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ABSTRACT 

 

Synucleinopathies are a group of neurodegenerative diseases characterized by tissue deposition of 

insoluble aggregates of the protein α-synuclein. Currently, the clinical diagnosis of these diseases, 

including Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy 

(MSA), is very challenging, especially at an early disease stage, due to the heterogeneous and 

often non-specific clinical manifestations. Therefore, identifying specific biomarkers to aid the 

diagnosis and improve the clinical management of patients with these disorders represents a 

primary goal in the field.   

Real-Time Quaking-Induced Conversion (RT-QuIC) is an ultrasensitive technique originally 

introduced for prion diseases diagnosis that can detect minute amounts of amyloidogenic proteins 

in cerebrospinal fluid (CSF) or other biospecimens, taking advantage of their ability to trigger a 

protein self-aggregation. Recently, the assay was successfully adapted to detect α-synuclein (α-

Syn) seeds in biofluid and tissues in patients with synucleinopathies. 

Using a wild-type recombinant α-syn as a substrate, we applied the α-Syn RT-QuIC to a large 

cohort of 953 CSF samples from clinically well-characterized (“clinical” group), or 

neuropathologically verified (“NP” group) patients with parkinsonism or dementia. Of significance, 

we also studied patients with prodromal synucleinopathies (“prodromal” group), such as pure 

autonomic failure (PAF) (n = 28), isolated REM sleep behavior disorder (iRBD) (n = 18), and mild 

cognitive impairment due to probable Lewy body (LB) disease (MCI-LB) (n = 81). 

Our findings show that α-Syn RT-QuIC can accurately detect α-Syn seeding activity across the 

whole spectrum of LB-related disorders (LBD), exhibiting a mean sensitivity of 95.2% in the 

“clinical” and “NP” group, while ranging between 89.3% (PAF) and 100% (RBD) in the “prodromal 

group”. Interestingly, only two out of 33 MSA patients displayed seeding activity, highlighting the 

capability of the assay to discriminate between LBD such as PD and DLB and MSA. Moreover, the 

observed 95.1% sensitivity and 96.6% specificity in the distinction between MCI-LB patients and 

cognitively unimpaired controls further demonstrate the solid diagnostic potential of α-Syn RT-

QuIC in the early phase of the disease. Finally, 13.3% of MCI-AD patients also had a positive test; 

of note, 44% of them developed one core or supportive clinical feature of dementia with Lewy 

bodies (DLB) at follow-up, suggesting an underlying LB co-pathology. 



This work demonstrated that α-Syn RT-QuIC is an efficient assay for accurate and early diagnosis of 

LBD, which should be implemented for clinical management and recruitment for clinical trials in 

memory clinics. 
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Evaluation of alpha-synuclein RT-QuIC for an early and differential 

diagnosis of Lewy body disease 
 

 

INTRODUCTION 
 

α-Synuclein protein 

In the second half of the ‘80s, a neuron-specific protein of 143 amino acids (aa) was identified for 

the first time in cholinergic vesicles and nuclear envelope of the Torpedo californica, a finding later 

confirmed also by other groups (1-4). The identification of the bulk of the protein in synaptic 

vesicles prompted the name Synuclein. 

In parallel, in pursuing the biochemical characterization of Alzheimer’s disease (AD) senile plaques, 

Ueda and co-workers found two other unknown peptides in addition to Aβ, which were named 

non- Aβ components (NAC) of AD plaques. The similar concentration of these components in the 

amyloid fractions suggested a common precursor, later identified in a 140 aa protein: the non- Aβ 

components precursor (NACP) (5). 

Two proteins of 140 aa and 134 aa were purified from the human brain and sequenced one year 

later. Interestingly, the former showed strong homology with torpedo and rat Synuclein and, 

especially, a total congruence with NACP. Moreover, a 61% homology was also observed between 

the two 140 aa and 134 aa proteins, which, for this reason, were renamed α- and β-synuclein, 

respectively (6). Later, high levels of a third member of the synuclein family, the γ-synuclein, have 

been detected in ovarian and breast cancer tissues (7). 

Nowadays, the α-Synuclein (α-Syn) is probably the most commonly investigated of the three 

isoforms, given its central role in the pathogenesis of neurodegenerative diseases (8). 

α-Syn is a 14 kDa protein encoded by the SNCA gene localized on the long arm of chromosome 4 

(Chr 4q22.1) (9). It is structurally characterized by three domains: an N-terminal lipid-binding α-

helix, an amyloid-binding central domain (NAC), and a C-terminal acid tail (figure 1A). The N-

terminal domain (residues 1-60) includes most of the series of 11 aa repeats with highly conserved 

KTKEGV consensus sequence, a motif also shared with β- and γ-Syn. The positively charged region, 

analogously to apolipoproteins, forms an amphipathic α-helix able to bind negatively charged 

lipids (10, 11). The NAC region (residues 61-95), partially located within these repeated sequences, 

is involved in the oligomerization of the protein due to its hydrophobic composition (11). Finally, 
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the C-terminal domain (residues 96-140) is characterized by an acidic and glutamate-rich 

sequence. It presents a random coil structure due to its hydrophobicity and negative charge, 

making this region involved in different interactions and modifications particularly relevant for 

physiological and pathological processes (12). 

The protein structure appears disordered and characterized by different conformations depending 

on its soluble or membrane-bound state. In the former case, it is generally found as unstructured 

protein and, less frequently, as stable tetrameric forms (13-16), whereas, in the membrane-bound 

state, α-Syn can interact through the N-terminal lipid-binding domain with lipid membranes as 

artificial liposomes, lipid droplets, and lipid rafts. Despite its capacity to virtually bind all lipid 

membranes, α-Syn preferentially interacts with membranes with high curvature. Hence the 

propensity to locate in synaptic vesicles (12, 17, 18). 

Likely due to such characteristics, α-Syn is mainly concentrated in the presynaptic terminal and, in 

contrast to other proteins involved in neurodegeneration, scarcely distributed throughout the 

neuron (e.g., cell body, dendrites, or axon) (19). This property makes the protein predominantly 

expressed in the peripheral and central nervous systems, in particular in the neocortex, 

hippocampus, striatum, thalamus, and cerebellum. However, α-Syn is not limited to nervous 

tissues and CSF, and is also found in red blood cells, blood plasma, platelets, lymphocytes, blood 

vessels, testis, heart, lung, liver, kidney, and muscle (12, 20). 

 

α-Syn physiology and pathology 

According to the soluble or membrane-bound state and cellular localization, α-Syn contributes to 

several functions, including suppression of apoptosis in dopaminergic neurons (21), glucose 

homeostasis (22, 23), calmodulin activity modulation (24), molecular chaperone, and SNARE 

complex assembly (25, 26), maintenance of polyunsaturated fatty acids levels (27), prevention of 

unsaturated lipids oxidation in vesicles (28), promotion of neuronal differentiation by Ras 

activation (29), modulation of dopamine biosynthesis (30) and regulation of vesicle trafficking (31).  

α-Syn is subjected to multiple posttranslational modifications, which can determine changes in 

protein structure and charge, leading to alteration in binding affinity with other molecules and 

overall protein hydrophobicity. Accordingly, although the phenomenon is still largely unexplored 

in the physiological context, it has become clear that such modifications may convert ordinary 

functions into pathological activities. Hence, different post-translational modifications, including 

serine and tyrosine phosphorylation, ubiquitination, nitration, glycation, glycosylation, and C-
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terminal truncation, have been extensively investigated to elucidate their effect in modulating α-

Syn aggregation and toxicity rather than their role on the functional and physiological properties 

of the protein (12, 32). 

 

Figure 1. Schematic representation of primary structure and pathological aggregation of α-Syn protein. A) 

Primary structure of α-Syn protein characteristic domains: amphipathic, hydrophobic and acidic regions. B) 

Images of disease-specific lesions (LB and GCI) caused by pathological aggregation of α-Syn. 

Immunostaining was carried out with LB509 antibody (dilution 1:100, Thermo Fisher) and captured at 40X 

and 60X magnification 

 

With the identification of α-Syn as the main actor in Parkinson’s disease (PD) pathology (8, 33), the 

protein became the focus of intense investigation and was later identified as the pathological 

hallmark of other neurodegenerative diseases, including dementia with Lewy bodies (DLB) and 

multiple system atrophy (MSA). Because of the intriguing common characteristic, this novel group 

of neurodegenerative diseases was referred to as “synucleinopathies.” 
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Synucleinopathies 

In 1997 Polymeropoulos and colleagues identified, for the first time, the A53T mutation in SNCA, 

the α-Syn gene, in the Contursi kindred and three smaller Greek families affected by inherited PD. 

In the same year, Spillantini et al. reported a strong immunoreactivity for α-Syn in Lewy bodies 

(LBs), the hallmark of both PD and DLB pathology (8, 33). LBs have been initially described in 

dopaminergic neurons of the substantia nigra as spherical cytoplasmic eosinophilic inclusions 

surrounded by a halo, but their precise protein composition was hitherto unknown. The same 

authors also found that antibodies raised against amino-terminal and carboxyl-terminal sequences 

of α-Syn protein strongly stain Lewy neurites (LNs) (33). These are abnormal neurites containing 

filaments similar to those found in LBs that also represent a common pathological feature of PD 

and DLB (34, 35). Cytoplasmic inclusions containing α-Syn are also the major histological hallmark 

of MSA, although they are typically placed in oligodendrocytes rather than neurons and, for this 

reason, named glial cytoplasmic inclusions (GCIs) (Figure 1B). Although such diseases share the 

proteinaceous origin of the pathological cellular deposits, they differ for anatomical areas involved 

and clinical features (19). 

 

Parkinson’s disease  

Parkinson’s disease, described for the first time by James Parkinson in 1819, represents the most 

common synucleinopathy and neurodegenerative movement disorder worldwide. It affects almost 

200.000 people in Italy and shows an incidence rate that is strongly age-dependent (36, 37). 

Cardinal motor manifestations include bradykinesia, rigidity, and rest tremor (38). Other features 

include postural instability and several nonmotor symptoms such as cognitive decline, anxiety, 

depression, sleep disturbance, and dysautonomia. The latter is virtually present in all patients 

affected by PD and includes constipation, a symptom also observed in the very early disease stage 

(39, 40). Similarly, anosmia may precede the clinical manifestation of the disease for many years 

and occurs in as many as 90% of PD patients (41). Early non-PD specific symptoms may also be 

observed in prodromal syndromes of the disease that may evolve to PD or DLB, such as pure 

autonomic failure (PAF), a rare synucleinopathy affecting the autonomic nervous system and 

clinically characterized by orthostatic hypotension, and idiopathic rapid eye movement (REM) 
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sleep behavior disorder (RBD), characterized by abnormal movements in the absence of muscle 

hypotonia during the REM sleep (42, 43). 

The development of dementia characterizes a large percentage of the PD population. Evidence 

indicates that PD patients have a fourfold chance to develop cognitive problems, with 50% and 

83% of the subjects that evolve dementia within 10 and 20 years after disease onset, respectively 

(44-46). When dementia syndrome occurs more than one year from PD onset, the eponym PD 

Dementia (PDD) is assigned. The occurrence of cognitive decline best reflects the progression of 

the brain pathology, where α-Syn aggregates spread from the brainstem structures, in the early 

stage of disease, to neocortical regions in the latter stages. In this area, the α-Syn pathology 

presents much more severe lesions (up to 10-fold higher) in PDD than in PD (47). 

 

Dementia with Lewy bodies 

DLB represents the second most common synucleinopathy and accounts for 7.5% of all cases of 

dementia in clinically-based studies. However, the data is probably underestimated since 

neuropathological studies assessed a disease prevalence among neurodegenerative dementias of 

16-24% (48, 49). 

PDD shares many clinical features with DLB. The diagnostic criterion to differentiate the two 

disease subtypes, assigned by clinical neurologists, only consider the time of dementia appearance 

after the initial manifestation of motor symptoms: while patients that manifest dementia after 

one year from the onset of motor symptoms are classified as PDD, subjects that develop dementia 

before or within one year from the diagnosis of PD are diagnosed as DLB.  

Before the full development of DLB, the manifestation of one or more of the core clinical features 

characteristic of the disease could occur, and, in this case, is usually accompanied by mild 

cognitive complaints (50). Hence, the prodromal phases, referred to as pre-dementia stages with 

signs or symptoms indicating the following development of DLB, may consist of motor symptoms 

and signs, sleep disorders, autonomic dysfunction, neuropsychiatric disturbance, but also to be 

relative to cognitive deficits (51). Pursuing such evidence, McKeith and coworkers recently 

proposed diagnostic criteria for mild cognitive impairment (MCI) with Lewy bodies (MCI-LB), in the 

attempt to better define early prodromal cognitive syndromes with strong propensity to evolve in 

DLB (52). 
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Multiple system atrophy 

Multiple system atrophy (MSA) is a rapidly progressive neurodegenerative disease affecting 

approximately 0.6-0.7 cases per 100,000 people annually (53). Nowadays, MSA includes three 

historically separated conditions named olivopontocerebellar atrophy, striatonigral degeneration, 

and Shy-Drager syndrome. In 2007, two subtypes were officially defined based on their clinical 

phenotypes: MSA-P, which encompasses patients with parkinsonism as the predominant feature, 

and MSA-C, which denotes prominent cerebellar symptoms (54).  

MSA manifests a more rapid progression than PD (6-9 years for MSA and about 12 years for PD).  

However, as for PD, a neuropathological investigation is necessary to reach a definite diagnosis 

(55, 56). Similar to PD, PDD and DLB, unspecific symptoms and signs may occur several months or 

years before the onset of the full-blown disease manifestation. Sleep disorders, autonomic failure, 

and respiratory alterations are well-known symptoms of established MSA. When presenting early 

and preceding ataxia or parkinsonism, they should raise the suspicion of MSA (57). However, MSA 

manifests distinct neuropathologic features compared to LB disorders such as PD and DLB. Indeed, 

the α-Syn aggregates, present in oligodendrocytes as GCIs, are mainly distributed in three 

functional systems: the olivopontocerebellar system, the striatonigral systems, and the autonomic 

system (58). Although α-Syn neuronal inclusions (NIs) are scarcely represented, a subgroup of 

subjects with long disease course and severe temporal atrophy may show abundant NIs in the 

limbic structures (59). 

 

Prion-like features of α-Syn 

The term prion derives from “proteinaceous” and “infectious” and specifically describes the 

unique properties of the etiologic agent of a heterogeneous and rare group of neurodegenerative 

diseases, called prion diseases. In these disorders, the cellular prion protein (PrPC), physiologically 

expressed in the nervous system, is converted into its pathological counterpart (PrPSc, from 

“Scrapie,” a prion disease that affects ovines) through a post-translational process during which it 

acquires a high beta-sheet content. Evidence strongly argues that PrPSc induces a structural 

conversion of PrPC acting as a template, triggering a progressive aggregation of the new misfolded 

protein. This mechanism confers to the prion the ability to spread between organisms and tissues, 

with infectious properties. Despite the lack of differences in the primary structure, PrPSc can 
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generate different strains, encoding structural information, and biochemical and infectious 

properties. Hence, the characteristic heterogeneity of prion diseases (60, 61). 

Several studies on α-Syn biochemical features, aggregation, and spreading processes have 

suggested strong similarities between PrP and α-Syn in recent years. 

 

Cellular and tissue spread 

The demonstration that distinct brain regions are progressively involved by α-Syn pathology 

depending on the disease stage represented key evidence supporting the prion-like properties of 

α-Syn. Neuropathological studies suggested a systematic progression of LN and LB lesions during 

disease evolution, from the involvement of the dorsal motor nucleus and, frequently, in the most 

mildly affected cases, the anterior olfactory nucleus, to the involvement of the neocortex in the 

most severe cases (62). The idea of a prion-like spreading mechanism was further reinforced by 

observing Lewy pathology in fetal human midbrain neurons, therapeutically implanted into the 

striatum of patients with advanced PD, ten or more years after transplantation (63, 64). Such 

evidence prompted further experimental grafting studies to explore better how this apparent 

spread may occur (65, 66). The acceleration of synucleinopathy in young α-Syn transgenic mice 

after the injection of brain homogenates from sick transgenic animals further supported the prion-

like properties of α-Syn (67). Finally, the prion-like spreading ability of misfolded α-Syn protein was 

also reproduced with synthetic aggregates inoculated in animals or cellular models (68-71). 

Although the α-Syn cell-to-cell spreading mechanism is not fully understood, it has been shown 

that small amounts of α-Syn can undergo secretion through a vesicular mechanism and, in 

particular through exosomes, the luminal membranes of multivesicular bodies (mvbs) that are 

typically targeted for degradation into lysosomes (72, 73). 

It is also possible that oligomeric forms of α-Syn become particularly susceptible to release. Jang et 

al. showed that vesicles do not only preferentially secrete the misfolded α-Syn but also increases 

the process of release, suggesting a clearance mechanism of damaged proteins (74). Moreover, 

transmembrane or extracellular receptors seem then involved in the internalization of 

misfolded/aggregated α-Syn, advancing the hypothesis of the roles of other proteins in the α-Syn 

uptake (75-77). 

Most findings relative to α-Syn cellular spread were obtained in neuronal cells, and, for this 

reason, the hypothesis of a neuronal origin of α-Syn aggregates in MSA is considered, despite the 
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predominant oligodendroglial GCIs. Indeed, while a basal expression of α-Syn has been recently 

demonstrated in oligodendrocytes and might represent a potential trigger of protein 

accumulation, the uptake of the protein from neurons or the extracellular environment may also 

be considered a possible trigger of protein accumulation. The latter mechanism is supported by 

evidence indicating a transfer of α-Syn from neuron-to-neuron or neuron-to-oligodendrocyte (65, 

78, 79). 

The demonstration by Braak and colleagues of the involvement of dorsal motor and anterior 

olfactory nucleus in the first stage of PD raised the hypothesis that PD pathology might originate in 

synapses of the peripheral nervous system (PNS) and successively spread in the central nervous 

system. In particular, the enteric tract represented the center of the hypothesis (80). The concept 

was further supported by finding pathological α-Syn aggregates in the PNS of PD patients up to 20 

years before diagnosis (81-83). Other studies showed that α-Syn fibrils transmitted by oral, 

intraperitoneal, intramuscular, and intravenous inoculation led to widespread α-Syn pathology in 

the CNS of transgenic mice (84, 85). The observed pattern reported strong similarities with the 

spreading model documented in prion disorders, including bovine spongiform encephalopathy and 

scrapie (86-88). 

All this evidence supports the idea that prion-like mechanism is not only related to prion diseases 

but also characterizes α-Syn pathology and, probably, other neurodegenerative diseases related 

proteins. 

 

Heterogeneity across synucleinopathies: α-Syn strains 

Although misfolded β-sheet rich forms of α-Syn characterize all the spectrum of α-

synucleinopathies, the pathological form of the protein is also found in a significant proportion of 

individuals affected by Alzheimer’s disease, in several other rare disorders, and, as incidental Lewy 

body disease in about 10% of elderly individuals lacking neurological symptoms (55). The 

phenotypic heterogeneity observed in α-Synucleinopathies shows strong similarities with prion 

diseases (55, 61, 89). 

In microbiology, strains are classically defined by differences in their genetically coded information 

which, in turn, determine well-defined pathogenic patterns and clinical symptoms. In the absence 

of a genetic code, the vast and reproducible heterogeneity observed in prion diseases has been 

explained as a consequence of specific misfolding of the PrPSc (90). Analogously, evidence 
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suggested that recombinant α-Syn monomers may form synthetic α-Syn aggregates with distinct 

conformations and biological activities (91-95).  Bossuet and coworkers showed that, under 

physiological salt concentrations, α-Syn monomers could generate aggregates with a cylindrical 

shape, named fibrils, and with a flat structure, called ribbons. Biophysical and biochemical analysis 

confirmed such structural differences and, intriguingly, following studies reported divergent 

biological activities, such as cytotoxicity and ability to induce α-Syn pathology in vivo (92, 93). 

Strain properties were also investigated and confirmed from α-Syn aggregates isolated from 

human brains. Prusiner’s group found that pathological α-Syn extracted from MSA patients, but 

not those from PD, PDD, and DLB patients, could propagate in α-Syn140*A53T–YFP mice (96). 

With a similar cellular assay, Yamasaki and colleagues demonstrated the presence of different 

inclusions in cells infected by PD and MSA α-Syn aggregates (97). Such strain features were further 

confirmed by inoculation of preformed fibrils (PFF) or brain homogenates in animal models (95, 

96, 98). Moreover, Peng et al., other than describing a more potent seeding capacity of MSA (GCI-

α-Syn) aggregates than PD (LB-α-Syn) ones, in line with the findings reported above, demonstrated 

the role of oligodendrocyte environment in the generation of GCI-α-Syn strain (99). 

Finally, if biochemical and biological data strongly suggest the existence of α-Syn strains, the 

recent structural findings overwhelmingly support this hypothesis. Through fluorescent probes, 

NMR spectroscopy, and electron paramagnetic resonance, differences in the conformational 

properties of PD and MSA α-Syn extracts were confirmed (100). Moreover, cryo-electron 

microscopy studies support the findings highlighting structural divergences between MSA and DLB 

filaments (101). 

 

Real-Time Quaking Induced Conversion (RT-QuIC) assay 

A brief history 

When the "protein-only mechanism" was theorized for the first time in the attempt to describe 

the propagation of the PrP as the sole pathogenic agent of transmissible spongiform 

encephalopathies, different studies tried to better define and reproduce the mechanism in 

vitro (60, 102). Hence, in the mid-'90s, Kocisko and colleagues successfully generated aggregated 

species of PrP in a cell-free assay. In this study, the ability of PrPSc to enroll and convert its 

physiological counterpart was confirmed by incubating an excess of PrPSc isolated from prion-
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infected hamsters with a 35S-labelled recombinant hamster PrPC. The observation of proteinase K 

(PK)-resistant labeled PrP demonstrated the capability of the pathological protein to structurally 

convert the PK-sensitive form in misfolded species (103). Later, a considerable implementation of 

the in vitro conversion assay was obtained by introducing cyclical sonication and incubation steps, 

which speeded up the PrPC conversion through fibrils breakage and generation of new nucleation 

sites for monomers aggregation during the incubation phases. The assay was named protein 

misfolding cyclic amplification (PMCA) (104). However, the infectious nature (105) of the final 

misfolded PrPSc product, the sensitivity to contaminants, and the time-consuming protocol led to 

new technical improvements. The replacement of brain homogenate with recombinant PrP as 

reaction substrate and the swap of sonication with automated shaking (106, 107) contribute to a 

solid implementation of the in vitro PrPSc amplification methodology. Finally, taking advantage of 

the introduction of the Thioflavin T (ThT) to detect the polymerization of rec-PrP into amyloid 

(106, 108), Caughey's lab developed the first version of the Real-Time Quaking Induced Conversion 

(RT-QuIC), where the progressive amplification of misfolded PrP was monitored in real-time by the 

fluorescence emission of ThT (109) (Figure 2).  

The capacity to unprecedentedly detect minute amounts of PrPSc was successively confirmed in 

the application of the assay to cerebrospinal fluid (CSF) and other non-nervous tissues of animals 

and humans affected by prion diseases (110-113). 

Nowadays, RT-QuIC is part of the diagnostic criteria for sporadic CJD (sCJD). Efforts are ongoing to 

expand the RT-QuIC application to the early diagnosis of prion-like neurodegenerative disorders. 
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Figure 2. Schematic representation of the RT-QuIC reaction. The RT-QuIC reaction phases may be 

summarised in lag phase, exponential phase and plateau phase. During the former step, seeds structurally 

convert the protein recombinant substrate triggering a protein aggregation. With the formation of the first 

fibrils the system detects the fluorescent signal of ThT, a dye with a strong affinity with the fibrillar protein 

state (exponential phase). Eventually, when all the substrate is incorporated into fibrils, a plateau phase is 

observed. The figure was adapted from Candelise et al., Acta Neuropath Commun 2020 (114). 

 

The need of new early biomarkers for neurodegenerative diseases 

As described above, whereas initially the “protein-only mechanism” was theorized on prion 

protein studies, the capacity of misfolded proteins to induce further self-propagation is now a 

broadly recognized feature of the proteins underlying neurodegenerative diseases. Several 

findings suggest that the aggregation process, based on the structural conversion of a normally 

folded protein through a pathological template, is shared among the most known proteins 

associated with neurodegeneration, including β-amyloid, tau, α-synuclein, and TDP-43. Hence, 

“protein seeds” are defined as misfolded proteins able to trigger self-propagation and the 

formation of protein aggregates (115).  

The overlapping symptoms and the presence of toxic oligomers years before the clinical 

manifestation make the RT-QuIC a valuable and robust assay for more selective discrimination of 

diseases and a potential capability of early diagnosis. Indeed, current diagnostic criteria usually 

require the combination of multiple diagnostic investigations, clinical findings, and an adequate 

follow-up of several years to reach the accurate identification of the disorder (114). Moreover, 

imaging, neuropsychological and neurophysiological examinations are often only supportive of the 

clinical findings. Similarly, except for AD, where specific tau and β-amyloid protein isoforms levels 

concord with the amount of proteins deposition in the brain, current CSF biomarkers such as total 

tau, 14-3-3, and neurofilament proteins only reflect the neuronal damage and, for this reason, do 

not describe a specific pathology but support the clinical picture (116).  

Therefore, in neurodegenerative diseases, where post-mortem neuropathologic examinations 

remain the gold standard for a definite diagnosis, the success of prion RT-QuIC strongly suggested 

further developments of the assay and the application to the whole spectrum of the 

neurodegenerative disorders. Among this large family, with a growing number of published 

studies in recent years, the new and more promising application of RT-QuIC seems to be 

associated with synucleinopathies. 
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RT-QuIC assay across synucleinopathies 

Synucleinopathies are widely heterogeneous in clinical manifestation, response to therapy, and 

rate of progression. Moreover, they may initially manifest as prodromal syndromes, such as PAF, 

RBD, which often evolve in PD, PDD, DLB or MSA (42, 43). Analogously, they can be associated at 

the onset with mild cognitive impairment (MCI) which, following the strategies implemented for 

AD, has been recently recognized as a prodromal clinical entity (i.e., MCI-LB) belonging to the DLB 

clinical spectrum (48, 52, 117, 118). The difficulties of an early diagnosis due to the heterogeneous 

range of clinical manifestation is further complicated by overlapping symptoms with atypical 

parkinsonisms such as progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD), 

two primary tauopathies, and other neurodegenerative dementias such as AD or frontotemporal 

dementia (FTD). For this reason, the clinicopathological rate of accordance in autopsy verified 

cohorts remain partially inaccurate (i.e., 92.6% for PD, 81.6% for DLB, 62–78.8% for MSA)  

(119-122). 

Fairfoul and colleagues applied for the first time the RT-QuIC to CSF of 20 clinically diagnosed PD 

and 12 neuropathologically confirmed DLB cases. The new α-Syn RT-QuIC showed a 100% 

specificity and 92-95% sensitivity (123). Subsequently, Soto’s group obtained similar results 

through the adaptation of the previously reported prion PMCA assay. Their study discriminated PD 

patients from those affected by other neurologic or neurodegenerative disorders with a sensitivity 

of 88% and a specificity of 97% (124). Evidence recommending the application of α-Syn RT-QuIC to 

the clinical diagnosis and strain discriminations of synucleinopathies were progressively confirmed 

by other studies (125-132). Intriguingly, the assay also showed an optimal performance when 

applied to skin samples and in prodromal synucleinopathies such as RBD, PAF and MCI (130, 131, 

133, 134).  

Despite the enormous success, the α-Syn RT-QuIC protocols still differ among the laboratories, 

with several assay variables remaining to explore. In particular, although all the elements that 

contribute to the reaction mix are crucial, as observed for the prion RT-QuIC (135, 136), the 

substrate remains the main factor able to influence the assay performance.  
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PHD RESEARCH PROJECT 

 

The laboratory of Neuropathology at ISNB (Bologna, Italy) is currently a worldwide leader in the 

field of prion diseases and the application of prion RT-QuIC. The implementation of the prion 

aggregation assay was successful also thanks to a fruitful collaboration with the Caughey’s lab 

(NIAID, NIH, Montana, USA). With the purpose to improve and adapt the RT-QuIC to the study and 

diagnosis of synucleinopathies, this project aimed to faithfully reproduce in our lab the α-Syn 

protocol elaborated by Groveman and colleagues (127) followed by its validation in the whole 

spectrum of synucleinopathies. The results of the study are for the most part published in two 

recent publications that investigated with α-Syn RT-QuIC the larger cohort of synucleinopathies so 

far analyzed and, for the first time, prodromal MCI-LB patients: 

 

● Rossi M et al., Ultrasensitive RT-QuIC assay with high sensitivity and specificity for Lewy 

body-associated synucleinopathies. Acta Neuropathol. 2020 Jul;140(1):49-62. doi: 

10.1007/s00401-020-02160-8 (130).  

 

● Rossi M et al., Diagnostic Value of the CSF α-Synuclein Real-Time Quaking-Induced 

Conversion Assay at the Prodromal MCI Stage of Dementia With Lewy Bodies. Neurology. 

2021 Jul 1:10.1212/WNL.0000000000012438. doi: 10.1212/WNL.0000000000012438  (131) 
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AIM OF THE PROJECT 

1. Setting-up of α-Syn RT-QuIC 

a. Purification of recombinant α-Syn 

b. Assay reproduction 

2. Validation of α-Syn RT-QuIC with neuropathologically assessed cases 

3. Diagnostic performance of α-Syn RT-QuIC in the “clinical” group  

a. Definition of kinetic parameters and assay reproducibility  

b. α-Syn RT-QuIC in patients with parkinsonisms 

c. α-Syn RT-QuIC in patients with dementia 

4. Diagnostic performance of α-Syn RT-QuIC in the “prodromal” group 

a. α-Syn RT-QuIC in patients with iRBD and PAF 

b. α-Syn RT-QuIC in patients with MCI 

5. Comparison of the α-Syn RT-QuIC results across prodromal MCI and probable DLB or AD
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MATERIALS AND METHODS 

The study was conducted according to the revised Declaration of Helsinki and Good Clinical 

Practice guidelines. Informed consent was given by study participants or the next of kin.  

 

Patients and controls for α-Syn RT-QuIC analysis 

A total of 827 CSF samples referred to the Laboratory of Neuropathology, Institute of Neurological 

Sciences of Bologna (ISNB), Italy between 2005 and 2020 and 126 samples referred to the 

Alzheimer Center Amsterdam, VU Medical Center (VUmc) Amsterdam, the Netherlands, between 

2003 and 2020, were analyzed. The cohort included 142 patients with a post-mortem CNS 

neuropathological assessment (i.e., “neuropathological” [NP] cases) and 811 patients with a 

clinical diagnosis reached after a comprehensive evaluation and a significant follow-up (table 1).  

The NP group comprised patients with progressive dementia, more often with a rapidly 

progressive course, or atypical parkinsonism evaluated at ISNB, including the following diagnostic 

categories: DLB, AD, CJD, FTLD, MSA, PSP, Encephalitis, Vascular dementia, and other dementias. 

Based on the protein aggregates assessment by immunochemistry, the group was further divided 

into LB α-Syn + and LB α-Syn - subgroups (see below for further details).            

The “clinical” group included 270 patients from ISNB, 62 cases lacking symptoms and signs 

suggesting an underlying progressive neurodegenerative disorder (i.e., chronic headache and 

narcolepsy type 1 with or without associated RBD) and 208 patients fulfilling the current 

diagnostic criteria of probable or clinically established disease for one of the following 

disorders/syndromes: PD (38), MSA (54), PSP (137), CBS (138), DLB (139), and AD (140). 

The “prodromal” group encompassed 335 patients showing clinical manifestation of prodromal 

synucleinopathies such as isolated RBD (iRBD) (141), PAF (142, 143), and MCI (144) from ISNB (all 

groups) and VUmc (only MCI). Among them, 58 individuals lacking objective neurological signs and 

cognitive decline were also included as controls. 

Whereas the ISNB cohort comprised consecutive patients with MCI, the VUmc cohort included 

patients selected from the Amsterdam Dementia Cohort (145) and included MCI-LB patients, age-

matched, biomarker-confirmed MCI-AD patients, and SCD patients. In both cohorts, MCI was 

diagnosed according to current diagnostic criteria (144). 
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Patients with evidence of non-neurodegenerative causes of cognitive decline, including severe 

white matter lesions on neuroimaging (Fazekas score=3) (146) were excluded. 

Finally, to explore potential differences in the α-Syn RT-QuIC across the disease course in 

prodromal MCI and the clinically diagnosed phase, we incremented the investigated AD group 

with the analysis of further 206 probable AD (140) patients CSF . 

 

Table 1. Study cohort and demographic findings. 

Diagnostic category n Female  (%) 
Age at LP 

(yrs) 

Time between 
clinical onset 
and LP (mos) 

Follow-up 
duration 
(mos)^ 

Time between 
clinical onset and 

last visit (yrs) 

Definite NP cohort 

LB- α-Syn + 
● DLB 
● Dementia with 

incidental LB 

21 
14 
7 

9 (42.9) 
6 (42.8) 
3 (42.9) 

75.8±6.3 
76.9±5.4 
74.3±7.7 

12.2±28.9 
17.3±34.1 

2.0±1.8 

3.9±8.8 
5.0±10.4 
1.1±1.1 

2.2±2.5 
1.7±2.9 
0.3±0.2 

LB- α-Syn – 
● AD 
● PSP 
● MSA 
● Syn-controls* 

121 
18 
1 
2 

100 

54 (44.6) 
9 (50.0) 

0 (0) 
1 (50.0) 

41 (41.0) 

68.0±10.2 
76.4±7.5 

64 
62.5±7.8 

66.7±10.0 

3.8±12.9 
1.6±2.5 

108 
40.5±54.4 

2.1±3.3 

5.2±13.8 
1.9±2.6 

30 
68.5±28.9 
4.1±11.1 

0.7±1.7 
0.3±0.3 

11.5 
9.1±2.1 
0.5±0.7 

Clinical cohort 

DLB 34 9 (26.5) 73.2±7.5 78.8±105.8 14.9±21.4 7.8±8.7 

AD 43 22 (52.2) 66.3±7.8 43.4±39.7 12.7±15.8 4.7±3.5 

PSP/CBS 30 19 (63.3) 70.7±6.7 47.0±32.9 8.9±15.0 4.7±2.8 

MSA 31 12 (38.7) 60.7±8.6 55.2±42.0 23.4±16.3 6.4±3.6 

PD# 70 19 (27.1) 62.2±8.8 56.8±45.8 31.6±35.9 7.4±4.2 

Clinical controls 62 30 (48.4) 53.9±15.4 158.7±152.5 30.2±27.5 15.5±13.5 

Prodromal cohort 

PAF  28 11 (39.3) 65.5±8.5 119.3±62.5 43.9±50.4 13.6±6.9 

iRBD 18 6 (33.3) 68.2±7.7 71.5±60.7 10.6±15.1 6.9±4.7 

MCI-LB 81 11 (13.6) 70.7±6.6 50.8±71.6 28.4±28.9 6.5±6.3 

● ISNB 
● VUmc 

45 
36 

10 (22.2) 
1 (2.8) 

72.8±5.8 
67.7±6.5 

54.9±88.1 
44.3±33.0 

20.1±23.6 
42.2±32.0 

6.3±7.3 
6.9±4.1 

MCI-AD 120 55 (45.8) 68.6±7.4 34.6±28.6 33.4±27.9 5.7±3.3 

● ISNB 
● VUmc 

58 
62 

29 (50.0) 
26 (41.9) 

70.6±8.6 
66.7±5.3 

39.1±33.0 
30.2±22.9 

16.9±22.0 
50.4±22.7 

4.7±3.8 
6.7±2.4 

Unsp-MCI 30 9 (30.0) 65.4±9.3 30.3±20.3 10.9±11.3 3.5±1.6 

SCD/CTRL 
● ISNB 
● VUmc 

58 
30 
28 

12 (20.7) 
11(3.7) 
1(3.6) 

67.2±4.3 
67.2±5.7 
67.3±1.5 

97.9±121.9 
136.7±148.7 
76.3±35.1° 

27.8±27.9 
27.7±31.3 
21.6±20.8 

10.9±10.9 
13.3±12.7 

6.4±2.9 

Probable AD cohort 206 124 (60.2) 68.8±9.4 32.4±27.6 8.0±16.6 3.1±2.8 

 

^The follow-up duration was calculated from LP to the last visit (or death). *Includes neuropathological 

cases diagnosed as Creutzfeldt-Jakob disease (n=66), malignancy (n=3), vascular disease (n=8), encephalitis 
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(n=11), Wernicke encephalopathy (n=3), frontotemporal lobar degeneration plus amyotrophic lateral 

sclerosis (n=1), non-specified tauopathy (n=1), dementia lacking distinctive pathology (n=6), autosomal 

dominant cerebellar ataxia (n=1). # Includes 52 clinically established and 18 probable cases. °The onset was 

calculated from the appearance of cognitive complaints. List of abbreviations: LP, lumbar puncture; DLB, 

dementia with Lewy bodies; AD, Alzheimer’s disease, PD, Parkinson’s disease; PSP, progressive 

supranuclear palsy; CBS, corticobasal syndrome; MSA, multiple system atrophy; PAF, pure autonomic 

failure; iRBD, isolated REM sleep behaviour disorder; MCI, mild cognitive impairment; α-Syn, α-Synuclein. 

 

Clinical assessment and diagnostic criteria 

The clinical history and the results of neurological examination/s and diagnostic investigations 

were collected for each patient. Moreover, the brain magnetic resonance imaging (MRI, n= 534), 

cerebral 129I-ioflupane SPECT (DaTSCAN) (n=193), cardiac 123I-metaiodobenzylguanidin (MIBG)-

SPECT (n=94) and all-night polysomnography (PSG, n=172) were obtained when available. For AD, 

DLB and MCI groups, results of neuropsychological examination(s), data of Mini-Mental State 

Examination (MMSE), and CSF values of AD core biomarkers (table 2) were also obtained. All 

patients with suspected autonomic failure (AF) (n=158) were assessed by a battery of 

cardiovascular reflex tests, including head-up tilt test (10 min at 65°), Valsalva maneuver (40 mm 

Hg for 15 sec), deep breathing (6 breaths/min), and sustained handgrip (one-third of maximal 

effort for 5 min). Patients with the diagnosis of narcolepsy type 1 (n=15) underwent the multiple 

sleep latency test, polygraphic assessment of cataplexy, and the evaluation of CSF orexin levels. 

After CSF collection, most patients belonging to the “clinical” group were longitudinally followed-

up at the ISNB [i.e., the follow-up duration was > 2 years in 99 (36.5%), and > 1 year in 142 cases 

(52.3%)].  In the “prodromal” group, the VUmc patients were annually followed up with clinical 

evaluation (history and neurological examination) including neuropsychological testing, whereas 

the follow-up data relative to ISNB patients was obtained by outpatient neurological visits at the 

Center for Cognitive Disorders. Overall, a longitudinal follow-up was carried out in the 72.6% of 

“prodromal” patients [(the follow-up duration was > 2 years in 133 (44.0%), and > 1 year in 175 

cases (58.1%)]. 

The “clinical” group included only patients with a “probable” or “clinically established” (for PD 

only) diagnosis at last follow-up of PD, MSA, PSP, CBS, DLB, and AD, according to international 

criteria. Among them, ten patients with the clinical diagnosis of PD (n=8) or DLB (n=2) carried 

single allele mutations known to be associated with LBD in the glucocerebrosidase gene (GBA) 
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(N370S, L444P, R131C, E326K, n=9) or in the Leucine Rich Repeat Kinase 2 gene (LRRK2) (G2019S, 

n=1) were included. The cases fulfilling the criteria for more than one probable disease (e.g., 

concurrent probable diagnosis of PSP and MSA) were excluded.  

In the “prodromal” group, the term iRBD was used to refer to RBD occurring in the absence of any 

associated neurological sign or other possible cause (42). Only patients with PAF presenting with 

autonomic failure (AF) as the sole clinical manifestation for at least five years were considered 

(147). iRBD and PAF subjects that were clinically phenoconverted at last follow-up (e.g. DLB, PD, 

and MSA) were evaluated separately. 

Based on the clinical features, AD core markers, imaging, neurophysiological data, and evolution at 

the last follow-up MCI patients were classified in four groups: 1) MCI-LB, 2) MCI-AD, 3) MCI due to 

other neurodegenerative disorders (unsp-MCI), and 4) controls. The presence or absence of 

clinical core features of DLB was determined according to the definitions and guidelines provided 

by the DLB Consortium (52, 139). PD-MCI patients were excluded from the studied cohort through 

the application of the one-year rule. The MCI-LB group included 81 individuals (ISNB, n=45; VUmc, 

n=36) who fulfilled the current criteria for probable MCI-LB (52) at lumbar puncture (LP, n=77) or 

during follow-up (n=4, two from VUmc, two from ISNB). Among them, three had possible MCI-LB 

and one unsp-MCI at baseline (at LP).  

The MCI-AD group consist of 120 patients (ISNB, n=58; VUmc, n=62) who lacked clinical evidence 

of DLB core features at the time of LP, and revealed in vivo evidence of AD pathology as defined by 

abnormally reduced amyloid-beta 1-42:amyloid-beta 1-40 (Aβ42:Aβ40) ratio (ISNB) or decreased 

Aβ42 levels (VUmc), combined with increased total (t)-tau and phospho (p)-tau concentrations 

(A+,T+,N+) in CSF or an abnormal p-tau:Aβ42 or t-tau:Aβ42 ratio (140, 148, 149). 

Thirty patients were grouped in “unspecified” MCI (Unsp-MCI) since they did not embrace the 

inclusion criteria for MCI-LB (absence of core clinical features and biomarker evidence of DLB at LP 

and during follow-up) and lacked in vivo evidence of AD pathology by CSF analysis.  

Among the 58 “control” patients for the prodromal cohort, 30 individuals (from ISNB) were 

clinically diagnosed as chronic headache or narcolepsy type 1 and no clinical evidence of an 

underlying progressive neurodegenerative disorder, and 28 individuals (from VUmc) reported 

subjective experience of cognitive decline but had normal baseline cognition, defined by results of 

cognitive assessment within normal ranges. Furthermore, they had at least one follow-up 

assessment (>8 months from baseline) with an unchanged diagnosis (150).   
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None of the patients in the “clinical” and “prodromal” groups underwent a post-mortem 

neuropathological examination. 

 

 

Table 1. Result of CSF AD biomarkers in clinical and prodromal cohort. 

Diagnostic category CSF tested, n. CSF A+, % CSF T+, % CSF N+, % 

Clinical cohort  

DLB 34 32.4 14.7 14.7 

AD 43a 90.6 100 76.7 

PSP/CBS 30 13.3 3.3 0 

MSA 31 6.4 3.2 9.7 

PD 70 14.3 5.7 2.8 

Clinical controls 29b 0 6.8 3.4 

Prodromal cohort  

PAF 28 22.2 0 0 

iRBD 18 16.7 11.1 11.1 

MCI-LB     
● ISNB 
● VUmc 

45 
35b 

22.2 
48.5 

6.7 
51.4 

11.1 
34.3 

MCI-AD     
● ISNB 
● VUmc 

58 
62 

100.0 
100.0 

94.8 
90.3 

79.3 
88.7 

Unsp-MCI 30 10.0 16.7 16.7 

SCD/CTRL 
● ISNB 
● VUmc 

 
30 
28 

 
0 
0 

 
0 

53.5 

 
0 

42.8 

Probable AD cohort 206a 95.1 88.3 85.9 

 

ATN classification according to the following criteria: ISNB cohort (including clinical cohort): A+ Aβ42/40 

ratio <0.68, T+ p-tau >58 pg/ml, N+ t-tau >450 pg/ml; VUmc: for Innotest A+ Aβ42 < 813 pg/ml, T+ p-tau > 

52 pg/ml, N+ = t-tau > 375; for Elecsys A+ Aβ42 < 1000 pg/ml, T+ p-tau > 18, N+ t-tau > 235. a Patients with 

an amyloid-beta 1-42:amyloid-beta 1-40 (Aβ42:Aβ40) ratio of 0.68 or higher showed decreased Aβ42 levels 

combined with increased total (t)-tau and phospho (p)-tau concentrations (T+,N+) in CSF or abnormal p-

tau:Aβ42 or t-tau:Aβ42 ratio. One case in the probable AD cohort carried a mutation in presenilin. b Data 

available in 35 out of 62 (clinical controls) and 35 out of 36 patients (MCI-LB VUmc). 

 

Neuropathological studies 

Neuropathological examination was performed using standardized procedures according to the 

autopsy protocol of the Laboratory of Neuropathology at ISNB (113). Briefly, the brain is sagittally 
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divided in the two hemispheres: the left half is fixed in 10% buffered formalin while the right one 

is sectioned coronally and then immediately frozen at − 80 °C in sealed plastic bags. Once 

formalin-fixed, the left hemibrain is serially sectioned in 1 cm slices, and regionally sampled in 

tissue blocks according to standardized procedures (151). 

Seven μm thick sections from each block were stained with hematoxylin-eosin for screening. 

Moreover, immunohistochemistry with antibodies specific for α-Syn (LB509, dilution 1:100, 

Thermo Fisher Scientific, and KM51, dilution 1:500, Novocastra), hyperphosphorylated tau (AT8, 

dilution 1:100, Innogenetics), Aβ (4G8, dilution 1:5000, Signet Labs), and PrP (3F4, dilution 1:400, 

Signet Labs) was applied to all cases using several brain regions, mainly following established 

consensus criteria (152-155). An experienced neuropathologist (Prof. Piero Parchi) formulated the 

final diagnosis, assigned the Braak stage of LB-related pathology (155), and classified each case 

according to the level of AD neuropathologic change (ABC score) [152, 154].  

 

CSF collection and analyses 

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

at ISNB and at VUmc. Specimens were centrifuged in case of blood contamination, divided into 

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

At ISNB, CSF t-tau, p-tau, Aβ42, and Aβ40 were measured by automated chemiluminescent 

enzyme immunoassay (CLEIA) on the Lumipulse G600 platform (Fujirebio, Gent, Belgium). The 

Aβ42:Aβ40 ratio was calculated as previously described(156). At VUmc, CSF Aβ42, p-tau and t-tau 

concentrations were determined using Innotest enzyme-linked immunosorbent assays (ELISA) 

(Fujirebio) or Elecsys assays (Roche Diagnostics, GmbH, Mannheim, Germany) run on the Cobas 

e601 analyzer (Roche Diagnostics, Basel, Switzerland) (157). Pathological values for the AD core 

markers were determined according to internally validated cut-off values at both centers (157-

159). 

Storage and extraction of plasmid DNA and bacterial transformation 

pET28a+ plasmids carrying His-tagged wild type (wt ) human α-Syn were donated by Dr. Byron 

Caughey’s lab. To better preserve the DNA quality, pET28a+ plasmids were maintained in endA 

deficient NEB 5-α E. coli transformed following the protocol supplied by the company (New 

England BioLabs, NEB). Briefly, 1 µl of 2 ng/µl plasmid DNA was added to 50 µl of just thawed cells. 
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The tube was carefully flicked 3-4 times and incubated for 30 minutes on ice. Then, a heat shock 

was performed at 42 °C for exactly 30 seconds and cells were re-incubated for 5 minutes on ice. 

After that, 950 µl of room temperature SOC were added to the tube before a 60 minutes 

incubation at 37 °C on vigorous shaking (250rpm). Fifty µl of the grown culture were then 10-fold 

serially diluted, spread on selection plate with 50 µg/ml kanamycin (Kan) and incubated overnight 

at 37°C. The next day, a single colony was inoculated in LB broth for a 4-6 hours incubation at 37 

°C and 250 rpm. When the ideal optical density (OD) was reached (0.6-0.8) the bacteria were 

stored in 15% glycerol stock at -80 °C. 

At the first need, the conserved bacteria were picked with an inoculation loop and incubated 

overnight in a new Kan+ starter culture. Fresh plasmid DNA was finally extracted from NEB 5-α E. 

coli following the manufacturer’s protocol (QIAprep Spin Miniprep Kit (50) 27104, Qiagen).  

Competent BL21 (DE3) (C2527H, New England BioLabs) bacteria were transformed with wild-type 

(wt) human α-Syn plasmid following the protocol described above. To improve transformation 

efficiency, the heat shock step consisted of 10 sec instead of 30 sec at 42°C as previously 

indicated. The colonies grew in selective plates were immediately inoculated in fresh LB broth to 

proceed with a new purification or make fresh 15% glycerol stocks. 

 

Purification of human recombinant α-Syn 

The purification of the recombinant α-Syn was performed as reported (130), with minor 

modifications. Briefly, BL21 (DE3) bacteria from glycerol stock were streaked on a selective plate 

(Kan+, 50 µg/ml) and incubated overnight. Subsequently, a well isolated single colony was 

inoculated into 5 ml of Luria Broth (LB, Sigma) with kanamycin (Sigma) and let grow for 4–5 h at 

37 °C with continuous agitation at 250 rpm. The starter culture was then added to 1 L of LB 

containing kanamycin plus the overnight express auto-induction system (Merk-Millipore 71300-4) 

in a fully baffled flask. Cells were grown in a shaking incubator at 37 °C, 200 rpm overnight. The 

next day, the culture was divided into four 250 ml flasks and centrifuged at 3200 × g for 10 min at 

4 °C. The pellet was gently re-suspended in 25 ml osmotic shock buffer containing 40% sucrose, 

2 mM EDTA, and 30 mM Tris at pH 7.2 using a serological pipette and incubated 10 min at room 

temperature under mild agitation on a rotator mixer. Next, the suspension was centrifuged at 

9000×g, 20 min at 20 °C and each pellet was resuspended in 10 ml of ice-cold water. Successively, 

the suspensions were pooled into two 50 ml tubes and 20 µl of saturated MgCl2 was added to 
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each 20 ml suspension. After an incubation of 3 min under mild rocking on ice, the suspension was 

centrifuged at 9000×g, 30 min at 4 °C. The pellet was discarded and the supernatant collected into 

a 100 ml glass beaker containing a magnetic stir bar. The pH was reduced to pH 3.5 by adding 400–

600 µl HCl 1 M and incubated under stirring for 10 min at room temperature. A second 

centrifugation at 9000×g for 30 min at 4 °C was performed and the supernatant was collected into 

a fresh 100 ml glass beaker containing a magnetic stir bar. The pH was adjusted to 7.5 by adding 

400–600 µl NaOH 1 M. The protein extract was filtered through a 0.22 µm filter (Merk-Millipore), 

loaded into a Ni–NTA column (Cytiva 17525501) on an NGC chromatography system (Bio-Rad) and 

washed with 20 mM Tris, pH 7.5 at room temperature. The column was further washed with 

50 mM imidazole in Tris 20 mM, pH 7.5, generating a peak that was not collected. A linear gradient 

up to 500 mM imidazole in 20 mM Tris, pH 7.5 was performed, and the peak was collected 

between 30 and 75% of imidazole buffer (150 and 375 mM, respectively). This peak was loaded 

onto an anion exchange column Q-HP (Cytiva 17115401) and washed in Tris 20 mM, pH 7.5, 

followed by another washing in 100 mM NaCl in Tris 20 mM, pH 7.5. Again, a linear gradient up to 

500 mM of NaCl in Tris 20 mM pH 7.5 was carried out to collect the peak between 300 and 

350 mM NaCl. The obtained  fractions were pooled and filtered through a 0.22 µm filter and 

dialyzed against water overnight at 4 °C using a 3.5 kDa MWCO dialysis membrane (Thermo-

Scientific). The next day, the protein was moved into fresh water and dialyzed for four more hours. 

The protein concentration was measured with a spectrophotometer using a theoretical extinction 

coefficient at 280 nm of 0.36 (mg/ml)-1/cm. Finally, the protein was lyophilized using a lyophilizer 

(Thermo-Scientific) for 6 h and stored in aliquots at a final concentration of 1 mg/ml once re-

suspended into 500 µl of phosphate buffer (PB) 40 mM, pH 8.0. Lyophilized aliquots were stored at 

− 80 °C until usage.  

 

α-Syn RT-QuIC 

Black 96-well plates with a clear bottom (Nalgene Nunc International) were pre-loaded with six 

0.8 mm silica beads (OPS Diagnostics) per well. CSF samples were thawed and vortexed 10 s 

before use. Fifteen µL of CSF were added as seed to trigger the reaction in 85 µL of buffer 

containing 40 mM PB, pH 8.0, 170 mM NaCl, 10 μM thiofavin-T (ThT), 0.0015% sodium dodecyl 

sulfate (SDS), and 0.1 mg/ml of recombinant α-Syn filtered using a 100 kDa MWCO filter (Pall-Life 

Sciences). The plate was sealed with a plate sealer film (Nalgene Nunc International) and 
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incubated into Fluostar Omega (BMG Labtech) plate reader at 42 °C with intermittent double 

orbital shaking at 400 rpm for one minute, followed by 1-min rest. ThT fluorescence 

measurements were taken every 45 min using 450 nm excitation and 480 nm emission filter to 

overcome possible batch-to-batch variations of α-Syn activity and intrinsic plate-to-plate 

experimental variability, relative fluorescent units (RFU) for every time point were normalized for 

the maximum intensity reached by the positive control and expressed in percentage.  

Samples were run in quadruplicates and deemed positive when at least 2 out of 4 replicates 

reached the threshold. The latter was calculated as the average normalized fluorescence value of 

NP negative control replicates during the first 10 hours of all runs, plus 30 standard deviations. The 

cut-off was set-up at 30 hours. When only one replicate crossed the threshold, the analysis was 

considered "unclear" and repeated up to three times. All RT-QuIC experiments were performed at 

ISNB by personnel blinded to the clinical diagnostic group.    

 

Statistical analysis 

We performed statistical analysis and plot fluorescence values expressed by the α-Syn RT-QuIC 

with GraphPad Prism 8.4 software (La Jolla, CA) . The time required to reach the threshold (lag 

phase), maximum intensity of fluorescence (Imax), and area under the curve (AUC) were extracted 

for each sample replicate. Depending on the data distribution, the Mann-Whitney U test or t test 

(continuous variables) and the χ2 test or Fisher exact test (categorical variables) were used, as 

appropriate, to test for differences between 2 groups. One-way analysis of variance (ANOVA) or 

Kruskal-Wallis test followed by Tukey or Dunn post hoc test were instead used to compare 

multiple groups. The analysis of coefficient of variation (CV) was performed to test the intra- and 

inter-batch variability. Statistical significance was set at p < 0.05. To assess the assay performance 

in discriminating the study groups, we calculated the sensitivity, specificity, positive and negative 

predictive values, and diagnostic accuracy, first in each study cohort and then in the whole 

population. To consider the cluster data structure, when evaluating the same discriminatory 

capacity in the combined cohorts, we applied a mixed-effects logistic regression model with the 

cohorts as the group variable. The likelihood ratio test revealed no significant differences between 

the mixed-effect model and a classic logistic regression model, thereby excluding a significant 

cluster effect. Finally, because we classified the clinical state of patients with MCI-LB only after 
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follow-up, to rule out potential bias, we also calculated the assay sensitivity in the MCI-LB group 

including only cases with a probable diagnosis at LP. 
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RESULTS 

Setting-up of α-Syn RT-QuIC 

Purification of recombinant α-Syn 

For the production and purification of recombinant α-Syn, we followed the protocol described by 

Groveman et al. (127, 160). However, the protocol efficiency needed validation, given that 

differences in the operators and consumable materials could generate altered products unsuitable 

for the assay. Moreover, devices such as the chromatography system and the freeze-drier could be 

crucial for protein quality.  

After identifying the best transformation efficiency, we faithfully reproduced the protocol (160) in 

the LabNP with a protein yield of about 15 mg per liter of bacterial culture. The chromatograms 

resulting from the two sequential column purifications and the collected fractions are illustrated in 

figure 3. The α-Syn recombinant protein was finally successfully lyophilized.  

 

Assay reproduction 

To set-up the α-Syn RT-QuIC, we carried out a pilot experiment including four probable DLB cases 

and four neuropathologically confirmed control cases (two affected by AD, one by encephalitis, 

and one by carcinomatosis) following the protocol described by Groveman et al. (127). Firstly, we 

tested the assay with a batch of recombinant α-Syn (RML WT α-Syn) generously donated by Dr. 

Caughey (TSE/Prion Biochemistry Section, Laboratory of Persistent Viral Diseases, NIAID, NIH) and, 

secondly, using our first recombinant product (ISNB WT α-Syn). Both analyses demonstrated α-Syn 

seeding activity in all replicates of probable DLB samples and a negative outcome in the control 

cases (figure 4). 

 

 

 

https://www.niaid.nih.gov/research/lab-persistent-viral-diseases
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Figure 3. Purification of WT recombinant α-Syn by NGC chromatographic system. A) Chromatogram of Ni-

NTA column purification and relative protein peak at the gradient elution step with imidazole buffer.  B) 

Chromatogram of anionic exchange column purification and relative protein peak at the gradient elution 

step with saline buffer. The lines are illustrated as follows: green, absorbance at 260 nm; blue, absorbance 

at 280 nm; red, conductivity; black, percentage of buffer B. C) and D) show the fractions (F) collected from 

the first and the second peak, respectively. Only the fraction included in the black square bracket were 

processed for the following steps. MW = marker, molecular weight. 
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Figure 4. α-Syn RT-QuIC assay setting-up and WT recombinant α-Syn comparison. A) RML and ISNB WT α-

Syn comparison of the tested control cases (case 1, 2, 3, and 4) and probable DLB cases (case 5, 6, 7, and 8). 

The values are expressed as the mean of four replicates per each case. B) Mean of all RFU values relative to 

the positive and negative groups tested with the two recombinant proteins. Syn+=sample positive to α-Syn 

RT-QuIC;  Syn-=sample negative to α-Syn RT-QuIC; RFU=relative fluorescence unit (expressed as percentage 

after normalization) 

 

Validation of α-Syn RT-QuIC with neuropathologically assessed cases 

Following the preliminary set-up, we extended the analysis to CSF samples from 21 subjects 

demonstrating various extents of LB-related pathology at post-mortem examination (i.e.; Braak 

stage 1–6, Fig. 5) and 121 subjects lacking LB-related pathology. The CSF α-Syn RT-QuIC yielded an 

overall sensitivity of 95.2% and a specificity of 99.2% (table 3 and figure 6a). Despite the absence 

of any detectable α-Syn deposits, one case with a primary neuropathological diagnosis of 
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Wernicke’s encephalopathy showed an unexpected positive result. Interestingly, 100% (14/14) of 

patients analyzed with definite DLB showed a positive response to the assay (table 3). 

 

Figure 5. Distinctive α-Syn pathology evaluated by immunostaining. Characteristic aggregation of α-Syn in 

(A-C) DLB and (D-F) MSA subjects. A) Diffuse Lewy bodies and Lewy neurites in medulla and B) amigdala. C) 

LB inclusions in the neurons of substantia nigra. D) Glial cytoplasmic inclusions (GCIs) differently dispersed 

in grey and white matter of insula; GCIs involving E) striatum and F) substantia nigra areas. 

 

Table 3. Sensitivity and specificity of α-Syn RT-QuIC across the “NP” and “clinical” cohorts. 

Diagnostic category n Pos. Neg. Sensitivity Specificity 

Definite NP cohort 

LB α-Syn + 
● Definite DLB  
● Dementia with incidental LB 

21 
14 
7 

20 
14 
6 

1 
0 
1 

95.2% 
100% 
85.7% 

 

LB α-Syn - 
● AD 
● PSP 
● MSA 
● Syn- controls 

121 
18 
1 
2 

100 

1 
0 
0 
0 
1 

120 
18 
1 
2 

99 

 99.2% 
100% 
100% 
100% 
99% 

Clinical cohort 

LB α-Syn + 
● DLB 
● PD 

104 
34 
70 

99 
33 
66 

5 
1 
4 

95.1% 
97.1% 
94.3% 

 

LB α-Syn – 
● AD 
● Clinical controls 
● PSP/CBS 
● MSA 

166 
43 
62 
30 
31 

10 
7 
1 
0 
2 

156 
36 
61 
30 
29 

 94.0% 
83.7% 
98.4% 
100% 
93.5% 

All LB-related synucleinopathies* 125 119 6 95.2%  
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Pos=positive; Neg=negative; LB α-Syn +=diagnostic group with LB-related pathology; LB α-Syn -=diagnostic 

group without LB-related pathology. Bold symbol highlights the sensitivity of the assay in the two most 

significant diagnostic groups and its specificity against the LB-related α-Syn negative controls  

a Include neuropathologically confirmed and clinical cases. 

 

 

Figure 6. Kinetic curves of α-Syn seeding activity measured by RT-QuIC. A) Seeding activity observed in 20 

out of 21 of neuropathologically confirmed LB α-Syn+ cases. Each curve depicts the average of 

quadruplicates. Standard deviation (SD) was hidden to make the image more readable. B) Kinetic curves 

detected in the different diagnostic groups of the “clinical” cohort. Each curve represents the average of 

the group, error bars indicate the SD, and the black dashed line indicates the threshold. 

 

Diagnostic performance of α-Syn RT-QuIC in the “clinical” group  

We subsequently evaluated the diagnostic value of α-Syn RT-QuIC in 270 cases with a probable or 

clinically established diagnosis (table 3 and figure 6b). Positive results were obtained in almost all 

DLB and PD patients, confirming α-Syn seeding activity in 95.1% of LB-related synucleinopathies 

(LB α-Syn +). The analyzed subjects who tested positive by RT-QuIC included 76 participants 

(76.8%) with a complete 4/4 (4 out of 4 positive replicates) positive response, 12 (12.1%) with 3/4, 

and 11 (11.1%) with 2/4 (table 4). We also detected a positive α-Syn seeding activity in a minority 

of subjects belonging to the clinical groups not typically associated with LB pathology (i.e., AD, 

PSP/CBS, MSA, and clinical control). Indeed, the α-Syn RT-QuIC showed a positive outcome in 6% 

of these patients, falling to 2.4% after the exclusion of the AD cases. Notably, we had only one 

positive test among the 62 control cases, resulting in an assay specificity of 98.4%. Overall, the 
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assay displays 99.0% PPV, 91.0% NPV, and 95.8% diagnostic accuracy in identifying LB syn+ against 

clinical controls. 

The observed differences in the α-Syn RT-QuIC response induced us to further explore the kinetic 

parameters that may better reflect the heterogeneity of the α-Syn seeding reaction and 

discriminate between disease groups. 

 

 

Table 4. Percentage of α-Syn RT-QuIC positive replicates across the diagnostic categories of “clinical” 

group. 

Diagnostic categories 

 

N of positive wells (samples, n) 

%  

LB α-Syn + 

n=99 

2 (11) 
11.1% 

3 (12) 
12.1% 

4 (76) 
76.6% 

    

PD 
n=66 

2 (10) 
15.1% 

3 (11) 
16.7% 

4 (45) 
68.2% 

    

DLB 
n=33 

2 (1) 
3.0% 

3 (1) 
3.0% 

4 (31) 
94.0% 

    

LB α-Syn – 

n=10 

2 (3) 
30% 

3 (3) 
30% 

4 (4) 
40% 

    

AD 
n=7 

2 (2) 
28.6% 

3 (3) 
42.8% 

4 (2) 
28.6% 

    

MSA 
n=2 

2 (0) 
0% 

3 (0) 
0% 

4 (2) 
100% 

    

Clinical control 
n=1 

2 (1) 
100% 

3 (0) 
0% 

4 (0) 
0% 

LB α-Syn +=diagnostic group with LB-related pathology; LB α-Syn -=diagnostic group without LB-related 

pathology. 

 

Definition of kinetic parameters and assay reproducibility  

Before proceeding with a more detailed analysis, we aimed to define further the parameters that 

describe the kinetic reaction and verify the assay reproducibility. To this aim, after an appropriate 

normalization and threshold definition based on previous prion RT-QuIC studies (112, 161), we 

choose the following three parameters: 

-         Lag phase: the time required by the fluorescence reaction curve to reach the threshold  
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-         Imax: maximum fluorescence intensity value reached by the curve 

-         AUC: area under the curve 

The details are illustrated in the figure 7. 

 

 

 

Figure 7. α-Syn RT-QuIC kinetic 

parameters.  

Graphical representation of lag 

phase, Imax and AUC (area under 

the curve).  

 

 

 

 

 

To verify the assay reproducibility, we explored the intra-batch and batch-to-batch variations of α-

Syn RT-QuIC by analyzing the three kinetic parameters. For this purpose, we compared the kinetic 

curves of the same positive control using eight different batches of recombinant protein. The 

intra-batch coefficient of variation (CV) of the Lag phase varied between 13.4% and 29.4% 

(median=13.7%). Analogously, the Imax and AUC varied between 5.1% and 18.9% (median=13.7%) 

and 14.8 and 40.4% (median=13. 7%), respectively. No statistically significant differences were 

observed in the inter-batch analysis (Lag phase, p=0.307; Imax, p=0.517; AUC, p=0.103) (figure 8). 
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Figure 8. Batch-to-batch and intra-batch variation of fluorescence signal induced by recombinant α-Syn 

aggregation in the RT-QuIC. Lag phase, Imax and AUC of the same positive control tested with different 

batches of recombinant α- Syn. Each colour depicts the performance of a different batch of α-Syn. In the 

other graphs, error bars represent intra-batch variability, calculated for positive control on, respectively 2 

(batch #1), 4 (batch #2), 4 (batch #3), 6 (batch #4), 1 (batch #5), 2 (batch #6), 8 (batch #7), 2 (batch #8), and 

2 runs (mixed batches #2 + #6, and #7 + #8). Differences in the dimension (n) of the runs per batch were 

related to the variability in the yield of recombinant α-Syn between batch preparations. 

 

In a total of 413 (neuropathological and clinical cohorts) analyzed samples, an unclear result (one 

positive well) occurred 28 times (6.8%), and in most cases (85.7%) involved samples yielding a 

negative outcome at the second test (table 5). Finally, 13 out of 16 (81.3%) positive samples that 

we tested three times using different substrate batches confirmed the positive result of the first 

run in both repetitions (table 6). The only exception was represented by three samples with a two 

out of four positivity. Two gave unclear results in the second run but confirmed the positivity in 

the third one, while a third sample gave a one out of two as the third result after two positive 

outcomes. However, changes in the diagnostic decision (positive vs. negative) did not occur. 

These findings allowed us to proceed with a more detailed analysis of the “clinical” subgroups. 
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Table 5. Percentage of “unclear” results across the neuropathological and clinical cohort. 

Diagnostic categories Unclear/Total runs (%) Final result of repeated test 

  0/4 (%) ≥2/4 (%) 

Syn – 

Syn- NP controls 

Clinical controls 

PSP/CBS 

25*/ 287 (8.7) 

7* / 100 (7.0)  

5 / 62 (8.1) 

3 / 31 (9.7) 

14 (93.3) 

7 

4 

3 

1 (6.7) 

- 

1 

- 

   AD 5 / 61 (8.2) 3 2 

   MSA 5 / 33 (15.2) 5 - 

Syn + 

Syn+ NP controls° 

PD 

3* / 126 (2.4) 

2* / 7 (28.6) 

1 / 71 (1.4) 

2 (66.7) 

1 

1 

1 (33.3) 

1 

- 

Total  28 / 413 (6.8) 24 (85.7) 4 (14.3) 

° Dementia with incidental LB *One sample needed a further repetition because of a second unclear result. 
 

Table 6. Evaluation of result reproducibility by multiple runs. 

  First result 

  2/4 (n=6*) 3/4 (n=2
†
) 4/4 (n=8

§
) 

Diagnostic 

groups  

Second 

result (%) 

Third 

result (%) 

Second 

result (%) 

Third 

result (%) 

Second 

result (%) 

Third 

result (%) 

LB - syn +                

(syn+ NP, DLB, 

PD) 

0/4 - - - - - - 

1/4 2 (33.3) 1 (20.0) - - - - 

2/4 2 (33.3) 2 (40.0) - - - - 

3/4 1 (16.7) 1 (20.0) 1 (50.0) - - 3 (37.5) 

4/4 1 (16.7) 1 (20.0) 1 (50.0) 2 (100) 8 (100) 5 (62.5) 

*Includes 4 PD, 1 DLB and 1 syn+ NP; 
†
 Includes 2 PD; 

§
 Includes 4 PD and 4 DLB. NP = 

neuropathological 

 

α-Syn RT-QuIC in patients with parkinsonism 

We detected a consistent positive seeding activity in PD, but not in PSP/CBS, clinical neurological 

controls, and, unexpectedly, MSA. Specifically, the assay demonstrated 94.3% sensitivity in the 

probable PD cohort, 98.4% specificity against the clinical control, 100% against patients with 

PSP/CBS and 93.5% against those with MSA. Incongruent results were limited to four out of 70 

with PD who tested negative and two out of 31 patients with probable MSA who showed α-Syn 

seeding activity (table 2). A detailed analysis of the clinical features of the three idiopathic PD 
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subjects negative to the assay, reveal a mild disease severity (baseline score at the UPDRS scale 

section III: 16, 14, and 8), and an isolated, unilateral tremor in two of them. Moreover, whereas all 

patients who carried GBA mutation tested positive, the only patient with LRRK2 mutation lacked 

α-Syn seeding activity, a result in line with a recent study demonstrating a much lower sensitivity 

of α-Syn RT-QuIC in LRRK2-PD than in idiopathic PD (126). Among the 66 α-Syn RT-QuIC positive 

PD, the positive replicate response was distributed as follows: 45 (68.2%) 4/4, 11 (16.7%) 3/4, and 

10 (15.1%) 2/4. The two positive MSA showed a complete reactivity in all replicates (table 4).  

Finally, we found no statistically significant differences in the lag phase (PD 18.0±4.4 and MSA 

18.4±5.6; p=0.819, Imax (PD 87.3±25.7 and MSA 80.9±29.5; p=0.496), and AUC (PD 892.5±425.3 

and MSA 780.8±476.5; p=0.469) between the positive patients of the two cohorts. 

 

α-Syn RT-QuIC in patients with dementia 

After the striking results obtained in the "neuropathological" group, we further evaluated the 

assay's performance in the “clinical group” by examining the probable DLB and AD. By detecting a 

seeding activity in 97.1% (33/34) of probable DLB patients, we obtained an almost complete 

concordance between the DLB neuropathological and clinical cohorts. In contrast, a higher 

positivity rate than in the neuropathological cohort was observed in the probable AD patients, 

which resulted positive in 16.3% of cases.  Of the DLB patients who showed seeding activity, 31 

gave a positive outcome in 4/4 (94.0%) replicates, 1 in 3/4 (3.0%), and 1 in 2/4 (3.0%). Instead, a 

different ratio of α-Syn RT-QuIC positive replicates was observed in AD group, where a 4/4, 3/4, 

and 2/4 positive response was found in 2 (28.6%), 3 (42.8%), and 2 (28.6%) patient, respectively 

(table 4). Although conditioned by a limited number of cases, a statistically significant difference 

between replicates distribution was observed (p<0.001).  Finally, the comparison of the kinetic 

curves between the RT-QuIC positive DLB and AD patients showed statistically significant 

differences in all analyzed parameters: lag phase (DLB 17.0±3.8 and AD 20.2±4.9; p<0.001), Imax 

(DLB 92.6±23.8 and AD 79.6±25.1; p=0.023) and AUC (DLB 963.1±418.0 and AD 605.0±350.7; 

p<0.001). These differences between the two groups remained significant when the 

"neuropathological" cases were also considered in the DLB cohort.  
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Diagnostic performance of α-Syn RT-QuIC in the “prodromal” group 

It is plausible that pathological α-Syn oligomers could develop years before disease onset. To study 

the phenomenon and explore the assay ability to predict the disease course, we studied 

prodromal synucleinopathies such as iRBD, PAF, and MCI-LB. 

 

 

Figure 9.  Kinetic curves of α-Syn 

seeding activity measured by RT-QuIC. 

Kinetic curves detected in the different 

diagnostic groups of the “prodromal” 

cohort. Each curve represents the 

average of the group, error bars 

indicate the SD, and the black dashed 

line indicates the threshold. 

 

 

α-Syn RT-QuIC in patients with iRBD and PAF 

In the analyzed iRBD cohort, 100% of patients (18/18) showed a positive outcome, with 4/4 

positive replicates in 11 cases (61.1%), 3/4 in 5 (27.8%), and 2/4 in 2 (11.1%). Interestingly, one 

patient with the diagnosis of probable MSA at follow-up who had only RBD and AF at the time of 

LP tested negative by RT-QuIC. A negative result was also detected in 11 narcoleptic patients  

affected by RBD features (included in the clinical controls), resulting in a specificity of 100% 

towards this clinical mimic. 

Similarly, with 25 out of 28 samples showing α-Syn seeding activity, the test sensitivity was 89.3% 

in the PAF cohort (table 7, figure 9). The distribution of the positive replicates across the runs was 

as follows: 67.9% 4/4, 14.3% 3/4, and 7.1% 2/4. Of note, one of the three PAF subjects who tested 

negative by RT-QuIC showed a clinical history relevant for intermittent diplopia and positivity for 

antiganglioside GQ1b antibody in serum. These two aspects indirectly suggest a possible 

underlying autoimmune etiology. At the same time, in a second negative patient, the normal 

adrenergic cardiac innervation at MIBG-SPECT, highlighting a clinical picture ascribable to MSA, 
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not to PD or DLB (162, 163). Finally, the last negative CSF was characterized by slight blood 

contamination, a pre-analytical factor likely interfering with the RT-QuIC reaction (164, 165). 

 

Table 7. Sensitivity and specificity of α-Syn RT-QuIC across the “prodromal” cohort. 

Diagnostic category 
 

n Pos. Neg. Sensitivity Specificity 

Prodromal cohort      

PAF 28 25 3 89.3%  

iRBD  18 18 0 100%  

MCI-LB 
● ISNB 
● VUmc 

81 

45 

36 

77 

44 

33 

4 

1 

3 

95.1% 

97.8% 

91.7% 

 

MCI-AD 
● ISNB 
● VUmc 

120 

58 

62 

16 

7 

9 

104 

51 

53 

 86.7% 

87.9% 

85.5% 

Unsp-MCI 30 2 28  93.3% 

SCD/CTRL 
● ISNB 
● VUmc 

58 

30 

28 

2 

1 

1 

56 

29 

27 

 96.6% 

96.7% 

96.4% 

 

α-Syn RT-QuIC in patients with MCI 

We detected α -Syn seeding activity in 95.1% of MCI-LB patients, with consistent percentages 

between the two analyzed cohorts: 97.8% and 91.7% in ISNB and VUmc cohorts, respectively. In 

comparison, 13.3% of MCI-AD revealed a positive α-Syn seeding activity, maintaining comparable 

percentages: 12.1% of the ISNB and 14.6% in VUmc patients. In contrast, 96.6% (56/58) control 

cases and 93.3% (28/30) of individuals with unsp-MCI showed a negative outcome (table 7, figure 

9).  

Comparing the kinetic curve parameters revealed a statistically significant difference in Imax 

between the MCI-LB and MCI-AD groups (83.4% vs 74.6%, p=0.002). In addition, we found a 

different proportion of positive replicates among the two groups, with samples giving 2 of 4 

positive replicates more represented in the MCI-AD group than in the MCI-LB group (2/4: MCI-AD 

25.0% vs. MCI-LB 3.9%, p=0.015) (figure 10).  

Interestingly, whereas none of the two positive unsp-MCI showed any LB-related clinical features, 

either at the first evaluation or at follow-up, 6 of the 16 MCI-AD “positive” patients developed one 
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DLB clinical core feature at follow-up (i.e., visual hallucinations in four, and probable RBD in two), 

suggesting an underlying LB co-pathology. Furthermore, one additional subject in this group 

developed orthostatic hypotension, a supportive clinical criterion for DLB. In the RT-QuIC positive 

AD subgroup, 12 patients were classified as amnestic MCI (seven multidomain and five single 

domain) and four as non-amnestic (three multidomain, one single domain). 

Overall, the assay displays 97.5% PPV, 93.3% NPV, and 95.7% diagnostic accuracy in identifying 

MCI-LB against controls, with a similar trend between the two cohorts. 

 

 

 

 

Figure 10. Comparison of α-Syn RT-QuIC positive patients among MCI-LB and MCI-AD groups. A) Kinetic 

curves comparison. Statistically significant differences between the 2 groups are limited to the maximum 

intensity of fluorescence (Imax) (**p<0.01). B) Analysis of positive replicates distribution in the MCI-LB and 

MCI-AD groups. Statistical analyses by the χ2 test resulted in **p<0.01. ns = non significant 

 

Comparison of the α-Syn RT-QuIC results across prodromal MCI and probable DLB or AD 

The α-Syn RT-QuIC ability to detect minute amounts of seeds in the early stage of disease and the 

slight but significant differences in the kinetic reaction seen between MCI-LB and MCI-AD 

suggested a more deepened analysis of RT-QuIC reactivity across the disease course. Pursuing the 

aim, we explored the kinetic parameters resulting from subjects affected by DLB, AD and 

compared them with those at the earlier MCI stage. Since the limited number of α-Syn RT-QuIC 

positive MCI-AD and AD patients (16 and 7 subjects, respectively) and to strengthen the analysis, 
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we further extended the analysis to 206 probable AD patients. The added cohort, which showed a 

positive outcome in 34 out of 206 cases (16.5%), in line with the results previously observed in the 

smaller group (table 3), was included in the investigation. Analogously, the DLB included both 

clinically and neuropathologically diagnosed patients. Intriguingly, we found statistically significant 

differences between MCI-LB and DLB groups (lag phase: 18.2±3.7 vs 17.05±4.1, p=0.004; Imax: 

83.43±18.29 vs. 92.09±25.88, p<0.001; AUC: 849.9±333.8 vs 956.8±448.8, p=0.007), but not 

among MCI-AD and AD groups (lag phase: 19.7±4.8 vs 19.9±4.6, p=0.750; Imax: 77.7±18.0 vs 

75.0±22.3, p=0.458; AUC: 760.0±351.5 vs 685.2±378.6, p=0.240). Moreover, whereas no 

statistically relevant differences were observed across the ratio of positive replicates along the 

disease course neither in LB-pathology (2/4: MCI-LB 4.2% vs. DLB 3.9%, p=0.209) or AD-pathology 

(2/4: MCI-AD 25.0% vs. AD 34.1%, p=0.437), discrepancy among DLB and AD enlarged cohort were 

confirmed (2/4: DLB 4.2% vs. AD 34.1%, p<0.001)  (figure 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Analysis of kinetic parameters variations among prodromal MCI and DLB and AD cases. Lag 

phase, Imax and AUC were investigated in A) MCI-LB vs DLB and B) in MCI-AD vs AD. Statistically significant 

differences were found between MCI-LB and DLB in all analyzed parameters (**, p<0.01; ***, p<0.001). 
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DISCUSSION AND CONCLUSIONS 

The overlapping symptoms across neurodegenerative diseases and the presence of pathological 

protein aggregate years before the disease onset implicate the urgent necessity of novel assays for 

an early and differential diagnosis of these disorders. Currently, the RT-QuIC represents one of the 

most promising approaches for providing pathology-specific biomarkers for neurodegenerative 

diseases. The capacity of RT-QuIC and other seeding amyloid assays (SAA) to amplify minute 

amounts of amyloid seeds permits an unprecedented sensibility and specificity for detecting the 

pathogenic neurodegenerative disease-related proteins in biological fluids. Pursuing a mechanism 

conceptually similar to DNA amplification by PCR, the RT-QuIC currently provides the highest 

expectation for a wide application in the diagnosis of neurodegenerative disorders, especially of 

those lacking reliable diagnostic biomarkers such as DLB, PD, and the frontotemporal lobar 

degeneration spectrum. Indeed, besides the studies that successfully implemented the α-Syn RT-

QuIC, a few groups reported preliminary encouraging results also for the tau and TDP-43 RT-QuIC 

(166-168). 

In the present work, the first challenge was to faithfully reproduce in the Laboratory of 

Neuropathology at ISNB the α-Syn RT-QuIC assay recently set up by Groveman and colleagues 

(127). The susceptibility of the RT-QuIC to several known and unknown reaction factors made the 

result uncertain. In particular, post-translational modifications during the protein expression and 

chemical contamination or physical alteration throughout the purification process could affect the 

α-Syn recombinant substrate and affect the assay performance. The critical role of the substrate 

has been underlined by several prion RT-QuIC studies, which showed the influence of the 

recombinant protein type on the performance of the diagnostic test as also highlighted by recent 

α-Syn RT-QuIC studies (127, 136, 169). 

In the initial phase of the project, through a pilot study of assay reproducibility with limited and 

well-selected samples, we replicated the α-Syn RT-QuIC results obtained by Groveman et al. Also, 

we demonstrated the complete analogy between the RML WT α-Syn and our ISNB WT α-Syn 

recombinant protein. Taking advantage of the new promising assay, we then tested the largest 

neuropathologically verified cohort studied to date, obtaining an almost complete specificity 

(99.2%) and an unexpected sensibility (95.2%). We then extended the analysis to a well-

characterized clinical cohort, including the whole spectrum of neurodegenerative parkinsonisms 

and two of the most common forms of neurodegenerative dementia. To this aim, we analyzed 

cohorts of patients with the clinical diagnosis of PD, PSP/CBD, MSA, DLB, and AD. Interestingly, 
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with the RT-QuIC readout, we could discriminate with very high sensitivity the PD and DLB cases 

from the tauopathies such as PSP and CBS. 

Moreover, the assay also unexpectedly distinguished the PD cases from the non-LB-related 

synucleinopathies. Indeed, most CSF from MSA patients did not show any RT-QuIC response. In a 

previous work of this kind (170), the MSA cases showed a significantly lower positivity rate than 

the PD patients (35.2%, 6/17 positive cases). However, it was not as low as in our study. Using an 

α-Syn protein misfolding cyclic amplification (PMCA) assay, Soto's group initially discriminated PD 

(88.5%) and MSA (80%, 8/10 positive cases) patients from control and other neurodegenerative 

disorders (124). Subsequently, however, they were also able to discriminate the two diseases with 

an accuracy of 95% by exploiting the kinetic curve parameters of the assay (128). Similarly, despite 

a positive outcome in 9 out of 11 individuals with MSA, De Luca and co-workers reported that α-

Syn aggregates generated from RT-QuIC reactions of samples obtained from the olfactory mucosa 

showed divergent biochemical and structural features between PD and MSA samples (132). 

Therefore, the explorable reasons behind the lack of detectable α-Syn seeding activity in MSA 

cases tested with our assay could embrace two aspects: “strain” specificity and the seeds amount 

in CSF. The former may be related to the difficulty of the α-Syn pathological protein conformer of 

MSA to convert the substrate and trigger the aggregation structurally. Notwithstanding the several 

findings that seem to suggest a significant seeding activity or infectivity in MSA strain (99), the RT-

QuIC reaction environment could favor the selection of LB-related seeds. Finally, the presence of 

α-Syn aggregate in the form of GCI and, therefore, in a different cell population could lead to a 

scarce release of seeds. Based on previous seed dilution analysis on prion RT-QuIC (169-171), the 

delay of the lag phase in MSA cases observed in α-Syn PMCA may be attributed to such factor. 

However, to explain the LB-specificity of our assay, we cannot exclude the simultaneous influence 

of both hypothesized variables or other unconsidered causes.  

On the basis of such observations, also the few discordant results deserve some comments. 

Indeed, among the well characterized PD cohort, four cases showed negative response to the 

assay. Whereas three idiopathic PD subjects were characterized by a mild disease, the fourth 

patient was instead a carrier of the G2019S mutation in LRRK2 that, notoriously, is associated in 

some case with the lack of LB pathology (172). Moreover, the influence of pre-analytical variables 

(e.g. blood contamination, freeze-thawing cycles, etc.) on the failure of α-Syn seeding activity 

detection can not be excluded. Conversely, we detected α-Syn seeding activity in a 

neuropathologically confirmed case of Wernicke’s encephalopathy. Although no LB pathology was 
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detected by immunostaining in this patient, the analysis  did not include the spinal cord, which can 

be an initial site of α-Syn accumulation.  

The sensitivity of the assay could also explain the moderate α-Syn reactivity detected in AD 

patients. It has been shown in several studies that LB pathology may be found with relative 

frequency in the elderly population, even in the absence of neurological symptoms or signs (173-

175). At the same time, LB co-pathology is frequently detected in patients with a clinical diagnosis 

of AD (176, 177). Remarkably, DeTure and colleagues demonstrated the presence of significant LB 

co-pathology compatible with a secondary diagnosis of DLB in 177 out of 626 (28%) AD subjects 

(178). Finally, we observed the same percentage of cases with α-Syn seeding activity in both the 

analyzed AD clinical cohorts [7/43 (16.3%) in the first one and 34/206 (16.5%) in the second one]. 

Together with our findings related to the neuropathologically verified cohort, this evidence 

suggests that AD cases with a positive RT-QuIC might also harbor LB, at least as significant co-

pathology.  

The outstanding performance of the α-Syn RT-QuIC, even in some cases with incidental focal LB 

pathology limited to the medulla, led us to explore further its diagnostic potential extending the 

analysis to the most characteristic prodromal syndromes associated with synucleinopathies: iRBD, 

PAF, and MCI. 

We confirmed that the assay could quickly identify patients with LB-related synucleinopathies in 

the early phases of the disease with high accuracy. We were able to detect α-Syn seeding activity 

in 89.3% of PAF and 100 % of RBD, providing, once again, evidence that the two syndromes are 

mostly clinical manifestations of prodromal LB-related synucleinopathy. In particular, we noted 

that RT-QuIC negative PAF subjects came from individuals probably affected at follow-up by a non-

LB-related pathology. In one 4-year prospective cohort, patients who manifested initially with PAF 

had a 34% risk to develop LBD or MSA, especially if they also had RBD (43). Similarly, PD or other 

synucleinopathies developed almost invariably in subjects with iRBD if they were followed up long 

enough (179, 180). Stefani and co-workers also tested olfactory mucosa of iRBD patients in α-Syn 

RT-QuIC, but with less promising results (44.4% of sensitivity and 89.8% of specificity). 

Nevertheless, other than using different tissue, the assay was carried out with an alternative 

protocol (181). 

Moreover, in line with the findings relative to PAF and iRBD, we demonstrated that α-Syn RT-QuIC 

assay also accurately detects LB in CSF of MCI patients, indicating that, regardless of clinical 

presentation, patients with LB harbor significant α-Syn seeding activity early in the course of the 
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disease. The overall capability to distinguish MCI-LB reached 95.1% in the combined groups, 

whereas the specificity tested against cognitively unimpaired controls was 96.6%. Again, in almost 

complete accordance with the findings in the AD clinical cohort, 13.3% of MCI-AD showed a 

positive outcome. Interestingly, 7 of 16 cases (43.7%) developed at follow-up one or more DLB 

characteristic features, strengthen the hypothesis of a concomitant LB-pathology. As further 

evidence of the reliability of the data, the results obtained with the MCI ISNB cohort were widely 

comparable with those observed in the VUmc cohort. 

Lastly, exploring the unsp-MCI group, the finding of α-Syn seeding activity in 6.7% of patients, is 

also consistent with the notion that 5-8% of people over 60 years old in the absence of 

extrapyramidal signs of cognitive decline are affected by incidental LB pathology (182, 183). 

Although the positive or negative RT-QuIC output remains the primary criterion for a diagnostic 

evaluation, it appears evident as some pathologic groups showed different seeding reactions in 

terms of kinetic curve parameters or positive replicates. In particular, we observed statistically 

significant differences between clinically diagnosed DLB and AD in the lag phase, Imax, AUC, and 

the number of positive wells out of four replicates. In this case, the “quantity” rather than the 

“quality” of seeds may be at the origin of such discrepancies. The fact could easily explain the 

differences of kinetic parameters highlighted in the MCI-LB and DLB comparison, where, in parallel 

with the disease progression, an increase of LB and, consequently, seeds may occur. However, the 

maturity or type of seeds, in a dependent manner to the severity or group of pathology, should 

not be excluded. 

Finally, with the present study, we demonstrated a promising and reliable application of α-Syn RT-

QuIC to all LB-related synucleinopathies and relative prodromal phases, providing strong evidence 

of realistic employment in the diagnostic practice. Following the way traced by prion RT-QuIC, it is 

foreseeable that the assay will pursue the same course in a few years. However, the test still 

needs standardization and inter-laboratory validation, especially in light of substrates and protocol 

variability. Moreover, a more deepened analysis and protocol implementation will be required to 

further explore or develop the “quantitative side” of the α-Syn RT-QuIC, an aspect of evident 

utility in particular if correlated with the rate of disease progression. Indeed, in the era of the 

“prion-like theory,” the quantification of seeding activity could represent a new frontier to predict 

the disease course and test drug efficacy.  

The urgent need for specific biomarkers concerns the early diagnosis and clinical management of 

patients and extends to the design and outcome of clinical trials. In addition to searching for novel 
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therapies against α-Syn pathology in LB disease, the availability of an accurate early biomarker 

may improve patient selection in AD trials (184). Indeed, the co-occurrence of pathologies is 

notoriously considered a possible cause of therapeutic trial failures in neurodegenerative 

dementias (185, 186). 

In conclusion, we think that the validation of the assay through translational studies in well-

defined clinical and pathological cohorts is an important step forward for the early diagnosis of LB-

related synucleinopathies. Indeed, with the demonstration, for the first time, of the actual 

applicability of RT-QuIC outside the prion field, the use of the assay for other pathologies became 

not only promising but also feasible. 
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