodegeneration are still matter of investigation, the accumulation and deposit of 

misfolded proteins suggest that UPS alterations may represent a common and 

prominent pathophysiological pathway in NDs (Deriziotis and Tabrizi 2008, 

Cuanalo-Contreras et al. 2019). According to this hypothesis, the proteostasis 

network might be initially able to contrast the aberrant protein accumulation, but 

then, with aging, the response capacity might be progressively reduced (Puoti et 

al. 2012, Cuanalo-Contreras et al. 2019). Given the impaired clearance ability, 

cells become vulnerable to physiological and environmental stress factors, and 

even more susceptible to protein aggregation and accumulation (Cuanalo-

Contreras et al. 2019). This phenomenon contributes to cellular toxicity, tissue 
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dysfunction, “pathological aging”, increasing the risk to develop neurodegenerative 

disease (Cuanalo-Contreras et al. 2019).  

 

On another issue, ubiquitin represents a ubiquitous component of the pathologic 

protein aggregates associated with NDs, such as the pathological isoform of the 

cellular prion protein (PrPSc), amyloid-β (Aβ), tau and transactive response DNA 

binding protein43 kDa (TDP-43) (Blennow et al. 2004, Deriziotis and Tabrizi 2008, 

Oeckl et al. 2014, Sjodin et al. 2019). In this regard, the polyubiquitinated positive 

proteins are labeled for proteasomal and/or autophagic degradation, but their 

accumulation might also reduce itself the efficiency of UPS (Deriziotis and Tabrizi 

2008). Indeed, as proteins must unfold to undergo UPS degradation, aggregated 

proteins are poor substrates for the proteasome. Thus, the pathologic protein 

aggregation might be the consequence of an altered protein degradation but also 

may contribute to impaired protein clearance (Deriziotis and Tabrizi 2008, Götzl et 

al. 2016). All these phenomena may also cause, in turn, an accumulation of 

ubiquitin in the brain (Wang et al. 1991, Kudo et al. 1994, Sjodin et al. 2017). 

Moreover, ubiquitin can be released by dying cells, thereby increasing its level in 

the cerebrospinal fluid (CSF) as a consequence of neuronal damage (Majetschak 

et al. 2011, Oeckl et al. 2014, Sjodin et al. 2017). 

 

In prion disease it is not fully elucidated whether UPS impairment is a primary or 

secondary pathogenetic event (Deriziotis and Tabrizi 2008). Several studies 

showed that PrPSc inhibits the UPS function causing the accumulation of cytosolic 

aggregated forms of the cellular prion protein (PrPC), preventing them from 

physiological degradation and leading to a neurotoxic effect (Deriziotis and Tabrizi 

2008, Aguzzi et al. 2018). Indeed, when PrPC overtakes the UPS degradative 

ability, the probability for the conversion of PrPC into the protease-resistant 

pathogenic form may increase (Deriziotis and Tabrizi 2008). Further observations 

on the role of UPS in prion disease derive from mice models. In this context, high 

levels of ubiquitinated proteins in the brains of prion-infected mice have been 

linked to dysfunctional UPS and neurotoxicity (Deriziotis and Tabrizi 2008, Aguzzi 

et a. 2018).  



5 

 

In AD the function of UPS, which is normally implicated in the proteolytic 

degradation of Amyloid-β (Aβ) and tau proteins, is impaired (Saido and Leissring 

2012, Cao et al. 2019). In this regard, a significant reduction in its proteolytic 

activities has been associated with mutations in the Amyloid Precursor Protein 

(APP) gene (Almeida et al. 2006) and has been reported in hippocampus and 

parahippocampal gyrus, superior and middle temporal gyri, inferior parietal lobule 

and gyrus rectus of AD patients (Keller et al. 2000, Keck et al. 2003, Cao et al. 

2019). Moreover, an increased level of ubiquitin in grey and white matter (Wang et 

al. 1991, Kudo et al. 1994) and a mutant form of ubiquitin (Lam et al. 2000) have 

been observed in AD brains. The UPS impairment might also contribute to 

synaptic dysfunction and seems to be associated with both Aβ accumulation and 

tau hyper-phosphorylation (Cao et al. 2019). Accordingly, the accumulation of 

ubiquitinated proteins and proteasome elements correlated with the deposits of 

hyperphosphorylated-tau oligomers at pre- and postsynaptic terminals in AD 

brains (Tai et al. 2012). Moreover, on one side the UPS impairment may reduce 

the Aβ clearance causing its accumulation in form of plaques. On the other hand, 

toxic Aβ oligomers might inhibit UPS functions by competing with its normal 

substrates (Cao et al. 2019). 

 

In FTLD the evidence regarding the role of UPS in the pathophysiology of the 

disease comes from genetics studies (Götzl et al. 2016, Mann and Snowden 

2017). Indeed, mutations in genes coding for members of the UPS system, such 

as Sequestosome-1 (SQSTM1 or p62), Ubiquilin-2 (UBQLN2), Optineurin (OPTN), 

valosin-containing protein (VCP) and TANK Binding Kinase 1 (TBK1) have been 

associated with FTLD, specifically with TDP-43 proteinopathy (Götzl et al. 2016, 

Mann and Snowden 2017, Renaud et al. 2019). Furthermore, the presence of the 

pathognomonic p62-containing dipeptide-repeats in chromosome 9 open reading 

frame 72 gene (C9orf72) expansion also supports a UPS dysfunction in this 

subtype of FTLD (Götzl et al. 2016, Mann and Snowden 2017). In this regard, the 

subsequent biochemical cascade may contribute to the dysfunctional clearance of 

neurotoxic TDP-43 aggregates (Mann and Snowden 2017). Despite microtubule-

associated tau protein (MAPT) plays no clear role in the regulation of protein 
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degradation pathways, FTLD with tauopathy could also be partially related to the 

impairment of the proteasomal/lysosomal system (Mann and Snowden 2017). 

 

 

1.3 Neurological diseases associated with impairment of proteostasis  

 

1.3.1 Prion disease 

 

Prion diseases or transmissible spongiform encephalopathies, are rare and fatal 

neurodegenerative diseases, affecting both humans and a wide variety of 

mammals (Parchi and Saverioni 2012).  

The pathogenesis of prion diseases depends on the presence of the PrPSc, 

namely the pathological isoform of the PrPC, which is encoded by the prion protein 

(PRNP) gene (Parchi and Saverioni 2012, Puoti et al. 2012). PrPSc acts as a 

"template" for the conversion of PrPC and represents the essential, if not exclusive 

component of the "prion". Even if PrPSc and PrPC share the same primary 

sequence, the misfolded PrPSc is able to aggregate into deposits ranging from 

oligomers to amyloid fibrils in the central nervous system and, to a lesser extent, in 

other tissues (Parchi et al. 2011, Parchi and Saverioni 2012, Puoti et al. 2012, 

Baiardi et al. 2019, Rossi et al. 2019).  

This process is responsible for the typical neuropathological hallmarks of prion 

disease, such as spongiform change and microglial activation, followed by 

neuronal loss and gliosis (Parchi et al. 2011, Parchi and Saverioni 2012, Puoti et 

al. 2012, Baiardi et al. 2019, Rossi et al. 2019). Spongiform change is the most 

peculiar neuropathological feature of prion disease and is defined by the presence 

of vacuoles in the neuropil (Parchi and Saverioni 2012). 

 

In analogy with other protein misfolding disorders, human prion diseases occur in 

sporadic and genetic variants, but they can also be exogenously acquired from 

either human or animal sources (Will et al. 1996, Bruce et al. 1997, Baiardi et al. 

2019).  
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Five major phenotypic entities are recognized, namely Creutzfeldt-Jakob disease 

(CJD), fatal insomnia (FI), variably protease-sensitive prionopathy (VPSPr), kuru 

and the inherited PrP amyloidoses [i.e. Gerstmann-Sträussler-Scheinker 

syndrome (GSS), PrP-cerebral amyloid angiopathy and PrP-systemic amyloidosis] 

(Parchi and Saverioni 2012, Baiardi et al. 2019).  

Sporadic Creutzfeldt-Jakob disease (sCJD) represents the most common form of 

prion disease and accounts for about 85-90% of cases (Capellari et al. 2011, 

Baiardi et al. 2019). The second most common variant (5-15% cases) is genetic 

prion disease, which is related to pathogenic mutations in PRNP and 

encompasses three distinct clinical-pathological phenotypes, the genetic form of 

CJD (gCJD), fatal familial insomnia (FFI) and GSS (Capellari et al. 2011, Baiardi et 

al. 2019). Finally, a small proportion of cases (1-2%) is acquired (Baiardi et al. 

2019). 

 

sCJD has an annual incidence of 2 cases per million inhabitants worldwide 

(Minikel et al. 2016) and is typically characterized by rapidly progressive 

neurological deterioration and widespread cerebral deposition of PrPSc aggregates 

leading to spongiform degeneration, neuronal loss and glial activation (Zerr and 

Parchi 2018, Baiardi et al. 2019). Elderly population is usually affected, with peaks 

of mortality in the 60-79 year-age group (Ladogana et al. 2005) and slightly higher 

predominance in women than in men (1.4:1) (Zerr and Parchi 2018).  

Despite these constant characteristics, sCJD demonstrates a wide phenotypic 

heterogeneity in terms of distinct clinico-pathological subgroups of the disease 

(Zerr and Parchi 2018, Baiardi et al. 2019). According to Parchi et al. sCJD 

comprises 6 clinicopathological phenotypes, which are primarily determined by the 

type (1 or 2) of the PrPSc and by the genotype at the polymorphic codon 129 

(encoding methionine, M or Valine, V) of the PRNP: methionine homozygosity 

(valine) and scrapie prion protein type 1 [MM(V)1], methionine homozygosity and 

scrapie prion protein type 2, cortical type (MM2C), methionine homozygosity and 

scrapie prion protein type 2, thalamic type (MM2T), methionine/valine 

heterozygosity and scrapie prion protein type 2, kuru type (MV2K), valine 

homozygosity and scrapie prion protein type 1 (VV1), valine homozygosity and 
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scrapie prion protein type 2 (VV2) (Parchi et al. 1999, Parchi et al. 2011, Baiardi et 

al. 2019). 

In detail, the MM(V)1 is the most common subtype, also known as classic form of 

CJD, accounting for 65% of sporadic cases (Puoti et al. 2012, Zerr and Parchi, 

2018). In this subtype the spongiform degeneration affects all cortical layers and 

lobes (especially the occipital lobe), the striatum, and to a lesser extent the 

thalamus (Parchi and Saverioni 2012, Zerr and Parchi 2018, Baiardi et al. 2019). 

In contrast in the VV2 and MV2K subtypes, the second and the third most 

prevalent subtypes, respectively, the grey matter of limbic system, striatum, 

thalamus, hypothalamus, cerebellum and brainstem are mostly affected by 

moderate-severe spongiosis, whereas the cerebral cortex is particularly spared in 

the early stage (Parchi and Saverioni 2012, Zerr and Parchi 2018). Moreover, VV2 

cases also typically show a more pronounced and widespread brain PrPSc 

deposition compared to MM(V)1 cases (Baiardi et al. 2017). 

The disease duration is below 12 months for the MM(V)1 and VV2 subtypes, and 

between 1 year and 2 years for the others (Parchi et al. 1999, Zerr and Parchi 

2018). 

 

The most common early neurological presentation in sCJD is cognitive disorder 

(Zerr and Hermann 2018, Zerr and Parchi 2018), but other frequent presentations 

comprised a pure cerebellar syndrome, namely the Brownell-Oppenheimer 

syndrome corresponding to the VV2 subtype (Baiardi et al. 2017) and a posterior 

cortical atrophy syndrome, known as Heidenhain variant, which is associated with 

the MM(V)1 and MM2C subtypes (Baiardi et al. 2016). Moreover, focal 

neurological signs, such as aphasia, hyposthenia, or seizures are not rare 

manifestations (Baiardi et al. 2018 b). Subsequently, motor signs such as 

myoclonus, cerebellar, extrapyramidal and pyramidal signs may appear (Zerr and 

Hermann 2018, Zerr and Parchi, 2018), whereas, in the terminal phase, patients 

evolve into the so-called akinetic mutism (Zerr and Parchi 2018). 

 

gCJD accounts for 10 -15% cases of CJD and is associated with point mutations 

or insertions of octapeptide repeats in the PRNP gene (Baiardi et al. 2019). The 
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main point mutations associated with gCJD are E200K, T183A, T188K, T188R, 

T188A, E196K, E196A, V203I, R208H, V210I, E211Q, I215V, M232R, D178N 

(Ladogana and Kovacs 2018). 

 

VPSPr owes its name to the peculiar properties of PrPSc aggregates and accounts 

for 2-3% of all cases of sporadic prion disease (Baiardi et al. 2019). The disease 

occurs at median age of 70 years and the duration varies from 18 to 41 months 

(Puoti et al. 2012, Baiardi et al. 2019). Typical clinical manifestations comprise at 

least one of the following features: cognitive decline with prevalent frontal 

involvement, psychiatric disorders and speech disturbances. As the disease 

progresses, motor signs, mainly extrapyramidal, ataxia and myoclonus may 

appear (Puoti et al. 2012, Baiardi et al. 2019).  

 

FFI is a genetic variant of prion disease, which is linked to a D178N mutation 

coupled with the M129 genotype in the PRNP gene (Cracco et al. 2018). The 

disease typically occurs at an age of 40-60 years, while disease duration varies 

from several months to a few years. Early clinical findings include sleep and 

oculomotor disturbances, signs of autonomic hyperactivity, followed by motor 

signs (Cracco et al. 2018).  

 

GSS is the most prevalent form of the so called inherited PrP-amyloidosis (Baiardi 

et al. 2019), which is a heterogeneous group of dominantly inherited prion 

diseases that differs significantly from other prion diseases (Ghetti et al. 2018). 

While CJD and FFI are typically associated with rapidly progressive neurological 

syndrome, GSS manifests at onset slowly progressive ataxia, especially of gait, 

and lower limb sensory disturbance. In late disease stage, dementia occurs 

together with focal signs, such as pyramidal signs (Ghetti et al. 2018, Baiardi et al. 

2019, Rudge et al. 2019). After a duration of ∼4 years patients typically develop 

akinetic mutism (Baiardi et al. 2019, Rudge et al. 2019). From the 

neuropathological point of view GSS is characterised by amyloid deposition rather 

than spongiform change in the affected brain tissue (Baiardi et al. 2019).  
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The clinical diagnosis of prion disease is still challenging considering the clinical 

course which may be acute/subacute or slowly progressive and the 

heterogeneous clinical presentations at onset, which can resemble those of other 

rapidly progressive dementias (RPDs) (Baiardi et al. 2018, Zerr and Parchi 2018). 

Diagnostic investigations, that are currently used in clinical practice for the 

diagnosis of prion disease, include electroencephalogram, brain magnetic 

resonance imaging (MRI), brain biopsy and CSF analysis of surrogate biomarkers 

[14-3-3 and total tau (t-tau) protein] and of the in vitro amplification of PrPSc by 

means of real time quaking-induced conversion assay (RT-QuIC) (Zerr and Parchi 

2018). In addition, PRNP genetic analysis is useful to exclude the presence of 

mutations and to obtain the codon 129 genotype that provides suggestive 

indications of the disease subtype (Zerr and Parchi 2018).  

 

 

1.3.2 Alzheimer’s disease 

 

AD is the most common form of dementia in the elderly with more than 40 million 

people affected worldwide and an approximate 8-year survival after clinical onset 

(Scheltens et al. 2016).  

Increasing evidence suggests that several variables related to lifestyle, including 

cardio and cerebrovascular risk factors, diabetes, obesity, smoking, physical and 

mental inactivity, depression and low educational attainment increase the risk for 

AD dementia (Scheltens et al. 2016).  

AD is a multifactorial disease in which the genetic background plays an important 

role. Specifically, APOɛ4 represents the major genetic risk factor for AD (Scheltens 

et al. 2016), with APOɛ4 homozygotes and APOɛ3/4 heterozygotes showing a 

lifetime risk for AD of more than 50% and 20–30%, respectively (Scheltens et al. 

2016). APOɛ is implicated in several physiological mechanisms, including Aβ 

clearance from the brain. Moreover, according to genome-wide association studies 

more than 20 genetic loci, mostly linked to immune system, lipid metabolism and 

endosomal-recycling functions, are associated with the risk of AD (Scheltens et al. 

2016). 
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The neuropathological hallmarks in AD are extracellular deposition of Aβ plaques 

and intraneuronal neurofibrillary tangles (NFTs), which consist mainly of 

hyperphosphorylated tau deposits and are often co-localised with neuronal and 

synaptic loss (Frisoni et al. 2017, Molinuevo et al. 2018, Jack et al. 2018).  

According to the amyloid-beta cascade hypothesis, the formation of Aβ plaques 

represents the first pathological event in AD that occurs over decades before 

symptom onset, leading to inflammatory changes, oxidative stress, NFTs 

formation, synaptic damage, and ultimately neuronal loss (Abu-Rumeileh et al. 

2018 a, Jack et al. 2018, Molinuevo et al. 2018). However, it seems that tau and 

Aβ pathways contribute in parallel to AD neuropathology and enhance each 

other’s toxic effects (Scheltens et al. 2016). Mutations in APP, Presenilin-1 

(PSEN1) or Presenilin-2 (PSEN2), which are responsible for familial AD, strongly 

support the role of Aβ and tau as causative agents (Scheltens et al. 2016). On 

another issue, increasing evidence suggests that Aβ and tau may act as prion-like 

proteins, which spread across the brain (Scheltens et al. 2016, Abu-Rumeileh et 

al. 2018 a).  

Based on the above mentioned pathogenetic mechanisms, it is nowadays well-

established that the disease process covers a continuum from asymptomatic to 

prodromal stages, and finally to the dementia stage (Frisoni et al. 2017, Jack et al. 

2018). Traditionally, AD has been defined as a syndrome with slowly progressive 

cognitive decline, prominent memory loss and behavioural changes affecting daily 

activities (Scheltens et al. 2016, Frisoni et al. 2017, Jack et al. 2018). In recent 

years, a new definition of AD has been introduced, incorporating biological 

measures (biomarkers) instead of considering it a classic clinic-pathological entity 

(Frisoni et al. 2017, Jack et al. 2018). According to this new approach, the 

progression of AD biomarker alterations is a continuous phenomenon that occurs 

before symptom onset. Accordingly, AD pathophysiological process could also be 

identified in asymptomatic subjects (Frisoni et al. 2017, Jack et al. 2018). 

Current biomarkers for research criteria encompass three categories: (A) 

aggregated Aβ or associated pathological state [CSF amyloid-β peptide 1-42 

(Aβ42) or Aβ42/ amyloid-β peptide 1-40 (Aβ40) and Aβ deposition at amyloid-

positron emission tomography (PET)], (T) aggregated tau or associated 
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pathological state [CSF phosphorylated tau (p-tau) or tau deposition at tau-PET] 

and (N) neurodegeneration (brain atrophy at MRI, cerebral hypometabolism at ¹⁸F-

fluorodeoxyglucose (FDG) PET and CSF t-tau) (Jack et al. 2018).  

Specifically, medial temporal region atrophy and the more accurate hippocampal 

volumetry represent nowadays the most established MRI markers (Jack et al. 

2018). On the other hand, ¹⁸F-fluorodeoxyglucose (FDG)-PET detects neuronal 

and glial glucose uptake and identifies the topographic distribution of synaptic 

dysfunction, which correlates good with clinical symptoms (Scheltens et al. 2016, 

Jack et al. 2018). In this regard, a temporoparietal and posterior cingulate 

hypometabolism is highly suggestive for AD (Scheltens et al. 2016, Frisoni et al. 

2017, Jack et al. 2018). Recently, Aβ ligands demonstrated a high diagnostic 

value for cortical amyloidosis in terms of a high negative predictive value, given 

that cognitive unimpaired subjects might also test positive for amyloid-PET 

(Scheltens et al. 2016, Jack et al. 2018). Furthermore, new ligands for tau have 

shown a specific binding to NFTs and a good correlation with Braak NFTs stages 

(Scheltens et al. 2016, Jack et al. 2018). 

 

Regarding therapy four drugs are currently approved for the treatment of AD: the 

cholinesterase inhibitors donepezil, rivastigmine, and galantamine, which might 

stabilise the cognitive performance and daily functioning during the first period of 

treatment, and the glutamate antagonist memantine, which is helpful for the 

advanced phase (Scheltens et al. 2016). However, also non-pharmacological 

interventions such as the supportive care from caregivers significantly improve the 

quality of life in AD patients (Scheltens et al. 2016). Several new treatments have 

been tested in recent years in clinical trials with scanty or no results (Scheltens et 

al. 2016, Jack et al. 2018). 

  

 

1.3.3 Frontotemporal dementia 

 

The term FTD includes a wide spectrum of neurodegenerative disorders, namely 

the behavioural variant of frontotemporal dementia (bvFTD), and the primary 
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progressive aphasia (PPA), which in turn comprises the nonfluent/agrammatic 

(nfvPPA) and semantic (svPPA) variants (Devenney et al. 2019, Borroni and 

Benussi 2020, Younes and Miller 2020). Moreover, amyotrophic lateral sclerosis 

associated with FTD (ALS-FTD), progressive supranuclear palsy (PSP) and 

corticobasal syndrome (CBS) are also commonly considered part of the FTD 

spectrum, given that they may present with or develop symptoms of 

frontotemporal dysfunction (Devenney et al. 2019, Borroni and Benussi 2020, 

Younes and Miller 2020). Even if these syndromes show distinct clinical symptoms 

and pathologic features, there are considerable overlap and heterogeneity in 

clinical practice. 

Indeed, the FTLD represents a heterogeneous group of pathologies underlying the 

FTD clinical spectrum and primarily affecting the frontal and anterior temporal 

cortices (severe focal atrophy, subcortical gliosis, and neuronal loss) (Devenney et 

al. 2019, Borroni and Benussi 2020, Younes and Miller 2020). Based on the main 

intraneuronal protein inclusions, FTLD is currently classified into three major 

molecular subgroups, namely FTLD with TDP-43 inclusions (40-45% cases), 

FTLD with tau inclusions (40-45% cases) and FTLD with fused in sarcoma (FUS) 

inclusions (5%) (Devenney et al. 2019, Borroni and Benussi 2020, Younes and 

Miller 2020).  

Among the several genetic mutations, which are linked to FTD, the most common 

are those in the expansion on C9orf72 gene, the granulin (GRN) gene or the 

MAPT gene. Rarer mutations comprehend the TAR DNA-binding protein 

(TARDBP), SQSTM1, UBQLN2, OPTN, VCP, TBK1 and FUS (Borroni and 

Benussi 2020, Younes and Miller 2020).  

FTD is the second commonest cause of young onset dementia (Devenney et al. 

2019). From the clinical point of view, FTD patients show different degree of 

behavioural impairment, language alterations, and deficits of executive functions 

(Devenney et al. 2019).  

More specifically, common manifestations of bvFTD are disturbances in behaviour, 

personality, and social conduct associated with disinhibition, apathy, loss of 

empathy and insight, stereotypic and ritualistic behaviour, and changes in dietary 

preferences (Devenney et al. 2019).  
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In nfvPPA agrammatism, speech apraxia, distortion and pauses lead to alterations 

of the rhythm and normal stress patterns of speech. Even if word comprehension 

is preserved, sentence comprehension could be affected together with word 

repetition (Devenney et al. 2019).  

In contrast, svPPA is a progressive language disorder characterized by anomia, 

reduced comprehension of word meanings, empty of content and circumlocutory, 

alterations in the recognition and in the use of objects with preserved fluency, 

grammar and speech sounds (Devenney et al. 2019).  

In the parkinsonian plus syndromes, such as PSP and CBS, and in ALS-FTD, 

typical motor features are often accompanied by behavioural and/or language 

impairment, which largely overlap those of bvFTD and PPA (Devenney et al. 

2019).  

 

Current routine diagnostic investigations for FTD comprehend neuropsychological 

assessment, brain MRI and brain FDG-PET (Devenney et al. 2019). 

On MRI imaging some typical “signatures” are recognised but a large overlap 

between different syndromes is also described (Devenney et al. 2019, Younes and 

Miller 2020). In detail, patients with bvFTD typically show atrophy involving mesial 

frontal, orbitofrontal, and anterior insula cortices, whereas in those with svPPA and 

nfvPPA bilateral and asymmetrical involvement of anterior temporal lobes (polar 

and perirhinal cortices and anterior fusiform gyri) and affection of anterior 

perisylvian, inferior opercular and insular regions of the dominant hemisphere are 

often detected (Devenney et al. 2019, Younes and Miller 2020).  

PET-imaging findings correlate with patterns of brain atrophy in FTD patients 

(Devenney et al. 2019). Similarly, tau-PET represents one of the most promising 

applications in NDs, but further studies are needed to assess its role in FTD 

(Borroni and Benussi 2020). 
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1.4 Cerebrospinal fluid biomarkers as diagnostic tools in neurological 

diseases 

 

A biomarker is defined as an objectively measurable substance or another 

parameter of a biological process that is useful for the diagnostic and prognostic 

assessment, evaluation of disease risk and therapeutic monitoring in a particular 

disease (Frisoni et al. 2017).  

The development and validation of biomarkers occurs through consecutive steps, 

namely the analytical and clinical validation, and the demonstration of the clinical 

utility (Frisoni et al. 2017).  

Initial investigations aiming to identify biomarkers for neurological diseases 

focused on cerebrospinal fluid. CSF is a logical source for investigating biomarkers 

given its direct interaction with the extracellular space in the brain and the potential 

correlation with the associated pathophysiological alterations (Molinuevo et al. 

2018).  

Extensive meta-analyses reported the safety of lumbar puncture (LP) 

(Engelborghs et al. 2017, Nath et al. 2018), therefore CSF biomarkers are 

currently adopted (or ready to be implemented) in clinical practice for several 

neurological diseases, mostly for neurodegenerative disorders, such as AD, prion 

disease and ALS, but also for multiple sclerosis (Jack et al. 2018, Molinuevo et al. 

2018, Thompson and Mead 2019, Verde et al. 2019, Zetterberg 2020). Most 

currently adopted CSF biomarkers are measured by means of enzyme-linked 

immunosorbent assay (ELISA) (Gobom 2015, Crutchfield et al. 2016).  

However, given the relative invasiveness of LP, blood diagnostic tests [eg. 

neurofilament light chain protein (NfL), t-tau, p-tau, Aβ42 and Aβ40] have been 

recently developed and showed promising results (Thompson and Mead 2019, 

Benussi et al. 2020, Zetterberg 2020).  

 

The ideal fluid biomarker for neurological diseases should be reliable, 

reproducible, low-cost, relatively non-invasive, and might be easily implemented in 

large populations (Molinuevo et al. 2018). In detail, the clinical use of CSF 

biomarkers may involve early diagnosis, assessment of disease severity and rate, 

stratification of patients according to the possible clinic-pathological phenotype, 
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prediction of onset in high-risk asymptomatic subjects (eg. carriers of pathogenetic 

mutations) and survival in symptomatic cases and monitoring of therapy response 

(Molinuevo et al. 2018, Thompson and Mead 2019).  

The achievement of an early diagnosis and a more personalized medicine 

approach are nowadays fundamental objectives to allow the enrollment of patients 

in future clinical trials and to address the effect of potential therapeutics 

(Molinuevo et al. 2018, Thompson and Mead 2019). In this regard, CSF 

biomarkers might ensure that subjects enrolled into clinical trials are those who 

have a specific pathological substrate, which is the target of the therapeutic 

strategy (eg. specific proteinopathy in NDs) (Molinuevo et al. 2018, Thompson and 

Mead 2019). 

 

AD CSF core biomarkers, namely Aβ42, t-tau and p-tau, reflect three distinct 

pathological processes that occur in AD (Abu-Rumeileh et al. 2018 a, Molinuevo et 

al. 2018).  

Aβ42 peptide is generated from the cleavage of APP by specific enzymes named 

secretases (Molinuevo et al. 2018). The deposition of Aβ42 insoluble aggregates, 

as the major component of extracellular Aβ plaques, leads to a decrease of CSF 

levels in AD patients by reducing the spillage of the protein in the CSF (Abu-

Rumeileh et al. 2018 a, Molinuevo et al. 2018). In this regard, CSF Aβ42 levels 

correlate inversely with PET in vivo and with post-mortem plaque load (Baiardi et 

al. 2018 a, Molinuevo et al. 2018). According to the Aβ cascade hypothesis, the 

CSF Aβ42 decrease occurs early in the disease course, even in the pre-

symptomatic phase, while CSF t-tau and p-tau levels would increase later (Abu-

Rumeileh et al. 2018 a). Moreover, CSF Aβ42 may predict disease progression in 

the AD continuum and have the potential to discriminate AD from FTD (Molinuevo 

et al. 2018).  

 

The microtubule associated protein tau is produced by alternative splicing of the 

MAPT gene (Molinuevo et al. 2018). Tau is abundant in neuronal axons and 

involved in the stabilization and dynamics of microtubules. Moreover, misfolded 

tau is the substrate of pathological protein aggregates in the so-called tauopathies 
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(AD, Pick’s disease, PSP, corticobasal degeneration) (Molinuevo et al. 2018, 

Thompson and Mead 2019).  

CSF tau concentrations have been widely investigated by means of well-

established ELISA assays (Llorens et al. 2018), which can measure t-tau, 

including both the non-phosphorylated and the phosphorylated forms, and p-tau, 

namely tau phosphorylated at specific epitopes (Llorens et al. 2018).  

CSF t-tau levels reflect the rate of non-specific neuronal degeneration, therefore t-

tau is variably increased both in AD and several other diseases, reaching the 

highest levels in CJD (around 20 times higher than in AD) (Abu-Rumeileh et al. 

2018 b, Molinuevo et al. 2018, Zerr and Parchi 2018, Thompson and Mead 2019). 

Moreover, CSF t-tau could predict disease progression in mild cognitive 

impairment patients and in cognitively unimpaired subjects (Molinuevo et al. 2018).  

 

At variance with t-tau, p-tau more specifically reflects the neurofibrillary 

degeneration. Therefore, levels of p-tau are primarily high in AD and normal in 

most other dementias (Abu-Rumeileh et al. 2018 a, Molinuevo et al. 2018). 

Therefore, the biomarker plays a useful role for differential diagnosis of AD 

(Molinuevo et al. 2018).  

A moderate increase in CSF p-tau levels has also been described in CJD, 

especially in VV2 and MV2K subtypes, correlating with the degree of secondary 

tauopathy in brain areas with spongiform change (Lattanzio et al. 2017). 

 

When used in combination, Aβ42, t-tau and p-tau showed high diagnostic value for 

AD, reaching 85–90% sensitivity and specificity and a good negative predictive 

value (Olsson et al. 2016, Scheltens et al. 2016). Indeed, normal values of all 

three biomarkers in a patient with a compatible clinical picture almost exclude AD 

(Scheltens et al. 2016). Therefore, core AD CSF biomarkers are incorporated in 

the diagnostic criteria for AD and are being increasingly adopted as inclusion 

criteria and/or outcome variables in clinical trials (Dubois 2014, Jack et al. 2018, 

Molinuevo et al. 2018).  

On another issue, both CSF t-tau/Aβ42 and p-tau/Aβ42 ratios showed a higher 

performance compared to single biomarkers in the distinction of patients with an 
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Aβ-positive PET or autopsy-confirmed AD (Molinuevo et al. 2018). Accordingly, 

the p-tau/Aβ42 ratio is helpful in the distinction of AD from other dementias, 

especially from FTD, and is often adopted in research studies to exclude AD co-

pathology in FTD patients (Abu-Rumeileh et al. 2018 c, Lleó et al. 2018, Molinuevo 

et al. 2018, Abu-Rumeileh et al. 2019 c). 

 

Regarding prion disease the use of CSF biomarkers might be helpful for 

differential diagnosis and clinical assessment of atypical cases (Franceschini et al. 

2017, Baiardi et al. 2018 b; Thompson and Mead 2019). Given that only a small 

percentage of samples usually referred with the suspicion of CJD at reference 

laboratories are actually confirmed as prion diseases, the achievement of an early 

correct diagnosis has also important implications for distinguishing prion disease 

from other, potentially treatable diseases or from other neurodegenerative 

dementias (Grau-Rivera et al. 2015, Abu-Rumeileh et al. 2018 b, Zerr and 

Hermann 2018, Thompson and Mead 2019).  

Until few years ago CSF diagnostics for prion disease was based only on 

biomarkers of neurodegeneration (proteins 14-3-3 and t-tau), which are surrogate 

proteins of downstream neuronal damage caused by PrPSc deposition (Zerr and 

Parchi 2018, Thompson and Mead 2019).  

Several studies demonstrated 75-98% sensitivity and 67-99% specificity for t-tau 

in the differential diagnosis of prion diseases (Otto et al. 2002, Chohan et al. 2010, 

Hamlin et al., 2012, Skillback et al. 2014, Lattanzio et al. 2017, Zerr and Parchi 

2018, Thompson and Mead 2019). Although t-tau is not included in the diagnostic 

criteria for sCJD likewise protein 14-3-3 (Zerr et al. 2009, Zerr and Parchi 2018), 

many worldwide reference centres exploit t-tau as a first level tool for the 

differential diagnosis of RPDs (Abu-Rumeileh et al. 2019 a). 

Recently several laboratories have established the prion RT-QuIC assay, a 

method that detects the presence of PrPSc (Green and Zanusso 2018, Thompson 

and Mead 2019). This assay is able to amplify small amounts of pathological 

protein aggregates in biological fluids through repeated cycles of seeded 

misfolding (similarly to the polymerase chain reaction for the amplification of small 

amounts of DNA) up to a threshold of detection not accessible to conventional 
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techniques (Green and Zanusso 2018, Thompson and Mead 2019). The accuracy 

of this technique is very high, reaching 77-97% sensitivity and 99-100% specificity 

and is superior to proteins 14-3-3 and t-tau (Groveman et al. 2016, Franceschini et 

al. 2017, Lattanzio et al. 2017, Green and Zanusso 2018). However, the sensitivity 

is variable within the spectrum of prion diseases (Franceschini et al. 2017, 

Lattanzio et al. 2017). As a result of these studies, the RT-QuIC has been included 

in the diagnostic criteria for sCJD (Zerr and Parchi 2018). 

 

The neurofilament light chain protein (NfL) is a component of the cytoskeleton and 

a member of the neurofilament family, which also includes the heavy and 

intermediate chains (Gaetani et al. 2019). CSF NfL concentrations raise in 

response to neuroaxonal damage and are, therefore, high in many 

neurodegenerative diseases such as AD, FTD, prion disease and amyotrophic 

lateral sclerosis but also in traumatic injury, multiple sclerosis and infectious 

diseases (Gaetani et al. 2019). Therefore, the test demonstrates high sensitivity 

but low specificity for the diagnostic assessment of neurological diseases (Gaetani 

et al. 2019, Thompson and Mead 2019).   

 

Given the large clinical overlap between different FTD syndromes, the discovery of 

biomarkers for the prediction of the ongoing proteinopathy and disease 

progression would be helpful to identify and stratify patients for clinical trials 

(Borroni and Benussi 2020). In this regard, few studies, exploring the role of the 

RT-QuIC to detect the pathological misfolded tau in FTLD with tau inclusions, 

showed promising results (Saijo et al. 2017, Saijo et al. 2020), while several works 

proposed the neurofilament light protein in CSF or blood and the CSF p-tau/t-tau 

ratio as prognostic markers to assess treatment response in forthcoming trials 

(Abu-Rumeileh et al. 2018 c, Meeter et al. 2018, Benussi et al. 2020). Before 

these markers will be widely implemented in clinical practice, the most important 

use of CSF biomarkers in FTD consists in the distinction between FTD and AD 

(Lleó et al. 2018). 
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Despite the availability of these well-validated CSF biomarkers, there is an urgent 

need to identify additional fluid biomarkers in neurological diseases, mostly in 

NDs, which may be helpful in understanding other pathophysiological mechanisms 

(eg. UPS impairment, astrogliosis, microgliosis, synaptic damage), heterogeneity 

in misfolding protein pathologies, prognosis, and drug–response monitoring 

(Molinuevo et al. 2018). In this regard, several novel biomarkers have been 

extensively investigated, but they still need to be validated in larger cohorts for use 

in clinical practice. 

 

 

1.5 Mass spectrometry for the assessment of cerebrospinal fluid biomarkers 

 

In routine biochemistry most used biomarker tests are based on assays which 

exploit spectrophotometric or immunologic detection techniques, such as ELISAs 

(Gobom 2015, Crutchfield et al. 2016). Specifically, immunoassays detect proteins 

in an indirect way, namely by binding of antibodies, and estimate the concentration 

of a protein as the sum of all isoforms (Crutchfield et al. 2016). In contrast, the 

measurement of specific protein isoforms and/or post-translational modification 

states is rarely achievable by immunoassays (Crutchfield et al. 2016). Moreover, 

the quantification with ELISA is often affected by matrix effects, unspecific signals 

in biofluid samples and small variations in the reaction conditions (Gobom 2015, 

Oeckl and Otto 2019). Given the tendence to batch-to-batch variations, the use of 

immunoassays makes challenging the interlaboratory comparison and the 

subsequent identification of universal cut-off values for biomarkers (Gobom 2015, 

Oeckl and Otto 2019).  

 

Mass spectrometry (MS) represents an emerging technique, which is currently 

adopted in the discovery and validation of CSF biomarkers (Gobom 2015). MS has 

been primarily developed in the context of therapeutic drug monitoring and 

toxicological testing but, nowadays, it is increasingly applied in the discovery of 

biomarkers (Crutchfield et al. 2016).  
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MS is more specific for biomarker measurement compared to immunoassays, 

because it is based on the direct and absolute quantification of a target molecule 

(eg. particular isoform) by adopting a stable-isotope-labeled standard as a 

reference (Gobom 2015, Oeckl and Otto 2019).  

In MS, the target protein is measured according to its mass-to-charge ratio (m/z). 

The two most common approaches are the multiple/selected reaction monitoring 

(MRM/SRM) and the parallel reaction monitoring (PRM), which refer to different 

types of mass analyzers (Oeckl and Otto 2019).  

In the liquid chromatography−multiple reaction monitoring mass spectrometry (LC-

MS/MS) many mass analyzers are often included in association with liquid 

chromatography (Oeckl and Otto 2019). This allows a primary additional 

separation of the molecules before the fragmentation of the target analyte and the 

quantification of the specific fragments (Oeckl and Otto 2019). To improve the 

specificity of LC–MS/MS for an analyte, several variables could be adjusted by the 

operator, such as chromatographic settings (concerning both the solid phase and 

the liquid phase), ionization (ionization method, polarity, and source conditions) 

and specific mass spectrometer parameters (Crutchfield et al. 2016). Indeed, the 

protein digestion and homogenization may cause some analytical issues. For 

example, the digestion may reduce the number of phosphorylated residues in a 

particular protein, which shows a diagnostic value only if combined with N 

phosphorylated residues but not if associated with (N-1) residues (Crutchfield et al. 

2016). 

 

Another MS approach is based on the unbiased discovery of new biomarkers 

through the screening of a large number (several hundreds) of potential 

candidates (eg. proteomics and metabolomics) (Gobom 2015, Oeckl and Otto 

2019). In this regard, after consecutive full scans, mass spectra of fragments are 

performed and matched with a protein sequence database to identify the 

measured analytes (Gobom 2015, Oeckl and Otto 2019). This process could allow 

the identification of relatively specific disease-associated proteins (Gobom 2015). 

Moreover, given the absence of a priori selected targets, this approach might 

prompt the formulation of new pathogenetic hypotheses because it may help to 
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discover biomarkers that are not commonly associated with existing hypotheses 

(Gobom 2015). In detail, biomarker candidates are identified by comparing the 

relative abundances of all identified proteins over all participants in a study 

(Gobom 2015). In the next step the operator selects a smaller set of promising 

biomarkers for further validation in larger cohorts in order to evaluate the disease-

specificity of these markers (Gobom 2015, Crutchfield et al. 2016, Oeckl and Otto 

2019).  

In this regard, the SRM approach might be useful for the subsequent targeted 

quantification of candidate biomarkers, given the required short time for the 

development of the assay compared to immunoassays, and the possibility of 

multiplexing (Gobom 2015).  

 

Despite these advantages, some features of MS actually limit its broad use in most 

routine clinical laboratories. First, several immunoassays, which can analyse a 

large spectrum of analytes, have been already implemented on automated 

platforms. Second, MS requires a relatively high capital in terms of acquisition 

costs for the instrument and training of expert personnel (Crutchfield et al. 2016).  

Anyway, the high specificity makes MS the most suitable instrument for the 

detection of analytes which are currently not measurable by immunologic or 

spectrophotometric methods (Gobom 2015, Crutchfield et al. 2016, Oeckl and Otto 

2019).  

 

 

1.6 Aims and hypothesis of the study 

 

The differential diagnosis among NDs, especially between prion disease and other 

forms of dementia, such as AD and FTD is still challenging (Abu-Rumeileh et al. 

2018 b, Zerr and Hermann 2018).  

Despite AD and FTD typically present with a slowly progressive cognitive and/or 

motor decline, they may sometimes show an atypical rapid course (Geschwind et 

al. 2008, Chitravas et al. 2011, Abu-Rumeileh et al. 2018 a, Geschwind and 

Murray 2018, Zerr and Hermann 2018). On the other hand, a clinical presentation 

mimicking AD, bvFTD, CBS, PSP or FTD-ALS may occasionally be sustained by a 



23 

 

prion disease, especially by the least rapidly evolving variants, such as sCJD 

MV2K, MM2C, VV1, VPSPr or GSS (Geschwind et al. 2008, Chitravas et al. 2011, 

Abu-Rumeileh et al. 2018 b, Baiardi et al. 2018 b, Vicente-Pascual et al. 2018). 

 

Currently established CSF biomarkers, such as t-tau, and more recently, the prion 

RT-QuIC improved the diagnosis between prion disease and AD or FTD (Hamlin 

et al. 2012, Abu Rumeileh et al. 2017, Lattanzio et al. 2017, Abu Rumeileh et al. 

2018 b, Zerr and Parchi 2018, Abu Rumeileh et al. 2019 a). However, given the 

wide heterogeneity of prion disease, CSF t-tau levels vary significantly among the 

different prion disease subtypes, therefore its diagnostic sensitivity is still not 

optimal (Hamlin et al. 2012, Abu Rumeileh et al. 2017, Lattanzio et al. 2017, Abu-

Rumeileh et al. 2018 b). Furthermore, AD and FTD may sometimes present CSF t-

tau values overlapping with those detected in prion disease (Abu Rumeileh et al. 

2017, Abu-Rumeileh et al. 2018 b, Geschwind and Murray 2018, Zerr and 

Hermann 2018). 

On another issue, the prion RT-QuIC, which is currently the most powerful test for 

the in vivo diagnosis of prion disease, is not yet broadly diffused in all laboratories 

as a routine diagnostic test but still represents a first or second-step assay only in 

reference centres (Abu-Rumeileh et al. 2019 a).  

As a consequence, the search for other good performing biomarkers to be used as 

a first-step test in the distinction of NDs is still of primary importance.  

 

Given the numerous implications of ubiquitin in the pathophysiology of NDs, we 

speculated that ubiquitin in CSF might be a potential biomarker in NDs. 

Furthermore, given the wide pathological heterogeneity of NDs, and specifically of 

prion disease, the evaluation of CSF ubiquitin concentration in different forms and 

subtypes of NDs may contribute to understand better common and disease-

specific mechanisms related to UPS impairment in neurodegeneration. 

We have already developed a very selective and precise LC−MS/MS method for 

the measurement of CSF free monoubiquitin (Oeckl et al. 2014).  According to our 

data and those of other studies investigating the same or other ubiquitin forms, 

patients with CJD and AD showed significant increase of the protein levels 
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compared to controls (Wang et al. 1991, Kudo et al. 1994, Iqbal et al. 2005, 

Steinacker et al. 2010, Oeckl et al. 2014, Sjodin et al. 2017, Sjodin et al. 2019).  

 

However, no study to date evaluated whether the significant clinicopathological 

heterogeneity of the prion disease spectrum may influence CSF ubiquitin levels. 

Similarly, the possible associations between CSF values and the extent of brain 

ubiquitin deposits in prion disease subtypes remains unexplored.  

 

The aims of the present study were to validate our previous results (Oeckl et al. 

2014), by exploring the diagnostic value of CSF free monoubiquitin in an 

independent cohort, enriched in well-characterized cases with a neuropathological, 

genetical and/or CSF biomarker-based diagnosis of prion disease subtypes, AD or 

FTD.  

Furthermore, for the first time, we investigated the presence, if any, of different 

ubiquitin levels among distinct prion disease types and the associations between 

the protein levels and clinical variables, such as disease stage and survival.  

Finally, we analysed the relative extent of ubiquitin deposits in the brain of the 

most common sCJD subtypes. 
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2. Materials and methods 

 

 

2.1 Case classification 

 

We retrospectively analyzed 180 CSF samples submitted for analysis to the 

Neuropathology Laboratory, Institute of Neurological Sciences of Bologna 

(Bologna, Italy) between 2010 and 2018. The cohort comprised 28 healthy 

controls, 84 patients with prion disease, 38 with AD and 30 with FTD. All cases 

were part of previous studies (Abu-Rumeileh et al. 2019 c, Abu-Rumeileh et al. 

2020 a).  

 

For each patient, we evaluated the clinical history and the results of neurological 

examination/s and of neuroimaging investigations, such as brain computed 

tomography, MRI, FDG-PET, and cerebral blood flow single-photon emission 

computed tomography.  

 

Classification of prion disease was made according to current European diagnostic 

criteria (Parchi and Zerr 2018) and neuropathological consensus criteria (Parchi et 

al. 1999, Parchi et al. 2012). Specifically, the group of 67 definite cases consisted 

of 55 prion‐positive cases at postmortem examination (54 with sCJD, 1 with 

VPSPr) and 12 carrying a pathogenic PRNP mutation (4 E200K, 4 V210I, 3 

D178N and 1 P102L), whereas the group of probable sCJD cases included 17 

patients fulfilling the clinical criteria for possible sCJD and tested positive by CSF 

prion RT-QuIC assay. Molecular analysis of the PRNP gene, PrPSc typing, and 

CJD histotype classification was performed in all autopsied cases according to the 

established methodologies and consensus criteria (Jansen et al. 2012, Parchi et 

al. 2012, Lattanzio et al. 2017). 

 

For the analysis according to the sCJD molecular subtypes, we merged the 

subjects with definite sCJD [33 MM(V)1, 12 VV2, 6 MV2K, 2 MM2C, 1 VV1] with 
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those with a probable sCJD diagnosis and a high level of certainty for a given 

subtype.  

In detail, three consultant neurologists formulated the classification after reviewing 

the clinical picture, disease duration at death or at last follow-up, the results of 

codon 129 genotype (MM, MV and VV), CSF biomarkers, and brain magnetic 

resonance imaging as previously described (Abu-Rumeileh et al. 2020 a).  

In detail, probable sCJD VV2 (n=6) were all homozygotes VV at codon 129, with  a 

disease duration < 12 month and prominent rapidly progressive early ataxia, were 

positive at prion RT-QuIC and showed at least 2 of the following features: positive 

14-3-3 and/or t-tau levels > 1250 pg/ml, prominent striatum and/or thalamic 

involvement at brain MRI [diffusion weighted imaging (DWI) or Fluid Attenuated 

Inversion Recovery (FLAIR)] in the early phase of the disease (Parchi et al. 1999, 

Zerr et al. 2009, Parchi et al. 2012, Baiardi et al. 2017, Lattanzio et al. 2017). 

Patients with the following clinical features, highly suggestive for the VV1 subtype, 

were excluded: age at onset ≤36 years, disease duration ≥17 months and 

predominant cortical symptoms/signs without ataxia (Baiardi et al. 2017). 

Probable sCJD MV2K (n=9) were all heterozygotes MV at codon 129, with a 

disease duration > 8 months and prominent ataxia and/or cognitive decline at 

onset (Parchi et al. 1999) and were positive at prion RT-QuIC (Lattanzio et al. 

2017) and brain MRI (DWI/FLAIR sequences) (Zerr et al. 2009). In the probable 

sCJD MV2K group the mean disease duration was 21 months (min 8.5 months), in 

line with that of definite MV2K cases (22 months). Patients with disease duration < 

8 months and presenting with a multisystemic neurological syndrome were 

considered highly suggestive for the MV1 subtype and excluded. Indeed, in our 

case neuropathologic series of sCJD MV1 the mean disease duration was 3 

months and the longer disease duration was 6 months (Parchi unpublished data).  

Probable sCJD MM2C (n=2) were all homozygotes at codon 129, with prominent 

cognitive decline at onset, disease duration > 8 months (Parchi et al. 1999) and 

were positive at prion RT-QuIC (Lattanzio et al. 2017) and at brain MRI 

(DWI/FLAIR sequences) (Zerr et al. 2009). In our probable sCJD MM2C group the 

mean disease duration was 34.5 months, in line with that of definite MM2C cases 

(40.5 months) (Parchi unpublished data). Patients with disease duration < 6 
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months and presenting with a multisystemic neurological syndrome were 

considered highly suggestive for the MM1 subtype and excluded. 

Moreover, we also repeated the analyses after the exclusion of probable cases to 

exclude a bias related to possible misdiagnosis. 

 

In each prion disease case, if available, we estimated the disease stage as the 

ratio between the time from disease onset to LP and the time form onset to death 

or last follow-up (Sanchez-Juan et al. 2007). Then, cases were classified in three 

categories according to whether LP was performed in the first (disease stage < 

0.33), second (0.33 - 0.66) or third (> 0.66) tertile (Sanchez-Juan et al. 2007).  

Otherwise, length of survival was calculated as the time (in months) from lumbar 

puncture (LP) to the death or last follow-up.  

 

The diagnosis of AD was made according to the International Working Group 2 

criteria, including the presence of a characteristic AD CSF biomarker profile, 

calculated using in-house cutoff values (p-tau/Aβ42 ratio > 0.108 and t-tau/Aβ42 

ratio > 0.615) (Dubois et al. 2014, Abu-Rumeileh et al. 2019 b). In particular, 33 AD 

cases fulfilled the criteria for typical AD, 3 for atypical AD-logopenic variant, and 2 

for atypical AD posterior variant (Dubois et al. 2014). In all AD cases, significant 

vascular ischemic lesions were excluded based on neuroimaging findings. 

 

The FTD group comprised 13 cases with a genetic diagnosis of FTLD-TDP (9 

cases with a pathogenetic mutation in C9orf72 and 4 cases in GRN) (Abu-

Rumeileh et al. 2020 a) and 17 patients, who fulfilled the new criteria for probable 

4R- tauopathy (Respondek et al. 2020), showing thus, a high level of certainty in 

their diagnosis and sufficient evidence predicting the underlying tau pathology. 

Patients with FTD were also diagnosed according to the established clinical 

criteria (Rascovsky et al. 2011, Gorno-Tempini et al. 2011, Armstrong et al. 2013, 

Höglinger et al. 2017, Strong et al. 2017). In detail, the group included 6 cases 

with bvFTD, 1 with nfvPPA, 4 with ALS-FTD, 8 with CBS and 9 with PSP. Two 

patients, who met the criteria for bvFTD and/or PPA but also showed 

extrapyramidal signs (in the presence of a mixed phenotype or not fully satisfying 
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the criteria for CBS or PSP diagnosis), were classified as FTD + parkinsonism 

(Abu-Rumeileh et al. 2018 c). In all FTD cases, the in vivo evidence of coexisting 

AD pathology was gathered using AD core CSF biomarkers (p‐tau/Aβ42 ratio 

>0.108) (Abu-Rumeileh et al. 2020 a).  

 

The control group comprised 28 subjects with no clinical or neuroradiologic 

evidence of central nervous system disease (e.g., tension-type headache, 

subjective complaints, non-inflammatory polyneuropathies) and showing normal 

values of CSF p-tau, t-tau and Aβ42 (Jack et al. 2018, Abu-Rumeileh et al. 2020 

a). 

 

Informed consent was given by study participants or by their next of kin. The study 

was conducted in accordance with the Declaration of Helsinki, and the protocol 

was approved by the Ethic Committees of Area Vasta Emilia Centro, Italy 

(approval number AVEC:18025, 113/2018/OSS/AUSLBO). 

 

 

2.2 CSF biomarker analyses 

 

We obtained CSF samples by LP at the L3/L4 or L4/L5 level following a standard 

procedure. Samples were centrifuged in case of blood contamination, divided into 

aliquots, and stored in polypropylene tubes at −80 °C until analysis. 

 

CSF free monoubiquitin was analyzed at the Experimental Neurology Laboratory, 

Department of Neurology, Ulm University Hospital (Ulm, Germany) in all cases as 

described (Oeckl et al. 2014).  

In detail, 50 µL of each CSF sample was mixed in a 96-deep-well plate with an 

internal standard solution containing 13C-labeled ubiquitin. 100 µL acetonitrile was 

added for protein precipitation. After that, samples were incubated for 2 min at 

1400 rpm, and then centrifuged at 4000 g for 30 min at room temperature. 70µL of 

the supernatant was diluted with 400 µL water in a new 96-deep-well plate, mixed 

for 2 min at 1400 rpm, and centrifuged again at 4000 g for 10 min.  
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The LC-MS/MS analysis of free monoubiquitin was performed with a QTRAP6500 

mass spectrometer (AB Sciex Germany GmbH, Darmstadt, Germany) coupled to 

an Eksigent MicroLC200 (AB Sciex Germany GmbH, Darmstadt, Germany) and 

1260 binary pump (Agilent, Santa Clara, USA). For liquid chromatography a 

PepMap100 C18 column (0.3 × 5.0 mm, 5 μm, Thermofisher, Waltham, 

Massachusetts, USA) and a Eksigent HALO Fused-core C18 analytical column 

(0.5 × 100 mm, 2.7 μm, Eksigent, AB Sciex Germany GmbH, Darmstadt, 

Germany) were used. Chromatographic conditions and MRM settings were as 

described (Oeckl et al. 2014). Intra- and inter-assay coefficients of variation (CVs) 

were <15%. 

 

CSF t-tau, p-tau and Aß42 analyses and prion RT-QuIC were carried out at the 

Neuropathology Laboratory, Institute of Neurological Sciences of Bologna 

(Bologna, Italy). CSF t-tau levels were measured in all cases. For classification 

purposes, CSF p-tau and Aβ42 analyses were limited to the group of controls, AD, 

and FTD, while the RT-QuIC to the prion disease group. CSF sampling and 

storage tubes were Sarstedt Inc. screw-cup tubes of polypropylene 10 or 13 ml 

and Sarstedt screw-cup microtube 0.5 ml of polypropylene.  

We measured AD core biomarkers using commercially available enzyme-linked 

ELISA kits (INNOTEST htau-Ag, INNOTEST phosphorylated-Tau181, INNOTEST 

Aβ1–42, Innogenetics/Fujirebio Europe, Ghent) as previously described (Abu-

Rumeileh et al. 2019 c). The mean intra- and inter-assay CVs were ≤5% and 

<20% respectively for t-tau, p-tau, Aß42 as reported (Abu-Rumeileh et al. 2019 c).  

PrPSc seeding activity was detected as previously described (Franceschini et al. 

2017, Lattanzio et al. 2017). 

 

 

2.3 Assessment of brain ubiquitin deposits by immunohistochemistry 

 

Histopathological examination was performed at the Neuropathology Laboratory, 

Institute of Neurological Sciences of Bologna (Bologna, Italy). In details, we 

analyzed 7 μm thick sections of paraffin-embedded section blocks of frontal cortex, 
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anterior striatum, and hippocampus (CA1 sector) obtained from sCJD MM(V)1 

(n=5), VV2 (n=5), MV2K (n=5) brains lacking any AD- or Lewy body-related co-

pathology and from controls lacking significant neurodegenerative pathology (n=2).  

 

Haematoxylin–eosin stain was performed on all sections according to a standard 

procedure. Then, we processed the samples for immunohistochemistry with a 

monoclonal anti-ubiquitin antibody with proven specificity (Morimoto et al. 1996, 

Alafuzoff et al. 2015) (MAB1510, dilution 1:1000, Chemicon, Tomecula, CA, USA) 

as described (Alafuzoff et al. 2015, Lattanzio et al. 2017).  

Two operators carried out a semiquantitative assessment of ubiquitin 

immunopositivity and a mean combined score was given to each case (0: no 

immunoreactivity, 1: mild; 2: moderate, 3: prominent immunoreactivity). 

 

 

2.4 Statistical analyses 

 

Statistical analysis was performed in IBM SPSS Statistics version 21 (IBM, 

Armonk, NY, USA) and GraphPad Prism 7 (GraphPad Software, La Jolla, CA, 

USA) software. 

 

Depending on their distribution, data were expressed as mean ± standard 

deviation (SD) or median and interquartile range (IQR).  

For continuous variables, depending on the data distribution, the Mann-Whitney U 

test or the t test were adopted to test the differences between two groups, while 

the Kruskal-Wallis test (followed by Dunn-Bonferroni post hoc test) or the one-way 

analysis of variance (followed by Tukey’s post hoc test) were used for multiple 

group comparisons. Chi-Square test was applied for categorical variables. All 

reported p-values have been adjusted for multiple comparison analyses. 

We performed multivariate linear regression to adjust (for age) the differences in 

CSF biomarkers between the groups, after the transformation of the dependent 

variable in the natural logarithmic scale. Continuous variables were correlated 
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using Spearman’s rank correlations. A Bonferroni’s correction was applied for 

multiple test analyses.  

 

To assess the diagnostic accuracy, sensitivity, and specificity of each biomarker, 

Receiver Operating Characteristic (ROC) analyses were carried out and area 

under the curves (AUC) were calculated. The best cut-off value for biomarkers 

was estimated based on the maximized Youden index. The Youden index for a 

cut-off is defined by its sensitivity + specificity − 1.  

 

For analysis of survival in prion disease, CSF ubiquitin concentration was 

normalized after natural log-transformation. Univariate and multivariate Cox 

regression were performed to test the association between survival and tertiles of 

CSF ubiquitin, and other well-known prognostic factors in prion disease such as 

age at LP, sex, disease duration at LP and molecular subtype (Pocchiari et al. 

2004, Staffaroni et al. 2019). Given that the analysis limited to a single subtype 

would have suffered from the small sample size, we chose to consider the whole 

group of sCJD MM(V)1, VV2 or MV2K types (n=59 cases with available data).  

The results are shown as Hazard Ratios (HRs) and 95% confidence intervals 

(95% CIs).  

 

Differences were considered statistically significant at p < 0.05. 
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3. Results 

 

3.1 CSF ubiquitin levels in the diagnostic groups 

 

Demographic characteristics and distribution of ubiquitin in the diagnostic groups 

are summarised in Table 1. CSF AD core biomarkers in the same groups are 

reported in Table 2. 

 

Table 1. Demographic data and cerebrospinal fluid ubiquitin levels in the 

diagnostic groups. 

 

Abbreviations: AD, Alzheimer’s disease; FTD, frontotemporal dementia; IQR, 

interquartile range; LP, lumbar puncture; N, number; SD, standard deviation.  

* Kruskal-Wallis, one-way analysis of variance or Chi square tests. Adapted from 

Abu-Rumeileh et al. 2020 b, © 2020 by the authors, CC BY 4.0 License, 

https://creativecommons.org/licenses/by/4.0/ 

 

Diagnosis 
Prion 

disease 
AD FTD Controls p* 

N 84 38 30 28  

Age at LP 

(years ± SD) 
67.6±8.95 68.9±7.99 66.5±8.47 64.7±9.89 0.517 

Female (%) 46.4% 36.8% 56.7% 46.4% 0.446 

Time from 

symptom 

onset to LP 

(months ± SD) 

4.54±4.27 47.5±29.37 33.9±22.24 - <0.001 

Ubiquitin 

Median (IQR) 

ng/ml 

128.5  

(70.6-216.3) 

55.6  

(47.0-62.1) 

31.9  

(27.7-39.5) 

32.6  

(27.1-41.3) 
<0.001 
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Table 2. Cerebrospinal fluid Alzheimer’s disease core biomarkers in the diagnostic 

groups. 

 

Abbreviations: Aβ42: Amyloid-β peptide 1-42; AD, Alzheimer’s disease; FTD, 

frontotemporal dementia; IQR, interquartile range; N, number; p-tau, 

phosphorylated tau protein; t-tau, total tau protein. * Kruskal-Wallis test. Adapted 

from Abu-Rumeileh et al. 2020 b, © 2020 by the authors, CC BY 4.0 License, 

https://creativecommons.org/licenses/by/4.0/ 

 

Diagnosis 
Prion 

disease 
AD FTD Controls p* 

N 84 38 30 28  

t-tau 

Median (IQR) 

pg/ml 

4573  

(1975-9134) 

698  

(494-1012) 

220  

(168-288) 

165  

(138-225) 
<0.001 

p-tau 

Median (IQR) 

pg/ml 

- 
91  

(73-115) 

36  

(28-43) 

39  

(27-43) 
<0.001 

Aβ42 

Median (IQR) 

pg/ml 

- 
425  

(355-489) 

808  

(590-956) 

919  

(644-1176) 
<0.001 

 

 

Age and sex did not differ among diagnostic groups (p = 0.517 and p = 0.446, 

respectively) (Table 1). As expected, given the frequent subacute onset and the 

rapid clinical progression, the time interval between onset and LP was significantly 

shorter in subjects with prion disease than in those with AD or FTD (p < 0.001 for 

each comparison) (Table1).  

There was no significant correlation between age and biomarker values in each 

diagnostic group except for ubiquitin in prion disease (r = 0.419, p<0.001) and no 

association between sex and CSF biomarker levels (Table 3). Therefore, age 

adjustment was applied for ubiquitin comparisons. 
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Table 3. Analyses of the effects of age and sex on cerebrospinal fluid biomarker 

values. 

 

Abbreviations: Aβ42: Amyloid-β peptide 1-42; AD, Alzheimer’s disease; FTD, 

frontotemporal dementia; p-tau, phosphorylated tau protein; t-tau, total tau protein 

*Spearman’s rank correlation between age and each biomarker followed by 

Bonferroni’s correction for multiple tests. ** Mann-Whitney test for the comparison 

of biomarker values between males and females.  

 

 Prion disease AD FTD Controls 

Age vs. Biomarkers* 

ubiquitin 
r = 0.419 

p < 0.001 

r = - 0.156 

p = 0.350 

r = 0.251 

r = 0.242 

r = 0.185 

p = 0.346 

t-tau 
r = 0.216 

p = 0.184 

r = -0.228 

p = 0.168 

r = -0.121 

p = 0.526 

r = 0.287 

p = 0.140 

p-tau - 
r = -0.307 

p = 0.106 

r = 0.248 

p = 0.186 

r = 0.131 

p = 0.506 

Aβ42 - 
r = -0.249 

p = 0.132 

r = 0.254 

p = 0.176 

r = -0.104 

p = 0.598 

Sex vs. Biomarkers** 

ubiquitin p = 0.542 p = 0.560 p = 0.223 p = 0.274 

t-tau p = 0.268 p = 0.540 p = 0.229 p = 0.201 

p-tau - p = 0.964 p = 0.869 p = 0.467 

Aβ42 - p = 0.445 p = 0.536 p = 0.496 
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In both prion disease and AD cases CSF ubiquitin was significantly increased 

compared to controls (p < 0.001 and p = 0.003, respectively), whereas in FTD 

ubiquitin values were within the normal range (p = 0.990) (Table 1 and Figure 1). 

Moreover, prion disease patients showed higher ubiquitin levels compared to AD 

and FTD cases (p<0.001 for each comparison), with lower values in the latter 

group compared to the former (p = 0.002) (Table 1 and Figure 1).  

 

 

Figure 1. Cerebrospinal fluid (CSF) ubiquitin levels in neurodegenerative 

dementias and controls.  

CSF ubiquitin levels in prion disease (PRION), Alzheimer’s disease (AD), 

frontotemporal dementia (FTD) and controls. CSF ubiquitin levels are expressed in 

logarithmic scale. Thick lines represent median and interquartile range. Only 

statistically significant differences are displayed (Kruskal-Wallis test followed by 

Dunn-Bonferroni post hoc test). Adapted from Abu-Rumeileh et al. 2020 b, © 2020 

by the authors, CC BY 4.0 License, https://creativecommons.org/licenses/by/4.0/ 

 

These findings were confirmed even after age adjustment (prion disease vs. 

controls: β = 0.627, p < 0.001; AD vs. controls: β = 0.675, p < 0.001; FTD vs. 

https://creativecommons.org/licenses/by/4.0/
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controls: β = 0.021, p = 0.149; prion disease vs. AD: β = 0.553, p < 0.001; prion 

disease vs. FTD: β = 0.658, p < 0.001; AD vs. FTD: β = 0.606, p < 0.001). 

 

CSF t-tau levels were higher in prion disease compared to all other diagnostic 

groups (p < 0.001 in all comparisons) (Table 2). As expected by the selection 

criteria, AD showed higher t-tau levels compared to FTD (p = 0.002) and controls 

(p < 0.001) (Table 2). Similarly, statistically significant differences in p-tau levels 

were detected between AD and both controls and FTD (p < 0.001 in both 

comparisons) (Table 2). Moreover, Aβ42 levels were significantly lower in AD 

compared to FTD and controls (p < 0.001 in both comparisons) (Table 2). As 

expected, FTD patients and controls did not differ in t-tau (p = 0.359), p-tau (p = 

0.999) and Aβ42 (p = 0.737) values (Table 2). 

 

The associations between ubiquitin and other CSF biomarkers are reported in 

Table 4. Ubiquitin levels was strongly associated with t-tau in all diagnostic groups 

and with p-tau in the AD and FTD groups (Table 4).  

 

Table 4. Spearman’s rank correlations between cerebrospinal fluid ubiquitin and 

Alzheimer’s disease core biomarkers. 

 

Abbreviations: Aβ42: Amyloid-β peptide 1-42; AD, Alzheimer’s disease; FTD, 

frontotemporal dementia; p-tau, phosphorylated tau protein; t-tau, total tau protein. 

 

 Prion disease AD FTD Controls 

t-tau 
r = 0.804  

p < 0.001 

r = 0.689  

p < 0.001 

r = 0.667  

p < 0.001 

r = 0.694  

p < 0.001 

p-tau - 
r = 0.711 

p < 0.001 

r = 0.628 

p < 0.001 

r = 0.165 

p = 0.438 

Aβ42 - 
r = 0.133 

p = 0.428 

r = 0.124 

p = 0.392 

r = 0.234 

p = 0.636 
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The diagnostic accuracy of ubiquitin in the discrimination between clinical groups 

is reported in Table 5. In detail, this biomarker yielded a good to optimal accuracy 

in the distinction between prion disease and other diagnostic groups and between 

AD and controls or FTD. Figure 2 illustrates the diagnostic accuracy of ubiquitin in 

comparison to t-tau, with the latter showing a higher performance than the former 

in each comparison.  

 

Table 5. Diagnostic accuracy of cerebrospinal fluid ubiquitin in the distinction 

between analysed groups. 

 

Abbreviations: AD, Alzheimer’s disease; AUC, area under the curve; FTD, 

frontotemporal dementia; sens, sensitivity; spec, specificity. Reproduced from 

Abu-Rumeileh et al. 2020 b, © 2020 by the authors, CC BY 4.0 License, 

https://creativecommons.org/licenses/by/4.0/ 

 

 AUC  
cut-off 

(ng/ml) 
sens (%) spec (%) 

Prion disease 

vs. controls 
0.949±0.020 > 51.1 88.1 96.4 

AD vs. controls 0.925±0.032 > 42.5 86.8 88.5 

Prion disease 

vs. AD 
0.848±0.035 > 68.3 77.4 89.5 

Prion disease 

vs. FTD 
0.948±0.020 > 54.6 85.7 96.7 

AD vs. FTD 0.880±0.044 > 45.7 86.8 80.0 
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Figure 2. Receiver Operating Characteristic (ROC) curves of cerebrospinal fluid 

ubiquitin and total(t)-tau in the differential diagnosis of analysed groups.  

(A) Comparison between prion disease (PRION) and controls. (B) Comparison 

between PRION and Alzheimer’s disease (AD). (C) Comparison between PRION 

and frontotemporal dementia (FTD). (D) Comparison between AD and controls. 

(E) Comparison between AD and FTD. Adapted from Abu-Rumeileh et al. 2020 b, 

© 2020 by the authors, CC BY 4.0 license, 

https://creativecommons.org/licenses/by/4.0/ 
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3.2 CSF ubiquitin levels according to prion disease subtypes and disease 

stage 

 

The prion disease subtype significantly influenced the CSF ubiquitin profile (Table 

6). Indeed, after stratification according to sCJD most prevalent molecular 

subtypes [MM(V)1, VV2 and MV2K], significantly higher ubiquitin levels were 

detected in the VV2 group compared to the MM(V)1 (p = 0.002) and MV2K (p < 

0.001) groups, with the former showing increased values compared to the latter (p 

= 0.018) (Figure 3).  

 

The same findings were obtained even after age adjustment (VV2 vs. MM(V)1: ß = 

0.510, p < 0.001; VV2 vs. MV2K: ß = 0.731, p < 0.001; MM(V)1 vs. MV2K: ß = 

0.445, p = 0.001) or the exclusion of probable cases (VV2 vs. MM(V)1, p = 0.001; 

VV2 vs. MV2K, p = 0.001; MM(V)1 vs. MV2K, p = 0.045). 

 

The few cases belonging to rarer prion disease subtypes (sCJD MM2C, VV1, and 

VPSPr) demonstrated relatively lower ubiquitin levels compared to the VV2 

subtype, but still higher than controls (Table 6). Ubiquitin levels did not vary 

between sporadic and genetic prion disease cases (p = 0.097). Among the latter 

group, the highest levels were found in gCJD V210I subjects, followed by gCJD 

E200K and GSS, while in FFI cases values were within the normal range (Table 

6). 

 

Moreover, t-tau was significantly higher in MM(V)1 and VV2 groups than in the 

MV2K group (p = 0.002 and p < 0.001, respectively). At variance, MM(V)1 and 

VV2 showed similar t-tau levels (p = 0.590) (Table 6). These findings were 

confirmed even after the exclusion of probable cases (VV2 vs. MM(V)1, p = 0.496; 

VV2 vs. MV2K, p = 0.003; MM(V)1 vs. MV2K, p = 0.036). 

  

The correlations between ubiquitin and t-tau shared similar coefficients in MM(V)1 

and MV2K subtypes [MM(V)1: r = 0.691, p < 0.001; MV2K: r = 0.679, p = 0.005], 

whereas the association was less powerful in the VV2 group (r = 0.546, p = 0.019).  
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Table 6. Cerebrospinal fluid ubiquitin and total(t)-tau in prion disease subtypes. 

 

Abbreviations: FFI, fatal familial insomnia; gCJD E200K or V210I, genetic 

Creutzfeldt-Jakob disease with E200K or V210I mutation; GSS, Gerstmann-

Sträussler-Scheinker syndrome; IQR, interquartile range; MM(V)1, methionine 

homozygosity (valine) and scrapie prion protein type 1; MM2C, methionine 

homozygosity and scrapie prion protein type 2, cortical type; MV2K, 

methionine/valine heterozygosity and scrapie prion protein type 2, kuru type; N, 

number; sCJD, sporadic Creutzfeldt-Jakob disease; t-tau, total tau protein; VV1, 

valine homozygosity and scrapie prion protein type 1; VV2, valine homozygosity 

and scrapie prion protein type 2. Adapted from Abu-Rumeileh et al. 2020 b, © 

2020 by the authors, CC BY 4.0 License, 

https://creativecommons.org/licenses/by/4.0/ 

 

Subtype N 
ubiquitin (ng/ml) 

Median (IQR) 

t-tau (pg/ml) 

Median (IQR) 

sCJD MM(V)1 33 136.0 (94.6-199.0) 6506 (2939-9223) 

sCJD VV2 18 261.0 (186.3-305.3) 8358 (4957-14825) 

sCJD MV2K 15 71.4 (62.1-118.0) 2293 (1433-3088) 

sCJD MM2C 4 79 (40.7-188.0) 2136 (907-6893) 

sCJD VV1 1 94.7 3790 

VPSPr 1 65.3 1273 

gCJD E200K 4 79.0 (40.7-188.0) 2137 (907-6893) 

gCJD V210I 4 186.5 (159.0-283.8) 8518 (6069-14125) 

FFI  3 18.8, 29.0, 28.1 120, 288, 190 

GSS  1 54.3 5664 



41 

 

 

 

Figure 3. Cerebrospinal fluid (CSF) ubiquitin levels in in prion disease subtypes.  

Sporadic Creutzfeldt-Jakob disease (sCJD) with valine homozygosity and scrapie 

prion protein type 2 (VV2) showed significantly higher levels of CSF ubiquitin 

compared to sCJD with methionine homozygosity (valine) and scrapie prion 

protein type 1 [MM(V)1] and to sCJD with methionine/valine heterozygosity and 

scrapie prion protein type 2, kuru type (MV2K). CSF ubiquitin levels are expressed 

in logarithmic scale. Thick lines represent median and interquartile range. Only 

statistically significant differences are displayed (Kruskal-Wallis test followed by 

Dunn-Bonferroni post hoc test). Adapted from Abu-Rumeileh et al. 2020 b, © 2020 

by the authors, CC BY 4.0 License, https://creativecommons.org/licenses/by/4.0/ 

 

 

In the whole prion disease group, ubiquitin levels showed a moderate correlation 

with the disease stage (r = 0.348, p = 0.004). Accordingly, we found a gradual 

increase of ubiquitin levels throughout disease stages, with significantly higher 
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values in the third tertile compared to the first (median third stage 189 pg/ml vs. 

first stage 90.9 ng/ml, p = 0.011), and intermediate values in the second tertile 

(median 134 pg/ml) (Figure 4).  

Probably due to the small sample size, these findings were not maintained after 

stratification according to the molecular subtype [MM(V)1; r = 0.234, p = 0.197; 

VV2: r = 0.157, p = 0.326; MV2K: r = 0.224, p = 0.441].  

 

 

Figure 4. Cerebrospinal fluid (CSF) ubiquitin levels according to disease stages in 

prion disease.  

CSF ubiquitin levels increased through disease stages in prion disease. Horizontal 

lines represent medians. CSF ubiquitin levels are expressed in logarithmic scale. 

Thick lines represent median and interquartile range. Only statistically significant 

differences are displayed (Kruskal-Wallis test followed by Dunn-Bonferroni post 

hoc test). Adapted from Abu-Rumeileh et al. 2020 b, © 2020 by the authors, CC 

BY 4.0 License, https://creativecommons.org/licenses/by/4.0/ 
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Based on univariate Cox regression analyses (59 prion disease cases, 56 dead, 3 

censored) age [HR (CI 95%): 1.058 (1.017-1.100), p = 0.005], molecular subtype 

[VV2 vs. MM(V)1, HR (CI 95%): 0.327 (0.162-0.658), p = 0.002; MV2K vs. 

MM(V)1, HR (CI 95%): 0.106 (0.040-0.284), p = 0.001] and time from onset to LP 

[HR (CI 95%): 0.868 (0.790-0.952), p = 0.003] were associated with survival in the 

whole group of sCJD MM(V)1, VV2 and MV2K types. In contrast, ubiquitin 

concentration showed no significant predictive value for survival (p = 0.176). 

 

 

3.3 Analysis of prion-related ubiquitin pathology  

 

To evaluate abnormal ubiquitin deposits specifically related to prion disease 

pathology, we performed ubiquitin immunohistochemistry on tissue sections from 

several brain regions showing various degrees of spongiform change and no or 

only minimal AD- or Lewy body-related changes.  

In all analysed sCJD sections we found a dot- or stub-like ubiquitin 

immunoreactivity (Figure 5). However, the number and, to some extent, the size of 

the abnormal deposits varied significantly among cases and anatomical regions, 

being more numerous and occasionally larger in the areas with more significant 

spongiform change (Figure 5).  

 

The VV2 and MV2K groups showed a significantly higher score of positive 

immunoreactivity (VV2: median 6.0, IQR 5.3-6.5; n = 5; MV2K: median 6.05, IQR 

5.2-6.5; n = 5) than the MM(V)1 subtype (median 3.75, IQR 3.5-4.8; n = 5) 

(MM(V)1 vs. VV2 p = 0.010; MM(V)1 vs. MV2K p = 0.007; MV2K vs. VV2 p = 

0.981). This finding was consistent with the more widespread and, on average, 

more florid pathology of VV2 and MV2K cases in comparison to the MM(V)1 

group.  
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Figure 5. Ubiquitin immunoreactivity in the most prevalent sporadic Creutzfeldt-

Jakob (sCJD) subtypes.  

(A) In sCJD with valine homozygosity and scrapie prion protein type 2 (VV2) the 

dot-like ubiquitin deposits are sparse and rare in the neocortical superficial layers 

lacking significant spongiform change. (B) The extent of cortical ubiquitin 

deposition is lower in sCJD with methionine homozygosity (valine) and scrapie 

prion protein type 1 [MM(V)1] than in the VV2 subtype. (C) In the CA1 

hippocampal sector, ubiquitin immunoreactivity is almost absent in sCJD MM(V)1 

(the arrow indicates a tiny dot). (D) In sCJD VV2 ubiquitin deposits are abundant in 

neocortical deep layers where spongiform change is florid. (E) In the CA1 

hippocampal sector, ubiquitin immunoreactivity is of intermediate intensity in 

methionine/valine heterozygosity and scrapie prion protein type 2, kuru type 

(MV2K) and (F) widespread and prominent in VV2. Spongiform change is less 

pronounced in sCJD MM(V)1 (C) than in MV2K (E) and VV2 (F) cases. 

Reproduced from Abu-Rumeileh et al. 2020 b, © 2020 by the authors, CC BY 4.0 

License, https://creativecommons.org/licenses/by/4.0/ 
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4. Discussion 

 

 

The evaluation of new CSF biomarkers in independent cohorts represent the gold 

standard for their validation and possible application in the clinical setting.  

In the present study, by investigating a large cohort of well-characterized cases 

with NDs, we added strength to previous findings from our and other groups 

regarding CSF ubiquitin distribution among NDs (Wang et al. 1991, Kudo et al. 

1994, Iqbal et al. 2005, Steinacker et al. 2010, Oeckl et al. 2014, Sjödin et al. 

2017, Sjödin et al. 2019). Moreover, we demonstrated for the first time that CSF 

ubiquitin levels in prion disease vary among sCJD molecular subtypes, and are 

associated with disease stage and, partially, with the extent of ubiquitin deposits in 

brain.  

 

Among diagnostic groups, subjects with prion disease had the highest ubiquitin 

values, followed by AD, while FTD cases showed levels similar to controls as 

previously reported (Oeckl et al. 2014, Sjödin et al. 2017). Interestingly, the 

median values of the diagnostic groups largely overlapped with those of our 

previous study, adding consistency to our findings and to the reliability of the 

applied analytical method (Oeckl et al. 2014). In this regard, few of the previous 

published immunoassays did not provide accurate details on the type of tested 

ubiquitin isoform, rising concerns about the specificity and reliability of these 

methods (Oeckl et al. 2014).  

 

Moreover, CSF ubiquitin yielded a good diagnostic value in the discrimination 

between prion disease and other NDs as described (Oeckl et al. 2014), and, most 

interestingly, between AD and FTD (AUC 0.880, sensitivity 86.8%, specificity 

80.0%), which is currently hampered by a high rate of misdiagnosis due to the 

large clinical overlap (Abu Rumeileh et al. 2018 c). However, overall, the ubiquitin 

performance did not exceed that of the t-tau, which is still the best first-step routine 

CSF marker for the differential diagnosis of prion disease (Abu Rumeileh et al. 

2019 a). 
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On another issue, the significant heterogeneity of ubiquitin levels across distinct 

molecular CJD subtypes provided new insights into the possible 

pathophysiological mechanisms associated with CSF ubiquitin increase in NDs.  

Most interestingly, sCJD VV2 demonstrated the highest protein values among 

sCJD subtypes, and, specifically, an almost 2-fold higher protein concentration 

than that of the most common and most aggressive subtype, sCJD MM(V)1.  

On the one hand, the strong associations between ubiquitin and t-tau, an 

established biomarker of neuronal damage, in all NDs and prion subtypes (even in 

sCJD VV2) supports the notion that the CSF concentration of free monoubiquitin 

may reflect rapid neuronal damage (Oeckl et al. 2014, Sjödin et al. 2017). 

Accordingly, FTD and AD showed lower ubiquitin concentrations in comparison to 

prion disease, and lower protein levels were also reported in subtypes with a 

slower progressive course, such as FFI, GSS, sCJD MV2K, and MM2C, than in 

sCJD MM(V)1, and VV2 subtypes (Lattanzio et al. 2017, Abu-Rumeileh et al. 2019 

c, Baiardi et al. 2019).  

 

On the other hand, however, the VV2 subgroup presents some pathological, 

clinical and biochemical features, which suggest that other mechanisms might 

contribute to the increase of CSF ubiquitin, at least in this group.  

First, we found that, although sCJD MM(V)1 and VV2 groups share overlapping or 

slightly different CSF t-tau values (present data, Lattanzio et al. 2017, Abu-

Rumeileh et al. 2019 c), the correlations between ubiquitin and t-tau levels were 

stronger in the former than in the latter group.  

 

Moreover, our neuropathological analysis revealed a dot-like pattern of ubiquitin 

staining in sCJD subtypes corresponding to the area with the most significant 

spongiform change. In detail, the morphology and relative distribution of ubiquitin 

deposits varied among disease subtypes and largely overlapped with those we 

previously reported for p-tau deposits, the latter being also more consistent in 

sCJD VV2 and MV2K than in sCJD MM(V)1 (Lattanzio et al. 2017). Thus, as CSF 

p-tau levels correlate with the extent of p-tau deposition in the brain (Lattanzio et 

al. 2017), the presence and extent of these ubiquitin deposits may also contribute 
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to the raise of ubiquitin concentration in the CSF of sCJD cases. However, the 

latter cannot be the only factor influencing ubiquitin levels in the CSF, given that 

MV2K showed much lower values of CSF ubiquitin in comparison to VV2 cases.  

 

Besides the extent of spongiform change, VV2 cases are characterised by a more 

widespread and pronounced PrPSc deposition compared to MM(V)1 cases (Baiardi 

et al. 2017). In this regard, several studies suggested that the accumulation of 

pathologic protein aggregates might inhibit the UPS functions in prion disease and 

other NDs, causing alterations in ubiquitin homeostasis (Keller et al. 2000, Keck et 

al. 2003, Deriziotis and Tabrizi 2008, Götzl et al. 2016, Mann and Snowden 2017, 

Cao et al. 2019). Therefore, we speculate that the higher load of PrPSc deposition 

in the VV2 group might play a role in promoting the impairment of proteostasis, 

resulting in higher brain accumulation of ubiquitin and/or a disproportionate rise of 

CSF ubiquitin compared to t-tau. Accordingly, CSF and brain ubiquitin 

concentrations positively correlated also in AD (Kudo et al. 1994).  

 

Furthermore, given that extracellular ubiquitin may show anti-inflammatory 

properties (Majetschak et al. 2011), the significant increase of CSF ubiquitin in 

VV2 might correspond to an early endeavour to balance a more severe 

neuroinflammatory process in VV2, which is also reflected by a higher degree of 

brain microglial immunoreactivity (Franceschini et al. 2018) and higher CSF levels 

of chitinase 3-like 1, an astrocytic marker (Abu-Rumeileh et al. 2019 c). 

 

Finally, our previous global gene expression analysis in sCJD brains (Bartoletti-

Stella et al. 2019) failed to report a significant RNA overexpression of ubiquitin in 

CJD compared to controls (Parchi unpublished data), therefore a positive effect of 

ubiquitin excess of transcription on its CSF increase appears less probable.  

 

On another issue, the association of CSF ubiquitin levels with disease stage but 

not with survival suggests that the protein may increase through disease course 

but might have no prognostic value in prion disease.  
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Based on the present findings, the ultimate role of CSF ubiquitin in 

neurodegeneration remains partially speculative and seems to implicate several 

phenomena, such as impairment of proteostasis, neuritic damage and 

neuroinflammation. However, the identification and validation of proteins, such as 

ubiquitin, as new potential CSF biomarkers, could be useful to increase the 

understanding of distinct pathogenetic pathways involved in neurodegeneration, 

especially in prion disease. 

 

A major strength of our study relates to the completeness and comprehensive 

characterization of the analysed case series, which comprise virtually all subtypes 

of prion disease, including several cases with a definite (pathological and/or 

genetic) diagnosis. On the other hand, the absence of autopsy-confirmed AD and 

FTD subjects represents the main limitation. However, the positive CSF AD core 

biomarker profile strongly supported the in vivo assessment of AD pathology in 

each AD case. Similarly, AD core biomarkers were used to exclude AD co-

pathology in each FTD case, and for each FTLD case, the clinical diagnosis was 

reinforced by neuroimaging and follow-up data.  

Given our choice to focus on distinct and “pure” proteinopathies associated with 

dementia, we did not purposely include dementia with Lewy bodies cases due to 

the large overlap with AD pathology. 

A potential limitation of our study relies on its cross-sectional nature, which did not 

track the longitudinal evolution of biomarker values according to disease stage. 

Furthermore, the fact that we could not obtain data regarding survival for AD and 

FTD patients may be considered an additional limit. 

Finally, given that LC−MS/MS is often used for drug monitoring and is currently not 

as distributed as the simple ELISA techniques, the implementation of CSF 

ubiquitin in the clinical diagnostic appears nowadays difficult despite its good 

diagnostic value and reliability. 

 

In conclusion, our study validated and added consistency to previous findings 

concerning the role of CSF ubiquitin as a rapid and accurate diagnostic marker in 

the discrimination of NDs. Moreover, we provided further evidence for the possible 
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pathophysiological mechanisms underlying the CSF ubiquitin increase in NDs. 

Finally, if the positive association between ubiquitin levels and disease stage in 

prion disease will be confirmed in future studies, the assessment of CSF ubiquitin 

together with other fluid biomarkers may be of relevance in future clinical trials as 

a surrogate biomarker of prion disease stage. 
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5. Summary 
 

 

Alterations in proteostasis and ubiquitin-proteasome system have been involved in 

several neurological diseases, including neurodegenerative dementias (NDs) such 

as prion disease, Alzheimer’s disease (AD) and frontotemporal dementia (FTD).   

Accordingly, several studies reported increased levels of cerebrospinal fluid (CSF) 

free monoubiquitin in patients with AD and Creutzfeldt-Jakob disease (CJD). 

However, to date, no study investigated the biomarker profile and its association 

with the neuropathological correlates across the heterogeneous spectrum of prion 

disease subtypes.  

We analysed CSF free monoubiquitin in controls (n = 28) and in subjects with 

prion disease (n = 84), AD (n = 38), and FTD (n = 30) using a liquid 

chromatography−multiple reaction monitoring mass spectrometry. AD core 

biomarkers were also measured in the diagnostic groups. Moreover, we assessed 

by immunohistochemistry (IHC) the relative extent of brain ubiquitin deposits in 

sporadic (s)CJD subtypes. In prion disease and, to a lesser extent, in AD subjects 

CSF free monoubiquitin was significantly increased, whereas the biomarker values 

did not differ between FTD cases and controls. Regarding diagnostic accuracy, the 

biomarker yielded a good to optimal performance in the discrimination between 

prion disease and other groups and between AD and FTD.  

Among sCJD most prevalent molecular subtypes, we found significantly higher 

CSF ubiquitin values and more numerous brain ubiquitin deposits at IHC in sCJD 

with valine homozygosity and scrapie prion protein type 2 (VV2) than in the typical 

and most common sCJD subtype with methionine homozygosity (valine) and 

scrapie prion protein type 1 [MM(V)1]. Furthermore, CSF ubiquitin strongly 

correlated with total tau in NDs and showed an association with disease stage but 

not with survival in prion disease.  

CSF free monoubiquitin is differentially increased in prion disease subtypes and 

AD, reflecting several events associated with neurodegeneration, such as 

alterations in proteostasis, neuronal damage and neuroinflammation. 
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