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ABSTRACT 

Real-Time Quaking-Induced Conversion (RT-QuIC) is an ultrasensitive assay capable of detecting 

pathological aggregates of misfolded proteins in biospecimens. In recent years, efforts have been 

made to find a more feasible and convenient biomatrix as an alternative to CSF, and skin biopsy 

may be a suitable candidate. This project aimed to evaluate the diagnostic performance of skin RT- 

QuIC in 3 different cohorts of patients: 1. Creutzfeldt-Jakob disease (CJD), 2. Lewy body disease 

(LBD), and 3. Isolated REM sleep behavior disorder (iRBD). 

We studied 71 punch skin samples of 35 patients with CJD, including five assessed in vitam, using 2 

two different substrates: Bank vole 23-230 (Bv23-230) and Syrian hamster 23-231 (Ha23-231) 

recombinant prion protein. Skin prion RT-QuIC showed a 100% specificity with both substrates and 

a higher sensitivity with the Bv23-230 than Ha23-231 (87.5% vs. 65.6%, respectively). Forty-one 

patients underwent both lumbar puncture (LB) and skin biopsy; CSF and skin RT-QuIC showed a 

high level of concordance (38/41, 92.7%). 

Then, we analyzed samples taken in vitam (n=69) or postmortem (n=49) from patients with 

Parkinson’s disease (PD), dementia with Lewy bodies (DLB), incidental Lewy body pathology, and 

neurological controls. Skin α-syn RT-QuIC distinguished LBD patients with an overall accuracy of 

94.1% in the two cohorts (sensitivity, 89.2%; specificity, 96.3%). Seventy-nine patients underwent 

both CSF and skin α-syn RT-QuIC, and the two assays yielded similar diagnostic accuracy (skin, 

97.5%; CSF, 98.7%). 

Finally, we studied 91 iRBD patients and 41 control. In the skin, RT-QuIC showed a sensitivity of 

76.9%, specificity of 97.6%, and 82.0% accuracy. 128 participants (88 patients plus 40 controls) 

underwent both CSF and skin RT-QuIC. The two protocols showed 99.2% of concordance. 

These works confirmed that skin punch biopsies might represent a valid and convenient 

alternative to CSF analysis for an early diagnosis of prion diseases and LB-related pathologies. 
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SKIN AS A PROMISING BIOMATRIX FOR THE EARLY DETECTION OF 

MISFOLDED PROTEINS BY RT-QUIC IN NEURODEGENERATIVE DISEASES 

 
INTRODUCTION 

Neurodegenerative diseases 

Neurodegenerative diseases constitute a significant health problem for the world’s aging population. 

They are currently classified among organ-specific amyloidosis and include Alzheimer’s disease, α- 

synucleinopathies, tauopathies, prion diseases, and transactivation response DNA binding protein43 

(TDP-43)-pathies.1 Proteins involved in neurodegenerative diseases show a common abnormal 

conformation characterized by a beta sheet-rich secondary structure. These misfolded proteins are 

prone to aggregate and organize themselves into filamentous aggregates, mostly found within the 

cytoplasm of neurons and glia. Although different protein accumulation and preferential vulnerability 

define these pathologies, they share many important processes associated with neuronal dysfunction 

and death. They include proteotoxic stress leading to abnormalities in ubiquitin-proteasomal and 

autophagosomal/lysosomal systems, neuroinflammation, and oxidative stress.1 The current diagnostic 

gold standard for neurodegenerative diseases is a neuropathological evaluation at autopsy 

investigating the presence, morphology, and distribution of aggregates by immunohistochemistry.1 

 
Prion diseases 

Prion diseases or transmissible spongiform encephalopathies (TSEs) are a group of rapid and fatal 

neurodegenerative diseases affecting both humans and animals. Scrapie was the first described 

prion disease, and its transmissible nature was discovered following experimental inoculation of 

brain homogenate from a scrapie-infected sheep to a healthy sheep.2 In 1920, Hans Gerhard 

Creutzfeldt e Alfons Maria Jakob described the first TSE in humans, which was named, Creutzfeldt- 

Jakob disease (CJD) after them.3,4 Given the infectious nature of TSEs, many attempts were made to 

understand the fundamental nature of the agent causing these diseases. In 1982, Stanley Prusiner 

first coined the term “prion,” PRoteinaceous Infectious Only Particles, based on the hypothesis that 

a protein is the only component of the agent causing transmissible spongiform encephalopathies.5 

Subsequent studies by Prusiner and Bolton on homogenates of infected hamster brains led to the 

identification of a pathological misfolded form of the prion protein, PrPSc, as the putative etiologic 

agent of TSEs 6 and in 1986, Oesch and Basler first identified the putative gene encoding the prion 

protein.7 
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Cellular prion protein 

PRNP is a single-copy gene localized on the short arm of chromosome 20; it is made by two exons, 

the last of which encodes for the 253 aminoacidic prion protein. PrPC (where C means cellular) 

comprises a flexible unstructured N-terminal tail, containing a nonapeptide followed by 4 

repetitions of an octapeptide sequence, a central globular domain with three alpha-helices and two 

antiparallel β-sheet and a C-terminal tail.8,9 After synthesis, prion protein undergoes a post- 

translation modification process, which involves the removal of a peptide from the N-terminal, the 

addition of a glycosylphosphatidylinositol (GPI) anchor at the C terminus,10 and the attachment of 

complex oligosaccharides chains at the two-asparagine residue in position 181 and 197. The latter 

generates three differently glycosylated forms of prion protein: diglycosylated, monoglycosylated, 

and unglycosylated.11 In its mature form, PrPC is present mainly as a diglycosylated protein, localized 

at the outer side of the plasma membrane in lipid-enriched microdomains (Figure 1).12 

 
 

Figure 1. Structural features and biochemical properties of the cellular prion protein. A) Schematic diagram 

of the primary structure of PrP. The protein consists of three domains: an N-terminal domain (51-91), a globular domain 

(125-228), and a flexible C-terminal domain (229-231). Post-translational modifications are shown: oligosaccharides 

bound to asparagine residues 181 and 197 and the GPI anchor. B) Tertiary structure of the cellular prion protein, as 

deduced from NMR spectroscopy, inserted into a lipid bilayer, including the unstructured N-terminal tail (gray) and the 

GPI anchor. Sugar residues are shown as colored small circles. Figure adapted from Aguzzi at al., Annu Rev Pathol. 

2008.13 

 
 

Following internalization, PrPC can either be recycled to the plasma membrane or the Golgi 

(retromer pathway)14 or is transported to late endosomes. It could also reside in the plucked-off 
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intraluminal vesicles within multivesicular bodies (MVBs) for release as exosomes or degradation in 

lysosomes.15,16 

The putative roles of the protein, expressed mainly in the central nervous system (CNS) but also in 

lymphoid, spleen, skin, and muscles, are neuroprotection, oxidative stress reduction,17 cellular 

adhesion,18 and synaptic plasticity.19 

 
PrP scrapie 

The disease-specific conformation of PrP is denoted as PrPSc (where Sc stands for the pathogenic 

version of the protein found in sheep suffering from “scrapie”), which shares the same primary 

amino acid sequence with the cellular counterpart, but differs drastically in protein conformation, 

resulting in distinct properties. Specifically, PrPC is highly α-helical, soluble in mild detergents, and 

sensitive to protease digestion. In contrast, PrPSc is mainly β-sheet, highly aggregated, and partially 

resistant to PK (proteinase-K) digestion (Figure 2). 

 
 

 

 

Figure 2. Comparison of structure and biochemical properties of PrPC and PrPSc . A) The figure shows the structure 

of the cellular prion protein and the pathological form highlighting the structural changes and in particular the 

transition from a structure predominantly alpha helix to the the high beta-sheet content of PrPSc. B) Western blot 

showing the pattern of glycosylation of PrPC and PrPSc. In the absence of PK, the two proteins show the same 

glycosylation profile, whereas when the protein is subjected to PK treatment, PrPSc shows resistance, while the 

physiological form is completely digested. 

 
 

The mechanism underlying the conversion of PrPC to PrPSc remains unknown. It was hypothesized 

that after PrPC translation, some external factors like oxidative stress, age, or inflammatory response 

might cause its misfolding. At this point, some molecular chaperons, named heat shock protein 

(Hsp), act by helping protein refolding or degradation through the ubiquitin-proteasome quality 
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control (UPS).20 However, other HSPs may stabilize this misfolded structure leading to the formation 

of protein aggregates. 

The proposed mechanism for PrPSc aggregates formation is based on a nucleation and 

fragmentation process during which highly ordered PrPSc oligomers, called propagons, can 

incorporate PrPc and grow in size arising in the larger structures of fibril and protofibrils.21 

Fragmentation of these structures creates new propagons, which can restart the cycle by 

incorporating new protein monomers.22 

Evidence indicates that the conversion process might take place on the plasma membrane or in the 

endocytic pathway, within multivesicular bodies (MVBs), as preventing MVB maturation reduce 

PrPSc production.15 

The mechanisms of the pathophysiology of prion diseases are still an open question; it is conceivable 

that both the partial loss of some physiological functions of PrPC and the presence of PrPSc 

aggregates may contribute directly or indirectly to prion-associated neurodegeneration. 

PrPSc aggregates might act in the intracellular compartment disrupting protein homeostasis and 

blocking the unfolded protein response (UPR) pathways23–25 or causing neuronal membrane injury 

corrupting the function of neuronal receptors such as the NMDA receptor.26 

 
Human prion diseases 

Prion diseases are a group of neurodegenerative diseases caused by the accumulation and spread 

of PrPSc in the central nervous system. Human TSEs are classified into three groups according to 

their etiology: acquired, caused by the exogenous transmission of PrPSc; idiopathic, particularly 

sporadic CJD (sCJD), which accounts for more than 80% of all cases and has an incidence of about 

1.5 cases per million; and Inherited, related to mutations in PRNP.27 

Regardless of etiology and species, prion diseases share specific histopathological features that 

distinguish them from other neurodegenerative diseases: spongiform change and accumulation of 

PrPSc aggregates on the cell membrane (Figure 3), sometimes forming mature extracellular amyloid 

plaques. Spongiform change consists of vacuoles that are diffuse or clustered and variably found in 

the neuropil of the cerebral cortex, cerebellar cortex, hippocampus, amygdala, basal ganglia, 

thalamus, and brainstem.28 Variable degrees of spongiform change and regional distribution and 

different plaque morphology characterize the different prion diseases. 
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Figure 3. Anatomo-pathological features of prion diseases. A) Hematoxylin-eosin staining showing the 

presence of vacuoles, indicated by arrows and spongiosis, associated with massive neuronal loss. Scale 

bar: 100 µm. B) Perivacuolar PrPSc deposits. Scale bar: 100 µm. 3F4 antibody. 

 

Mutations and polymorphisms in PRNP 

Sequencing of the PRNP gene led to the discovery of both mutations, linked to the genetic form of 

prion diseases, and polymorphisms, including the methionine/valine polymorphism at codon 129 , 

which is essential for disease susceptibility and phenotypic expression.29 In the healthy population, 

37% were MM, 51% were MV, and 12% were VV. In contrast, among sCJD cases, 71.6% were MM, 

11.7% were MV, and 16.7% were VV.27 Additionally, other polymorphisms of PRNP have been 

described, but it seems that they are silent with no recognizable influence on disease susceptibility 

or phenotype. These polymorphisms are not determinant either for the sporadic or the genetic 

form.30,31 About 10–15% of subjects who develop a genetic prion disease carry either a point 

mutation or an insertion of octapeptide repeats (OPR) in the PRNP and often have a family history 

consistent with an autosomal dominant inheritance of variable penetrance disease.32 While most 

PRNP mutations are rare, a few, like E200K and D178N, have been reported worldwide. Indeed, 

geographical or ethnic clusters of these mutations have been found in Israel, Chile, Italy, and 

Spain.33–36 

Almost all gCJD-associated PRNP mutations are located within the protein's globular region, 

suggesting a role in determining misfolding. Although this is the most plausible theory, few 

mutations generate changes in protein structure, suggesting that their role could be different from 

that hypothesized. Indeed, increasing evidence shows that gCJD largely reproduces the phenotypic 

spectrum of the sCJD variants and that, in both disease forms, the physicochemical properties of 

PrPSc and the 129-codon genotype act as major determinants of the disease phenotype. On the 
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genetic side, it is becoming increasingly clear that mutations per se are not always sufficient to cause 

the disease and that other environmental or genetic factors also trigger the disease onset.32,37 

 
PrPSc types and the molecular basis of sCJD heterogeneity 

One of the fascinating aspects of prion diseases is phenotypic heterogeneity. Although all symptoms 

can be linked to neuronal dysfunction and degeneration, they manifest in different ways ranging 

from cognitive impairment to visual disturbances, from abnormal movements to insomnia.38 

Moreover, different diseases show different onset times, clinical courses, and distributions of PrPSc 

aggregates in the brain. The basis of this heterogeneity has been well studied in sCJD, the most 

common human prion disease. In 1999, Parchi and colleagues showed that sCJD comprises 6 

different clinical and histopathological subtypes.39 These subtypes are largely determined by the 

genotype at the polymorphic codon 129 (see the previous paragraph) and by the PrPSc type. 

Specifically, based on the electrophoretic mobility of the fragments of PrPSc obtained after 

proteinase K (PK) digestion, Parchi et al. originally distinguished two major human PrPSc types. PrPSc 

type 1 has a relative electrophoretic mobility of the unglycosylated form of 21 kDa and a primary 

cleavage site at residue 82, and PrPSc type 2 has a relative molecular mass of 19 kDa and a primary 

cleavage site at residue 97.40,41 

Interestingly, PrPSc types 1 and 2 characterize all subtypes of CJD, regardless of the apparent etiology 

of the disease (sporadic, inherited, or acquired by infection),40,42 suggesting a common mechanism 

of PrPSc formation. The results obtained in a large case series demonstrated an overall prevalence 

of PrPSc types 1 and 2 co-occurrence of 35%.43 The higher frequency of co-occurrence in MM 

subjects over the MV and VV indicates that the deposition of type 1 or 2 is not random and is 

characterized by the coexistence of symptoms related to phenotypic features of the individual 

subtypes. Most cases with a mixed phenotype were also characterized by clearly identifiable 

distinctive histopathological traits indicative of the coexistence of two CJD variants within the same 

brain.43 

PrPSc type prevalence is closely related to the genotype of codon 129, and several studies showed 

that certain subtypes are related to one genotype rather than others. Specifically, PrPSc type 1 and 

the type 1 and 2 co-occurrence are mainly associated with the MM genotype, while type 2 is linked 

to VV. However, there also are rarer subtypes in which type 1 is associated with the VV genotype 

and type 2 with MM. In addition to the fragment mentioned above, the analysis of PK-resistant PrPSc 
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using C-terminal antibodies showed the presence of other fragments that are specifically associated 

with some subtypes of CJD (i.e. the 8 kDa fragment associated with the GSS or VPSPr).44,45 

All this evidence led to the concept of “prion strain,” underlying the heterogeneity of CJD in which 

the association between PrPSc type and the genotype of codon 129, led to the existence of 6 

different CJD subtypes, MM/MV1, VV2, MV2K, MM/MV2 c, MM2T, VV1 (Figure 4) characterized by 

specific histopathological features and clinical signs, as shown in Table 1.27 

 

Figure 4. PrPSc degradation profile. The figure shows the degradation profile of PrPSc 

after digestion with protease K of the 6 different subtypes of sCJD. The co-presence 

of type 1+2 is shown in the last lane. Antibody 3F4 .28 
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Table 1. Nomenclature and distinctive phenotypic features of the sporadic human prion disease (sub)types. 
 

 

Molecular 
type 

 

 
Histopathological type 

 

 
Clinical features 

 

Age at onset 
(years) 

 
Disease 

duration 
(months) 

 

MM/MV1 

 
Diffuse synaptic 

deposits 

Prominent rapidly progressive 
dementia. Ataxia is present at 

onset in 50% of cases and visual 
impairment in 30% 

 

70.1 (48–86) 

 

4 (1–24) 

 

VV2 
Perineuronal and 

cerebellar 
plaque-like deposits 

Ataxia is often noted at the 
onset, with dementia 

supervening in later stages 

 

64.5 (45–83) 

 

6.3 (3–18) 

 

MV 2K 

 

Kuru plaques 

 

Ataxia and dementia are 
prominent 

 

65.4 (48–81) 

 

15.8 (5–48) 

 

MM/MV 2C 

 

Cortical with confluent 
vacuoles 

 

Cognitive impairment, myoclonus 
and pyramidal signs 

 

67.8 (61–75) 

 

20 (12–36) 

 

MM 2T 

 

Thalamo-olivary 
atrophy 

Insomnia and psychomotor 
hyperactivity are present in most 

cases. In addition, ataxia and 
other motor signs are noted 

 

52.3 (36–71) 

 

15.5 (8–24) 

 

VV1 

 

Cortico-striatal 
synaptic deposits 

Progressive dementia with 
subsequent myoclonus and 

pyramidal signs 

 

39.3 (24–49) 

 

15.3 (14–16) 

Table adopted from Parchi P et al., Acta Neuropathol. 2011.27 

 

PrPSc cellular and tissue spread 

The mechanism of the prion spread within the CNS is still poorly understood. It is known that 

astrocytes are highly susceptible to prion infection in vitro and can readily transfer prions to 

neurons,46,47 while microglia do not play a major role in replication but are instead critical for prion 

clearance.48 In contrast, oligodendrocytes lack any known significant contribution to prion 

replication or spread through the CNS.49 Although much is known about the cells that replicate 

prions in the brain, little is known about how protein aggregates spread through the brain, from 

neuron-to-neuron,50–52 and between neurons and astrocytes.53 Different studies have proposed 

different mechanisms: prions may spread cell-to-cell via (i) exosomes54,55 and (ii) tunneling 

nanotubes,51,55 with other possible mechanisms yet to be verified, including synaptosomes, GPI- 

painting, microvesicles, or PrPSc cleavage from the plasma membrane.55 

Like some neurotropic infectious agents, prions were able to access the CNS from extraneural entry 

sites. The initial prion replication site in the CNS can often be linked to the entry site by peripheral 

nerves, probably by retrograde axonal transport.55 Experiments using hamsters demonstrated that 
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oral transmission of prion led to early prion deposition in enteric and autonomic ganglia as well as 

vagus and splanchnic nerves, and subsequently in the thoracic spinal cord and dorsal motor nucleus 

of the vagus in the brainstem, consistent with retrograde prion spread along autonomic peripheric 

nervous system (PNS) pathways into the CNS.56 Similarly, prion inoculation into the mouse eye 

induces prion deposition along the optic nerve and tract, followed by the contralateral superior 

colliculus to which it projects.57 Interestingly, prion conformation also plays a role in prion neuro 

invasion, as fibril-forming prions spread poorly to the brain compared to oligomeric or subfibrillar 

prions.58–60 

Recently, the discovery of prion in peripheral organs has opened the question about the spreading 

of PrPSc outside the CNS.61. The presence of prion was demonstrated by Western Blotting in many 

organs, including the spleen, and muscle,62 tonsil, and lymph node tissues.63 Since then, the 

presence of peripheral PrPSc was detected only in cases of patients affected by vCJD. In recent 

studies, Western blotting analysis was used to detect PrPSc in the spleen of a sCJD patient, although 

the PrPSc levels were lower by a factor of approximately 10−4 than in brain tissue.64 PrPSc was also 

detected, using in vitro amplification assays, in skin punches65 and peripheral nerves66 of patients 

affected by sCJD. These studies highlight the need to elucidate prion distribution in humans to 

reduce the risk of accidental prion infection. Moreover, they opened up the possibility of exploring 

these accessible tissues as novel biomatrices for the in vivo diagnosis of prion diseases. 

 
Synucleinopathies 

Synuclein protein family 

In the second half of the ‘80s Maroteaux and colleagues first identified a neuron-specific protein of 

143 amino acids (aa) in cholinergic vesicles and the nuclear envelope of the Torpedo californica and 

a highly homologous 140 amino acid protein in a rat brain. Because of the identification of the bulk 

of the protein in synaptic vesicles, they prompted the name Synuclein, whose localization was 

confirmed by other groups in subsequent years.67–70 

In 1993, Uéda and co-workers isolated a 35 amino acid peptide in the SDS-insoluble fraction of brain 

tissue from patients with Alzheimer’s disease. They named this peptide the non-Aβ component of 

Alzheimer’s disease amyloid (NAC). The precursor protein of this peptide, called NACP, the non- Aβ 

components precursor, was found to be homologous to rat α-synuclein.71 

One year later, two proteins with a high homology level were purified from the human brain: a 140 

aa that was found to be the human homologous of synuclein (=NACP), and the 
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phosphoneuroprotein14 (PNP-14), a 14 kDa phosphoneuroprotein found in bovine brain tissue 

identified by Nakajo et al.72 These human proteins were named α-synuclein and β-synuclein, 

respectively.73 

Later, a high level of a new member of the human synuclein gene family, γ-synuclein, was identified; 

it was principally expressed in the brain but also found to be overexpressed in ovarian cancer and 

carcinoma breast tissues.74 

 
α-synuclein 

Of the three synuclein proteins, α-synuclein is probably the most studied, given its central role in 

the pathogenesis of a group of prevalent neurodegenerative diseases.75 α-synuclein is a 140-amino 

acid protein encoded by the SNCA gene localized on the long arm of chromosome 4 (Chr 4q22.1).76 

The protein comprises an N-terminal region containing seven 11-residue repeats (1-95), including a 

highly conserved KTKEGV hexameric motif and the central amyloid-binding domain (NAC) and an 

acidic C-terminal region (residues 96-140) (Figure 5 A).77,78 

The amphipathic α-helical domains of 11-residue repeats are reminiscent of those included in 

apolipoproteins, which carry lipid molecules by reversibly binding to them.73 Additionally, these 

repeat sequences also decrease the tendency of α-synuclein to form β-sheet structures, such as 

fibrils.77–79 The NAC region of α-synuclein (residues 61-95) is involved in forming fibrils due to its 

hydrophobic composition.78 An acidic and glutamate-rich sequence characterizes the C-terminal 

domain (residues 96-140). It exhibits a random coiled-coil structure due to its hydrophobicity and 

negative charge, making this region involved in various interactions and modifications particularly 

relevant for physiological and pathological processes. The unstructured acidic and glutamate-rich C- 

terminal sequence of α-synuclein is subjected to multiple posttranslational modifications, including 

serine and tyrosine phosphorylation, ubiquitination, nitration, glycation, glycosylation, and C- 

terminal truncation. These modifications result in changes in protein charge and structure and 

alterations in binding affinities to other proteins and lipids. 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.79,80 

α-synuclein is a dynamic molecule whose secondary structure depends on its environment. In the 

soluble cytosolic state, it is intrinsically unstructured and behaves like a natively unfolded protein 

or, as it was recently shown in human erythrocytes, as a soluble, stable tetrameric form.81,82 In the 

membrane-bound state, α-synuclein can interact through the N-terminal lipid-binding domain with 
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lipid membranes such as vesicles, undergoing a major structural transition from random coil to the 

α-helical structure supporting the possible role of α-synuclein in lipid binding and transport. 

Additionally, it was shown that α-synuclein preferentially binds to vesicles of smaller diameter, 

hence the propensity to locate in synaptic vesicles in the brain.67,83–85 The various post-translation 

modifications, status, and localization of α-synuclein can explain the diverse cellular functions of 

this protein; it is involved in lipid transport, packing, and membrane biogenesis;86,87 it acts as a 

molecular chaperone;88 it plays a role in vesicle trafficking,89 and in synaptic plasticity.90 Additionally, 

it was shown that α-synuclein could interact with several other proteins, although the physiological 

role of most of these interactions remains unclear. 

α-synuclein is mainly concentrated in the presynaptic terminals in the peripheral and central 

nervous systems, in particular in the neocortex, hippocampus, striatum, thalamus, and cerebellum. 

This is in contrast to other proteins involved in neurodegeneration, which are mostly distributed 

throughout the neuron (e.g., cell body, dendrites, or axon).91 Additionally, α-synuclein localization 

is not limited to nervous tissues and CSF but can also be found in red blood cells, blood plasma, 

platelets, lymphocytes, blood vessels, testis, heart, lung, liver, kidney, and muscle.79,84 

 
Synucleinopathies and alpha-synuclein strains 

Synucleinopathies are a group of disorders characterized by the accumulation of inclusions rich in 

the aggregated form of α-synuclein in neuronal and non-neuronal cells in the brain. The involvement 

of α-synuclein was demonstrated by Polymeropoulos and colleagues, who in 1997 first identified 

the A53T mutation in SNCA, the α-synuclein gene, in the Italian family, and three unrelated families 

of Greek origin with autosomal dominant inheritance for the PD phenotype.75 In the same year, 

Spillantini et al. reported a strong immunoreactivity for α-synuclein in Lewy bodies (LBs) and Lewy 

neurites (LNs), abnormal neurites containing filaments, the hallmark of both PD and DLB 

pathology.92 LBs were first identified in dopaminergic neurons of substantia nigra by Fritz Jakob 

Heinrich Lewy as eosinophilic circular structures.92 Cytoplasmic inclusions containing α-synuclein 

are also the main histological hallmark of multiple system atrophy (MSA). However, they are 

typically localized in oligodendrocytes rather than neurons and, for this reason, are named glial 

cytoplasmic inclusions (GCIs) (Figure 5 B). 
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Figure 5. 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). Images were captured at 40X 

and 60X magnification. 

 

While these pathologies share the proteinaceous origin and the symptoms may overlap, the pattern 

and severity of autonomic dysfunction with associated symptoms and clinical signs are different.91 

This evidence led to the hypothesis of the existence, like in prion diseases, of α-synuclein strains.93 

Similar to PrPSc, it was suggested that recombinant α-synuclein monomers might also form synthetic 

α-synuclein aggregates with distinct conformations and biological activities.94–98 In physiological salt 

concentrations, α-synuclein monomers could generate aggregates with a cylindrical shape, named 

fibrils, and a flat structure, called ribbons. Subsequent studies demonstrated that these differences 

led to divergent biological activities, such as cytotoxicity and the ability to induce α-synuclein 

pathology in vivo.95,96 Prusiner and colleagues found that only pathological α-synuclein extracted 

from MSA patients, but not those of the other synucleinopathies, could propagate in α- 

Syn140*A53T–YFP mice.99 Similarly, Yamasaki’s group demonstrated the presence of different 

inclusions in cells infected by PD and MSA α-synuclein aggregates.100 These strain features were also 

confirmed by inoculation of preformed fibrils (PFF) or brain homogenates in animal models.98,99,101 

In line with the above findings, Peng et al. reported a stronger seeding activity of MSA (GCI-α-Syn) 
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aggregates than PD (LB-α-Syn) ones, demonstrating the role of oligodendrocyte environment in the 

generation of GCI-α-Syn strain.102 

Recently, using fluorescent probes, NMR spectroscopy, electron paramagnetic resonance, and cryo- 

electron, differences in the conformational properties of PD and MSA α-synuclein extracts were 

confirmed.103,104 

 
Parkinsons’s disease 

Parkinson’s disease, first described by James Parkinson in 1817, represents the most prevalent 

synucleinopathy, affecting almost 200.000 people in Italy and a 14 per 10000 person-year incidence, 

which is strongly age-dependent.105 The main PD symptoms are related to motor manifestations, 

including bradykinesia, rigidity, and rest tremor.106 However, PD patients suffer several nonmotor 

symptoms such as cognitive decline, anxiety, depression, sleep disturbance, and dysautonomia. 

These symptoms may precede the onset of motor manifestation by as much as decades. Indeed, it 

is well documented that some clinical syndromes characterized by non-motor signs may represent 

the prodromal stage of PD or DLB. Specifically, the best known are pure autonomic failure (PAF), 

characterized by orthostatic hypotension and sphinteric disturbances, and idiopathic rapid eye 

movement (REM) sleep behavior disorder (RBD), showing abnormal movements in the absence of 

muscle hypotonia during REM sleep.107,108 The study of patients affected by these syndromes could 

help to identify patients with PD or DLB early. 

Dementia also affects PD patients, with 50% and 83% of patients developing it 10 and 20 years after 

disease onset, respectively.109–111 The eponym PD Dementia (PDD) is assigned when dementia 

syndrome occurs more than one year after PD onset.112 

 
Dementia with Lewy Body 

Dementia with Lewy Body is the second most common synucleinopathy, with an incidence of 3.5 

cases per 10000 person-year.113–115 DLB and PDD are two clinical syndromes that differ in the 

sequence of onset of dementia and parkinsonism, despite having a similar progression of the 

pathological changes. Consequently, these two syndromes can be viewed as a continuum rather 

than dichotomous entities. Specifically, patients that manifest dementia after one year from the 

onset of motor symptoms are classified as PDD, and subjects that develop dementia before or within 

one year from the diagnosis of PD are diagnosed as DLB.112 
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Disproportionate attentional and executive dysfunction with visual processing deficits, 

accompanied by progressive and severe cognitive decline, are required to diagnose DLB.116 Before 

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

disease could occur usually accompanied by mild cognitive decline.117 Hence, the prodromal phases, 

referred to as pre-dementia stages with signs or symptoms predicting the future development of 

DLB, may consist of motor symptoms and signs, sleep disorders (i.e., RBD), autonomic dysfunction, 

and neuropsychiatric disturbances.118 

 
REM sleep behavior disorder 

RBD is a REM-phase associated parasomnia in which the normal muscle atonia of REM sleep is 

lost, and abnormal behaviours such as vocalisation and the realization of the dream occur. RBD 

can be classified as isolated (iRBD) or secondary (when a cause is identified). The latter is 

associated with a neurological disorder (e.g., neurodegenerative disorders, narcolepsy, or 

structural lesions in the brainstem), the introduction of certain drugs (e.g., antidepressant drugs or 

β blockers), and alcohol withdrawal.119 IRBD is usually diagnosed at 50–85 years of age with a male 

prevalence. The estimated duration of iRBD is about 1–10 years, but some patients report a 

history above 30 years.120 The diagnostic criteria for RBD include a history of repeated episodes of 

sleep-related vocalisations, complex motor behaviours, or both, which often correlate with dream- 

enacting behaviours; behaviours that are documented to occur during REM sleep by 

polysomnography or presumed to occur in REM sleep by clinical history of dream enactment; and 

REM sleep without atonia as detected by polysomnography. iRBD represents the prodromal stage 

of the synucleinopathies since most IRBD patients are eventually diagnosed with PD, DLB, and 

occasionally with multiple system atrophy (MSA).121,122 

 
Alpha-synuclein cellular and tissue spread 

As mentioned above, α-synuclein shares with PrPSc a similar aggregation mechanism placing 

synucleinopathies among the prion-like disorders. Additionally, it was demonstrated that the two 

proteins shared a common spreading mechanism. Early evidence supporting this theory came from 

the observation of α-synuclein aggregates in grafted fetal mesencephalic progenitor neurons 

several years after transplantation and implied host-to-graft Lewy pathology transmission.123,124 

Since then, accumulating evidence has shown that α-synuclein seeds formed from recombinant 

proteins or lysates containing aggregates from diseased brains can propagate according to the 
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prion-like paradigm in neuronal cells, in organotypic slice cultures, and rodent models of PD.125 Such 

evidence prompted further experimental studies to explore better how this spread can occur.126,127 

Additionally, the prion-like spreading ability of the misfolded α-synuclein protein was reproduced 

with synthetic aggregates inoculated in animals or cellular models.128–131 Since the mechanism of α- 

synuclein diffusion from cell-to-cell is not entirely clear, several were hypothesized. It has been 

shown that small amounts of α-synuclein can be secreted through a vesicular mechanism and, in 

particular, through exosomes that are typically targeted for degradation into lysosomes.132 Jang et 

al. showed that vesicles not only preferentially secrete the misfolded α-synuclein but also increase 

the release process, suggesting a clearance mechanism of damaged proteins.133 Once in the 

extracellular space, it was demonstrated that α-synuclein could be taken up by neighbouring cells 

in culture via several routes, including direct penetration of the plasma membrane, fluid-phase, or 

receptor-mediated endocytosis (e.g., via lymphocyte-activation gene in cultures of primary 

neurons) or fusion of plasma-exosomal membranes.134–138 The finding of a basal expression of α- 

synuclein and transfer of the protein from neuron-to-neuron or neuron-to-oligodendrocyte 

supported the hypothesis of oligodendrocytes involvement as a potential trigger of protein 

accumulation.126,139 Braak and colleagues demonstrated the involvement of dorsal motor and 

anterior olfactory nucleus in the early stage of PD, advancing the hypothesis that PD pathology 

might originate in the synapses of the peripheral nervous system (PNS), particularly from the enteric 

tract and subsequently spread in the CNS,140 a piece of evidence supported by the finding of 

pathological α-synuclein aggregates in the PNS of PD patients up to 20 years before diagnosis.141–143 

As is the case for PrPSc, it was shown that α-synuclein fibrils could also be transmitted by oral, 

intraperitoneal, intramuscular, and intravenous inoculation, leading to widespread α-synuclein 

pathology in the CNS of transgenic mice, enforcing the prion-like hypothesis.144 

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

A brief history 

In the attempt to better understand the mechanism of PrP conversion, in the mid '90s, Kocisko and 

colleagues successfully generated aggregated species of PrP in a cell-free assay. Based on the 

hypothesis of the ability of PrPSc to enroll and convert its physiological counterpart, an excess of 

PrPSc isolated from prion-infected hamsters was incubated with a 35S-labelled recombinant hamster 

PrPC. The subsequent demonstration of proteinase K (PK)-resistant labeled PrP proved the de novo 

formation of misfolded species.145 Then, following the fragmentation-nucleation hypothesis as the 
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mechanism of PrPc conversion and aggregates formation, cyclic sonication and incubation steps 

were added to the reaction to increase its efficacy; this assay was named Protein Misfolding Cyclic 

Amplification (PMCA).146 Although the assay was able to detect the presence of small amounts of 

PrPSc in the brain even in the pre-symptomatic phase,147 rendering this method essential for both 

research and diagnostic application, it had some limitations. The preservation of infectiveness of 

end-products and sensitivity to contaminants posed the question of the application in routine 

clinical practice and the research of new technical improvements to find a more reproducible and 

less time-consuming protocol (i.e. the assay required many sonication cycles and the presence of 

PK resistant PrPSc was assessed by Western Blot analysis).146,148 Later, Atarashi and co-workers 

improved the reproducibility compared to PMCA. They reduced the time required for additional 

aggregate formation by using bacterially expressed recombinant PrP as the reaction substrate 

(instead of brain homogenate) and an automated shaking, developing the first QuIC assay.149 In 

2010, combining the QuIC cyclic amplification with the real-time detection of the products by 

thioflavin T (ThT), introduced by Colby et colleagues,150 Wilham developed the currently used Real- 

Time Quaking-Induced Conversion, RT-QuIC, set-up151 (Figure 6). 

The ability to 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.152–158 
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Figure 6. Schematic illustration of the RT-QuIC assay. The RT-QuIC reaction phases may be summarized 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 2020.154 
 

The need for new early biomarkers for neurodegenerative diseases 

Since the development of prion RT-QuIC, based on the shared aggregation mechanism among the 

best-known proteins associated with neurodegeneration, including β-amyloid, tau, α-synuclein, and 

TDP-43, researchers attempted to expand the application of the assay to the early diagnosis of 

prion-like neurodegenerative disorders.159 

In neurodegenerative diseases, where post-mortem neuropathologic examination remains the gold 

standard for a definite diagnosis, the success of prion RT-QuIC has strongly suggested further 

developments of the assay and application to the full spectrum of neurodegenerative disorders. The 

potential diagnostic value of RT-QuIC is strengthened by the fact that current diagnostic criteria 

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

adequate follow-up of several years to identify the disorder accurately.160 Additionally, imaging, 

neuropsychological and neurophysiological examinations are often only supportive of the clinical 

findings, and currently used CSF biomarkers like total tau, 14-3-3, and neurofilament proteins, only 

reflect neuronal damage and, for this reason, do not describe a specific pathology but support the 

clinical picture.155,161 
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RT-QuIC assay across prion diseases 

Early diagnosis of CJD is challenging due to the wide clinical heterogeneity at disease onset, with large 

overlaps with that of other rapidly progressive dementias (RPDs), and the variable disease progression 

affecting survival times.162 Over the past 15-20 years, brain-derived CSF protein assays that serve as surrogate 

markers for neuronal damage and diffusion-weighted magnetic resonance imaging (DW-MRI) have provided 

the main support for clinical diagnosis, demonstrating, however, incomplete diagnostic accuracy with 

significant variability across disease subtypes.157 Additionally, in the absence of a post-mortem 

neuropathological examination, an unknown number of atypical prion cases skip recognition. The 

introduction of the RT-QuIC assay provided a reliable and robust tool to improve the early diagnosis of human 

prion diseases.11/02/2023 17:02:00 The so-called first-generation RT-QuIC (also termed PQ-CSF), which uses 

a recombinant full-length hamster prion protein (Ha23–231) as substrate, demonstrated a 73–100% 

sensitivity and, most significantly, a 98–100% specificity in CJD, a result validated by several laboratories.153– 

155,163–165 The assay showed good reproducibility in the interlaboratory setting and under various CSF storage 

conditions.166,167 Using a chimeric version of PrP or the Bank vole prion protein (BV23-230) rather than wild- 

type hamster PrP as substrate yielded similar diagnostic accuracy in both genetic and sporadic CJD.168–170 

Protocol modifications, particularly the use of the truncated form of hamster PrP (Ha90-231) as substrate, 

which resulted in second-generation RT-QuIC (also termed improved QuIC CSF, or IQ-CSF), allowed the 

experimental run time to be reduced to 1–2 days and lead to a further overall increase in the sensitivity at 

92-100% without affecting specificity.171 Two independent studies specifically compared the first and second- 

generation RT-QuIC in the same patient population, and both confirmed the higher sensitivity of the IQ-CSF 

compared to the first-generation assay.156,172 In summary, regardless of the type of protocol (Table 2), all 

studies conducted to date have demonstrated the remarkable added diagnostic value of prion RT-QuIC 

compared to surrogate biomarkers.157 

 

RT-QuIC assay across synucleinopathies 

Like prion diseases, synucleinopathies are also widely heterogeneous in clinical manifestation, 

response to therapy, and rate of progression, making early diagnosis difficult, which 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). Additionally, the 

recognition that two rare syndromes, pure autonomic failure (PAF) and isolated rapid eye 

movement (REM) sleep behavior disorder (iRBD), characterized by the early α-synuclein 

accumulation in the peripheral autonomic system and lower brainstem, represent prodromal 

syndromes of both MSA and LB-related disorders (LBD), has broadened the clinical spectrum of 
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synucleinopathies.173,174 Because of this heterogeneity, the clinicopathological rate of accordance in 

autopsy-verified cohorts remains partially inaccurate (i.e., 92.6% for PD, 81.6% for DLB, 62–78.8% 

for MSA).175–177 

Fairfoul and colleagues were the first to apply the RT-QuIC to the CSF of 20 clinically diagnosed PD 

and 12 neuropathologically confirmed DLB cases. This α-syn RT-QuIC showed a 100% specificity and 

92-95% sensitivity. Interestingly, three samples derived from patients affected by iRBD also gave a 

positive result, providing preliminary evidence that RT-QuIC may predict the future onset of 

synucleinopathy in patients affected by prodromal syndromes.178 Later, Soto’s group obtained 

similar results using an adopted version of the previously reported prion PMCA assay, obtaining a 

sensitivity of 88% and a specificity of 97%.179 

In recent years, many groups validated the application of α-Syn RT-QuIC for the diagnosis and 

discrimination of synucleinopathies. In particular, Rossi and colleagues applied the standard 

protocol developed by Caughey’s lab but using a wild-type recombinant α-synuclein substrate 

instead of the mutant form used by Groveman et al.180 to the largest cohort of CSF samples 

examined to date. They included 439 clinically well-characterized, or post-mortem verified patients 

with parkinsonism or dementia and, for the first time, a significant number of patients with iRBD 

and PAF. The RT-QuIC assay detected α-synuclein seeding activity across the entire spectrum of LBD 

investigated with an overall sensitivity of 95.3% and a 98% specificity.181 Despite the enormous 

success, the α-Syn RT-QuIC protocols still differ among the laboratories, with several assay variables 

remaining to explore. 

 
RT-QuIC biomatrices across prion diseases and synucleinopathies 

Currently, CSF is the matrix of choice for the prion and α-syn RT-QuIC. This is due to the high 

performance of the CSF assay, its accessibility as a fluid proximal to the brain, where protein 

aggregates predominantly accumulate, and the systematic collection of this biofluid in patients with 

RPDs for diagnostic purposes. 

However, despite the highly dominant tropism for the CNS, it is well-established that both PrPSc and 

α–synuclein aggregates can also accumulate in extra-neural tissues. Regarding prion diseases, the 

relatively low amount of PrPSc deposition in peripheral tissues requires the use of ultrasensitive 

techniques, like enhanced chemiluminescence,182–186 tissue precipitation with sodium 

phosphotungstic acid,183,187 or other concentration/purification protocols.182,185,186 Using these 

strategies, several groups detected PrPSc in the olfactory and retinal epithelium, cranial and 
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peripheral nerves, muscles, skin, and spleen of sCJD patients. The introduction of RT-QuIC opened 

the way for the application of the test to accessible peripheral tissues collected in vitam. In this 

perspective, different studies demonstrated the presence of PrPSc aggregates in several peripheral 

tissue homogenates like olfactory mucosa (OM),154,163,188 and skin punch biopsy.185 

Orrù et al. demonstrated positive RT-QuIC results on multiple eye components taken post-mortem, 

including the retina, optic nerve, extraocular muscle, choroid, lens, vitreous, and sclera of 11 sCJD 

patients.189 In addition to cranial nerves, prion seeding activity was demonstrated in peripheral 

nerves (sural, sciatic, femoral, and common peroneal) collected post-mortem from one gCJD-V210I 

and 11 sCJD individuals.186 Moreover, observation of prion seeding activity in the skin of scrapie- 

infected hamsters and transgenic mice before the appearance of clear clinical signs of infection 

suggests that skin punch biopsies could be relevant for preclinical diagnosis of human prion disease, 

particularly in subjects at genetic risk for the disease.190 

Following the successful application of PrP RT-QuIC on peripheral tissues, several groups used RT- 

QuIC to detect misfolded forms of α-synuclein in olfactory mucosa,191–193 skin,194,195 saliva,196 and 

gastrointestinal tract (GI).197 

However, in contrast to the high accuracy in prion disease, α-syn RT-QuIC using OM showed a 

suboptimal performance (65.5%-84% sensitivity and 84.4-85,7% specificity).191,198 Other biological 

samples, including post-mortem skin punches, were also examined with α-syn RT-QuIC. These 

studies have shown promising results for the use of skin punches as a relatively non-invasive 

biomarker for the detection of synucleinopathies.194,195 The application of RT-QuIC on easily 

obtainable biofluid and tissue specimens will be an important step in the development of robust 

diagnostic biomarker assays for various neurodegenerative disorders to further study disease 

progression, co-pathologies and potential treatments. 
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Ph.D. RESEARCH PROJECT 

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

application of prion and α-syn RT-QuIC. The purpose of this project was to compare the diagnostic 

performance of skin and CSF RT-QuIC to use skin biopsies as a less invasive and more reliable 

alternative biomatrix for both prion and α-syn RT-QuIC. The results were published in two recent 

publications that showed the higher sensitivity and specificity of skin RT-QuIC: 

• Mammana, Angela, et al. “Detection of prions in skin punch biopsies of Creutzfeldt-Jakob 

disease patients.” Annals of clinical and translational neurology vol. 7,4 (2020): 559-564. 

doi:10.1002/acn3.51000.199 

• Mammana, Angela, et al. “RT-QuIC Detection of Pathological α-Synuclein in Skin Punches of 

Patients with Lewy Body Disease.” Movement disorders: official journal of the Movement 

Disorder Society vol. 36,9 (2021): 2173-2177. doi:10.1002/mds.28651.200 

Another publication, “Misfolded α-synuclein assessment in skin and CSF by RT-QuIC in isolated REM 

sleep behavior disorder” in collaboration with Dr. Alex Iranzo from the Neurology Service, 

Multidisciplinary Sleep Unit, Hospital Clinic de Barcelona, IDIBAPS, CIBERNED, Barcelona, Spain, in 

which skin RT-QuIC was used to assess the presence of α-synuclein aggregates in skin biopsies in 

patients affected by iRBD, is under submission. 
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MATERIALS AND METHODS 

Mammana, Angela et al. “Detection of prions in skin punch biopsies of Creutzfeldt- 

Jakob disease patients.” 

 
CJD patients and controls 

Seventy-one punch biopsies from patients referred to the Laboratory of Neuropathology, Institute 

of Neurological Sciences of Bologna (ISNB), were analysed. The cohort included a series of 57 

patients with post-mortem neuropathological assessment (i.e., “neuropathological” [NP] cases) 

referred to our lab because of the clinical suspicions of CJD. Specifically, it includes 35 patients with 

definite CJD and 22 non-CJD patients with neurological disorders of different etiology. An additional 

cohort of 5 patients underwent in vitam skin biopsy, including 3 patients with clinical suspicions of 

sCJD (probable sCJD), 2 with a definite sCJD diagnosis and a control group of 15 patients who were 

investigated for small-fiber neuropathy (diabetic neuropathy [n = 3], idiopathic small fiber 

neuropathy [n = 4], pure autonomic failure [n = 1], Parkinson’s disease [n = 2], Alzheimer’s disease 

[n = 2], and Dementia with Lewy bodies [n = 3]). Forty-one patients from both cohorts underwent a 

diagnostic Lumbar puncture (LP) in vitam and had CSF available for the RT-QuIC, in addition to skin 

samples. They included 26 patients with a definite diagnosis of sCJD (23) or gCJD (3), 3 with a clinical 

diagnosis of CJD, 11 non-CJD, and 1 clinical control. Prion disease (n = 35) was diagnosed according 

to the to the current European criteria for CJD (https://www.cjd.ed.ac.uk). Molecular analysis of 

PRNP, PrPSc typing, subtype classification, and results of the diagnostic investigation are described 

in Table 2. 
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Table 2. Demographic features and results of diagnostic investigations in the tested patient cohort 
 

 
 

Final diagnosis 

 
 

n 

Mean, SD CSF Brain MRI EEG 

 
Age at 

onset, y 

Disease 

duration, 

mo 

14-3-3 proteina 

positive /tested 

(%) 

t-taub >1250 

pg/ml 

positive/tested 

(%) 

 
Positivec/ 

tested (%) 

 
PSWCs/ 

tested (%) 

Definite sCJD 29 70.8±10.8 8.2±9.3 19/23 (82.6) 23/24 (95.8) 20/25 (80.0) 
18/26 

(69.2) 

MM1 21 70.7±11.4 6.2±9.2 14/17 (82.4) 18/18 (100) 13/18 (72.2) 
16/19 

(84.2) 

VV2 3 70.0±14.5 8.9±4.8 1/1 (100) 1/1 (100) 3/3 (100) 1/3 (33.3) 

MV2K 2 72.5±7.8 10.3±7.3 2/2 (100) 2/2 (100) 2/2 (100) 0/2 (0.0) 

MM2C 3 70.7±8.1 20.5±8.9 2/3 (66.7) 2/3 (66.7) 2/2 (100) 1/2 (50.0) 

Probable sCJD 3 64.0±3.6 7.8±6.0 2/3 (66.7) 1/1 (100) 3/3 (100) 0/1 (0.0) 

MM 1 60.0 NAd 1/1 (100) 1/1 (100) 1/1 (100) 0/1 (0.0) 

MV 1 65.0 12.0 0/1 (0.0) 1/1 (100) 1/1 (100) 0/1 (0.0) 

VV 1 67.0 3.5 1/1 (100) 1/1 (100) 1/1 (100) 0/1 (0.0) 

Genetic CJD 3 70.0±8.9 5.7±6.9 3/3 (100) 3/3 (100) 2/2 (100) 1/3 (33.3) 

E200K-129M 2 65.0±2.8 8.1±7.9 2/2 (100) 2/2 (100) 2/2 (100) 1/2 (50.0) 

V210I-129M 1 80.0 1.1 1/1 (100) 1/1 (100) Na 0/1 (0.0) 

Non-CJD 37 67.8±10.9 25.2±49.7e 7/12 (58.3) 5/14 (35.7) 5/21 (23.8) 0/18 (0.0) 

aEvaluated semi-quantitatively by Western blotting as described.155 bMeasured quantitatively by ELISA as 

described.155 cAccording to the current European diagnostic criteria for CJD diagnosis.155 dThe patient is still 

alive. e Calculated in the patient group referred for suspected CJD. 

List of abbreviations: CSF, cerebrospinal fluid; MRI, magnetic resonance imaging; EEG, 

electroencephalography; PSWCs, periodic sharp-waves complexes; sCJD, sporadic Creutzfeldt-Jakob disease; 

FFI, fatal familial insomnia; Na, not available. 

 

Neuropathological examination 

Neuropathological examination was performed using standardized procedures according to the 

autopsy protocol of the Laboratory of Neuropathology at ISNB.155 Briefly, the brain was sagittally 

divided into the two hemispheres: the right half was sectioned coronally and then immediately 

frozen at − 80 °C in sealed plastic bags, while the left hemisphere was fixed in 10% buffered formalin 

and then serially sectioned in 1 cm slices, and regionally sampled in tissue blocks according to 

standardized procedures.201 Seven μm thick sections from each block were stained with 

hematoxylin-eosin for screening. Moreover, immunohistochemistry with antibodies specific for PrP 
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(3F4, dilution 1:400, Signet Labs), α-synuclein (LB509, dilution 1:100, Thermo Fisher Scientific, and 

KM51, dilution 1:500, Novocastra), hyperphosphorylated tau (AT8, dilution 1:100, Innogenetics), 

and Aβ (4G8, dilution 1:5000, Signet Labs) was performed to all cases using different brain regions, 

mainly following established consensus criteria.202–204 An experienced neuropathologist (Prof. Piero 

Parchi) formulated the final diagnosis, assigned the Braak stage of LB-related pathology,204 and 

classified each case according to the level of AD neuropathologic change (ABC score).162,203,205 

 
CSF collection and analyses 

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

Specimens were centrifuged in case of blood contamination, divided into aliquots, and stored in 

screw cap polypropylene microtubes at −80 °C, until analysis. 

Levels of t-tau, p-tau, Aβ42, and Aβ40 in CSF were measured by automated chemiluminescent 

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

of 14-3-3 protein was performed by Western Blot, as previously described.155 Brain diffusion 

weighted-MRI (DW-MRI) findings were considered positive when showing (either in DW or FLAIR 

sequences) a hyperintensity in the striatum or at least two cortical regions.206 

 

Skin biopsy procedure and sample preparation 

Skin tissues were collected in the cervical C7 paravertebral area (proximal site) and/or in the lateral 

surface of the thigh (~20 cm above the patella) (distal site).207 Ex vivo samples were collected at 

autopsy before opening the skull to avoid cross-contamination with brain tissue. In living patients, 

3-mm punch biopsies were taken after cleansing the skin with povidone and applying topical 

anaesthesia under lidocaine (20 mg/mL) and epinephrine (0.0125 mg/mL) using a sterile technique 

according to the European Federation of Neurological Societies and Peripheral Nerve Society 

guidelines.208 Skin samples consisted of 3-mm wide and 5-mm deep cylinders, which included the 

epidermis and dermis. No suture was required, and lesions were allowed to heal by granulation and 

re-epithelialization. 

Skin punches collected post-mortem and in living patients were frozen immediately at -80 °C after 

collection. 

Following thawing, samples were washed three times in PBS 1X to remove any impurities and 

contaminants such as traces of blood. Then, they were homogenized at 1% (w/v) with gentle-MACS 

Octo Dissociator (Miltenyi BioTec) in cold QuIC buffer containing 150 mmol/L NaCl, 4 mmol/L EDTA, 

1x PBS, and Complete Protease Inhibitor Mixture. The brain of a sCJDVV2 and an AD subject, used 
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as additional positive and negative controls, were homogenized at 10% by adding 1% Triton X-100 

at QuIC buffer. Skin homogenates were then centrifuged at 1000xg for 10 min at 4°C, and 

supernatants were stored at -80°C until use. 

 
Prion RT-QuIC 

Skin samples were analysed with RT-QuIC using two different substrates, namely full-length rec-PrP 

Syrian hamster (Ha23-231) and Bank vole (Bv23-230). The latter was produced in-house, while Ha23- 

231 was obtained by Dr. A. Green, University of Edinburgh. Both substrates were purified according 

to a previously published protocol.164,209 After thawing, supernatants were serially diluted in 1X PBS 

with 0.1% or 0.05% Sodium dodecyl sulfate (SDS) for Ha23-231 and Bv23-230, respectively, 

supplemented with N2 media [Gibco]. Two µL of 10-3 diluted samples were added to 98 µL of the 

reaction mix containing 10 mM phosphate buffer (pH 7.4), 130 mM NaCl, 0.1 mg/ml recombinant 

Ha23-231 or Bv23-230 prion protein, filtered with a 100-kDa MWCO filter (Amicon Centrifugal 

Filters, Merck Millipore, Burlington, Massachusetts, USA), 10 μM Thioflavin T (ThT), 1 mM 

ethylenediaminetetraacetic acid tetrasodium salt hydrate (EDTA) at pH 8.0 and loaded in 

quadruplicate in a black 96-well plate with a clear bottom (Nunc). All the reaction solutions were 

freshly prepared and filtered before use with 0.22 μm sterile filters. After sealing with a plate sealer 

film (Nalgene Nunc International), the plate was incubated at 42 °C in a FLUOstar OMEGA reader 

(BMG, Germany) over a period of 60 h with intermittent cycles of shaking (60 s, 700 rpm, double- 

orbital) and rest 60 s, as previously described.169,185 The fluorescence intensity of ThT-PrPSc 

aggregates, expressed as relative fluorescence units (RFU), was detected every 45 min with a gain 

of 2000 for Ha23-231, and of 1600 for Bv23-230. Sample was considered prion-positive if at least 

two out of four sample replicates gave a fluorescence signal higher than the threshold cut-off value. 

This threshold indicated the mean of RFU values of all negative samples at 60 h plus 5 or 20 standard 

deviations for Ha23-231 and Bv23-230, respectively. For the CSF RT-QuIC, 15 μl of each CSF sample 

was added to 85 μl of reaction mix in the 96-well microplates as described in Franceschini et al.156 

Briefly, samples were tested in quadruplicate together with positive (definite CJD) and negative 

(non-CJD) controls. The RT-QuIC reaction mix consisted of 10 mM phosphate buffer at pH 7.4, 300 

mM NaCl, 1 mM EDTA at pH 8.0, 10 μM ThT, 0.002% of SDS, and 0.1 mg/ml of Syrian hamster 

truncated form of prion protein (Ha90–231). After sealing, the plate was incubated in a FLUOstar 

OMEGA read at 55 °C and the fluorescence intensity of ThT-PrPSc aggregates was taken with a 

bottom read and a gain of 1000. A CSF sample was considered prion positive if at least two out of 



26  

four sample replicates gave a fluorescence signal higher than the threshold cut-off value. This 

threshold represents the mean RFU values of negative samples plus at least 10 standard deviations. 

For both biomatrices, samples were considered negative if none of the replicates surpassed the 

chosen cut-off. If only one of four replicates crossed the threshold, the test was considered 

ambiguous/unclear and repeated. The following parameters were used to quantitate the RT-QuIC 

output: the time taken to reach the threshold (lag phase) and the maximum fluorescence read (ThT 

max). 

 
Statistical analysis 

RT-QuIC relative fluorescence responses were analysed and plotted using Sigma Plot software 

(Systat Software Inc., Chigago, IL). The Mann–Whitney test was used to reveal differences between 

two groups; a P value <0.05 was considered statistically significant. Unless stated otherwise, data 

are expressed as mean ± standard error of the mean (SEM) 

 
Mammana, Angela, et al. “RT-QuIC Detection of Pathological α-Synuclein in Skin 

Punches of Patients with Lewy Body Disease.” 

 
LBD patients and controls 

A consecutive series of 49 neuropathologically verified cases submitted to the Neuropathology 

laboratory at ISNB between 2018 and 2020, was analysed; this included 47 patients with rapidly 

progressive neurological syndromes of different etiology, of which 7 had incidental LB pathology 

(Table 4), 1 patient with dementia with Lewy bodies (DLB) and 1 with Parkinson’s disease (PD). In 

addition to the above NP cohort, skin punch biopsies from 28 patients fulfilling the clinical diagnosis 

of probable or clinically established PD or probable DLB and an additional control group of 41 

patients affected by various neurological disorders, were analysed with α-Syn RT-QuIC assay. All 

patients with LBD were diagnosed according to Movement Disorder Society Clinical Diagnostic 

Criteria for PD and DLB Consortium Criteria. Seventy-nine patients belonging to both cohorts 

underwent a diagnostic LP in vitam; they included 18 patients with a clinical diagnosis of PD (7) or 

DLB (11), 1 with a post-mortem diagnosis of DLB, and 60 patients with various neurological 

disorders. 
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Table 3. Demographic features of the LBD studied cohort 
 

In vitam Post-mortem 

Variable DLB PD Controls DLB, PD 
Incidental 

LBD 
Non-LBD 

N 15 13 41 2 7 40 

Age at biopsy or death (years) 75.0±7.9 68.2±6.7 66.8±11.4 79, 67 74.6±8.3 71.0±8.7 

Time from onset to biopsy 
(years) 

 

3.9±2.8 
 

3.3±2.2 
 

- 
 

17.8, 17.0 
 

- 
 

- 

Years are expressed as mean ± standard deviation. List of abbreviations: DLB, dementia with Lewy bodies; iLBD, 

incidental Lewy body disease; PD, Parkinson’s disease 

 

Skin biopsy procedure and sample preparation 

The sampling protocol differed between the two cohorts. In the NP group, 3-mm punches were 

available for both cervical and thigh sites, except for 2 patients in whom only the cervical sample 

was collected. Samples collected in vitam were taken, with the same procedure used for the CJD 

patients, from a single site: the cervical region in 23 patients, the leg in 24, and the thigh in 22. 

In both groups, samples, after being washed three times in 1X PBS, were homogenized at 1% (w/v) 

in cold 1x PBS supplemented with Complete Protease Inhibitor Mixture (Roche, Basel, Switzerland), 

centrifuged at 1000xg for 10 min at 4°C and supernatants were stored at -80°C until use. A second 

3-mm punch, taken at the same time and from the same site as the first one, was available in 17 

(cervical), 21 (leg), and 18 (thigh) patients, respectively. 

Neuropathological studies and CSF collection were performed as described above. 
 
 

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. 

After thawing, 2 μl of homogenate skin samples at a final dilution of 10-2 (w/v) were added to a 98 

μl of reaction mix containing 40 mM PB, pH 8.0, 170 mM NaCl, 10 μM ThT, and 0.1 mg/ml of K23Q 

recombinant α-syn, produced in house, as described by Rossi et al, filtered using a 100 kDa MWCO 

filter (Amicon centrifugal filters, Merck Millipore). 

CSF samples were thawed and vortexed 10 s before use. Fifteen µL of CSF were added to 85 µL of 

the reaction mix containing 40 mM PB, pH 8.0, 170 mM NaCl, 10 μM ThT, 0.0015% SDS, and 

0.1 mg/ml of wild-type recombinant α-synuclein filtered using a 100 kDa MWCO filter (Amicon 

centrifugal filters, Merck Millipore). 



28  

For both skin and CSF RT-QuIC, the plate was sealed and 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. To overcome 

possible batch-to-batch variations of α-synuclein activity and intrinsic plate-to-plate experimental 

variability, relative fluorescent units 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 threshold set at 15% indicates the lowest value that ensures clear discrimination 

between positive and negative replicates. The value corresponds to the mean of the signal of 

negative controls plus approximately 10 SD. The threshold is calculated separately for each 96-well 

plate to also limit the possible inter-experimental variability related to the use of different plate 

readers.210 As positive controls, we used a skin sample from the patient with a definite post-mortem 

diagnosis of DLB included in the study, and a pool of CSF samples from a previous study, showing a 

complete 4/4 positive response. Samples giving a positive signal in a single replicate were classified 

as “unclear,” repeated up to three times, and finally considered negative unless giving a definite 

positive response. 

 
Statistical analysis 

RT-QuIC relative fluorescence responses were analysed and plotted using GraphPad Prism 8.4.0 for 

Windows. The Mann-Whitney test was used to reveal differences between two groups; the Fisher’s 

exact test was used to compare the proportion of 4/4 positive replicates between skin and CSF RT- 

QuIC outcomes; the unpaired Student T test was used to compare RT-QuIC quantitative values 

between two groups; p value <0.05 was considered statistically significant. Unless stated otherwise, 

data are expressed as mean with standard error of the mean (SEM). 

 
Alex Iranzo, Angela Mammana, at al. “Misfolded α-synuclein assessment in skin and 

CSF by RT-QuIC in isolated REM sleep behaviour disorder” 

 
iRBD patients and controls 

Participants were recruited at the Hospital Clinic de Barcelona (HCB), Spain, where they underwent 

skin punch biopsy and lumbar puncture procedures the same morning. The study was prospectively 

performed between May 2021 and June 2022. During this period, all consecutive individuals with 



29  

polysomnographycally confirmed iRBD who attended their scheduled visits at the sleep center of 

the HCB were invited to participate (n=134). Patients were asked to undergo extensive clinical 

assessment, neurological examination, and a series of tests and ancillary tools. Diagnosis of iRBD 

required chronic history of dream-enacting behaviors, video-polysomnographic confirmation of 

iRBD showing excessive electromyographic activity during REM sleep associated with abnormal 

behaviors, and absence of Parkinsonism, dementia, and coexistent neurodegenerative diseases. Of 

the 134 eligible iRBD patients, 91 agreed (Table 5) to participate, 33 declined, and 10 were excluded 

because of receiving anticoagulant therapy. A control group (n= 41) of healthy subjects plus 

individuals attending our sleep center who had sleep disorders not associated with the development 

of neurodegenerative disease (e.g., obstructive sleep apnea, insomnia), underwent simultaneous 

biopsy of the skin and LP the same day. In all controls, iRBD was excluded by clinical history and 

video-polysomnography showing REM sleep with muscle atonia. At the time of skin biopsy and 

lumbar puncture, controls had neither motor nor cognitive complaints, and their neurological 

examination was unremarkable. Exclusion criteria for all participants were disorders affecting the 

skin, coagulation abnormalities, use of anticoagulants, chemotherapy treatment, and allergy to 

lidocaine. For three patients (3.3%) and one control (2.4%), only skin biopsy was available because 

patients refused to undergo lumbar puncture. 
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Table 4. iRBD demographic founding 

  

iRBD (n=91) 

 

Age at IRBD diagnosis (y) 
 

66.1 ± 7.8 

Age at lumbar puncture (y) 69.6 ± 8.4 

Interval between IRBD diagnosis and lumbar 

puncture (y) 
3.5 ± 3.8 

Mean prodromal Parkinson disease probability 

at the time of lumbar puncture (%) 
79.5 ± 31.9 

Prodromal Parkinson disease probability ≥80% 

at the time of lumbar puncture, n (%) 
66 (72.5) 

Abnormal DAT-SPECT, n (%) 52 (57.1) 

MDS-UPDRS-III score, n 1.9 ± 2.5 

UPSIT-40 score, n 20.2 ± 7.1 

UPSIT-40 score <18, n (%) 39 (44.3) 

Depression, n (%) 34 (37.4) 

Constipation, n (%) 50 (55.6) 

Mild cognitive impairment, n (%) 12 (13.2) 

Data are presented as number, percentage, mean and standard deviation. 

List of abbreviations: IRBD= isolated rapid eye movement sleep behaviour disorder; DAT-SPECT= dopamine 

transporter imaging single photon emission computed tomography; MDS-UPDRS III= motor part of the 

Movement Disorders Society Unified Parkinson Disease Rating Scale; UPSIT= Spanish version of the 40 item 

University of Pennsylvania Smell Identification Test. 

 

Skin biopsy procedure and sample preparation 

Skin samples were collected, as previously described, from each side, right and left; specifically, four 

samples were collected from the posterior cervical paravertebral area (C7 and C8) and one from 

each leg. The C7 and C8 spinous processes were localized by manual palpation, and punches were 

performed on the left and right sides, 2.5-5 cm separated from the midline at each cervical level. 

The right and left leg biopsies were obtained 10 cm above the external malleolus. Each skin sample 

was placed in a different 1.5 mL tube and immediately frozen on dry ice. After 30 min of skin sample 

collection, the skin samples were stored at -80°C until they were shipped on dry ice to the ISNB. 

Once at ISNB, skin samples were washed three times in cold 1X PBS and homogenized at 1% (w/v) 
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with a gentleMACS Octo Dissociator (Miltenyi BioTec, Bergisch Gladbach, Germany) in cold 1X PBS 

supplemented with Complete Protease Inhibitor Mixture (Roche, Basel, Switzerland). Skin 

homogenates were then centrifuged at 1000xg for 10 min at 4°C, and supernatants were stored at 

-80°C until use. 
 
 

α-Syn RT-QuIC 

Both skin and CSF RT-QuIC were performed as the LBD cohort, as previously reported. Briefly, black 

96-well were pre-loaded with six 0.8 mm silica beads (OPS Diagnostics) per well. 

After thawing, 2 μl of homogenate skin samples at a final dilution of 10-2 (w/v) were added to a 98 

μl of reaction mix containing 40 mM PB, pH 8.0, 170 mM NaCl, 10 μM ThT, and 0.1 mg/ml of wild- 

type recombinant α-sunuclein, produced in house, as described by Rossi et al, filtered using a 

100 kDa MWCO filter (Amicon centrifugal filters, Merck Millipore). 

CSF samples were thawed and vortexed 10 s before use. Fifteen µL of CSF were added to 85 µL of 

the reaction mix containing 40 mM PB, pH 8.0, 170 mM NaCl, 10 μM ThT, 0.0015% SDS, and 

0.1 mg/ml of recombinant α-synuclein filtered using a 100 kDa MWCO filter (Amicon centrifugal 

filters, Merck Millipore,). 

For both skin and CSF RT-QuIC, the plate was sealed and 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. To overcome 

possible batch-to-batch variations of α-synuclein activity and intrinsic plate-to-plate experimental 

variability, relative fluorescent units for every time point were normalized for the maximum 

intensity reached by the positive control and expressed in percentage. 

To overcome the intrinsic plate-to-plate variability and batch-to-batch variations, we normalized the 

relative fluorescent units for every time point for the maximum fluorescence intensity of each 

experimental plate and expressed them as a percentage. Samples were run in quadruplicates and 

deemed positive if at least two of the four replicates gave a fluorescence signal higher than the 

chosen threshold cut-off value, that was set as the 30% of the median of the maximum values 

reached by the positive control replicates during the 30-hour run. 

 

Statistical analysis 

Data are reported as mean, standard deviation, number, and percentage. We calculated sensitivity, 

specificity, positive predictive value, negative predictive value, and diagnostic accuracy, including 

95% confidence intervals (CI), for the detection of α-synuclein in the skin and in the CSF by RT-QuIC 
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in patients with IRBD. In the skin, participants were categorized α-synuclein positive if at least one 

of the six skin samples were positive for α-synuclein by RT-QuIC. RT-QuIC fluorescence responses 

were analysed and plotted using GraphPad Prism 9.0 for Windows. Differences between groups 

were assessed using the χ² test and Fisher’s exact test for categorical variables, and Student’s t test 

and Mann-Whitney U test for continuous variables, as appropriate. We calculated the overall 

percentage agreement (the proportion of IRBD patients in whom the skin biopsy and the lumbar 

puncture gave the same positive or negative outcome for the presence of α-synuclein) between the 

skin biopsy and lumbar puncture results. All analyses were done with SPSS version 25.0 for Windows 

(SPSS, Inc., Chicago, IL). P values less than 0.05 were significant. 
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RESULTS 

 
Mammana, Angela et al. “Detection of prions in skin punch biopsies of Creutzfeldt- 

Jakob disease patients.” 

 

Sample preparation and optimization of experimental conditions for skin prion RT- 

QuIC 

In 2017, Orrù et colleagues detected for the first-time prion-seeding activity by RT-QuIC in post- 

mortem skin samples of 21 sCJD and 7 control patients with an overall sensitivity and specificity of 

100%.185 However, the protocol required a large punch biopsy (60 to 80 mg) and a time-consuming 

protocol for sample homogenization. In this perspective, we tried to adapt the protocol used for 

brain homogenate. Therefore, small pieces of skin punch (~25 mg) were homogenised at 1% in cold 

QuIC buffer (as described above), and after centrifugation, the supernatant was stored at -80°C. 

Based on the results obtained by Orrù et al., we decided to use the 10-3 dilution that gave the most 

effective reaction in terms of the distinction between positive and negative.185 

 
RT-QuIC assay: comparison between Ha23-231 and Bv23-230 recombinant prion 

protein 

To evaluate the accuracy of RT-QuIC for the detection of prion seeding activity across the spectrum 

of human prion diseases, we compared the performance of two different recombinant substrates: 

Ha23-231 and Bv23-230. Orrù et al. demonstrated that the use of Bv23-230 recombinant prion 

protein as RT-QuIC substrate allows discrimination of prion strains such as classical and atypical L- 

type bovine spongiform encephalopathy, classical and atypical Nor98 scrapie in sheep as well as 

sporadic and variant Creutzfeldt-Jakob disease in humans,169 as also demonstrated in skin 

samples.185 Then, we wanted to evaluate if the use of this substrate, compared to Ha23-230, 

determine a higher accuracy in detecting PrPsc seeds in the skin across CJD subtypes. Although both 

protocols, in the neuropathological cohort, showed a 100% specificity in distinguishing CJD from 

non-CJD cases, the Bv23-230 demonstrated an overall better sensitivity (88.2% VS. 61.8% for Ha23- 

231), specifically in the CJDMM1, the most common sCJD subtype (85.0% VS. 40.0% for Ha23-231) 

(Table 5). In contrast, we found no difference for sCJDVV2 and sCJDMV2K, which resulted in 100% 

sensitivity with both substrates. This result could be due to a higher prion seeding activity in these 

subtypes than in sCJDMM1. 
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Table 5. Results of the skin RT-QuIC assay in the neuropathological cohort using Ha23-231 or Bv 

23-230 rec-PrP as substrate. 
 

Neuropathological cohort 
Ha23-231 Bv23-230 

Cervical Thigh Cervical Thigh 

 Positive/tested (%) 

sCJD MM1 8/20 (40.0) 8/19 (42.1) 17/20 (85.0) 13/19 (68.4) 

sCJD MM2 2/3 (66.7) 2/3 (66.7) 2/3 (66.7) 2/3 (66.7) 

sCJD VV2 3/3 (100) 2/3 (66.7) 3/3 (100) 3/3 (100) 

sCJD MV2K 2/2 (100) 2/2 (100) 2/2 (100) 2/2 (100) 

gCJD: 

-E200K-129M 

-V210I-129M 

3/3 (100) 

2/2 (100) 

1/1 (100) 

2/3 (66.7) 

2/2 (100) 

0/1 (0.0) 

3/3 (100) 

2/2 (100) 

1/1 (100) 

3/3 (100) 

2/2 (100) 

1/1 (100) 

non-CJD 0/19 (0.0) 0/18 (0.0) 0/19 (0.0) 0/18 (0.0) 

  

Overall sensitivity 21/32 (65.6) 28/32 (87.5) 

Overall specificity 0/21 (100) 0/21 (100) 

sCJD: sporadic Creutzfeldt-Jakob disease; gCJD: genetic Creutzfeldt-Jakob disease 
 

 

Additionally, as previously showed for CSF, gCJD with E200K mutation showed a slightly earlier and 

a statistically significant higher signal response than those of sCJDMM1, using both substrates (Bv, 

ThT max: gCJD-E200K 82963 ± 9927 vs. sCJDMM1 53570 ± 4611, p<0.05; Ha, ThT max: gCJD-E200K 

238146 ± 4611 vs. sCJDMM1 9890 ± 11397, p=0.005 (Figure 7). 
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Figure 7. Comparison of skin RT-QuIC results in sCJDMM1 and gCJD- E200K using Ha23-231 and 

Bv23-230. The gCJD-E200K skin samples showed a significant higher ThT fluorescence response 

than that from sCJMM1 cases using both Ha23-231 and Bv23-230 as substrate. Traces represents 

the mean of the ThT fluorescence expressed in RFU ± SEM. 

 

Comparison of prion seeding activity detection in skin and CSF samples from the 

same patient 

CSF samples were available in 37 patients of the neuropathological cohort, which allowed us to 

compare the RT-QuIC results obtained with both CSF and skin; for the latter, we considered the 

results achieved using BV23-230 as substrate due to its higher sensibility compared with the Ha23- 

231. The results showed a very high concordance (34 of 37, 91.9%) (Table 6) between the positive 

and negative outcomes of the 2 assays. The 3 discordant cases are 2 sCJDMM1 e one sCJDMM2C 

case that showed a positive result in the CSF but not in the skin. 
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Table 6. Comparison of RT-QuIC sensitivity and specificity in skin and CSF 
of the same patient 

 

Neuropathological cohort 
Bv23-230 Ha90-231 

Skin overall CSF 

 Positive/tested (%) 

sCJD MM1 16/18 (88.9) 18/18 (100) 

sCJD MM2 1/2 (50) 2/2 (100) 

sCJD VV2 1/1 (100) 1/1 (100) 

sCJD MV2K 2/2 (100) 2/2 (100) 

gCJD: 

-E200K-129M 

-V210I-129M 

3/3 (100) 3/3 (100) 

2/2 (100) 2/2 (100) 

1/1 (100) 1/1 (100) 

non-CJD 0/21 (0.0) 0/11 (0.0) 

   

Overall sensitivity 23/26 (88.5) 26/26 (100) 

Overall specificity 0/21 (100) 0/11 (100) 

 
RT-QuIC detection of prion in skin punch biopsies taken in vivo 

After setting up skin RT-QuIC on a neuropathological cohort, we examined 5 patients who 

underwent in vivo skin biopsies of both cervical and thigh site. All samples gave a positive response 

in at least one of the two sites, using Bv23-230 substrate. In contrast, all non-CJD samples yielded a 

negative response, confirming the full specificity of the assay (Table 7). A positive fluorescence 

response was seen in four of five cervical samples, while one patient only showed positive result in 

the thigh. Only one of the four cases that were positive in the cervical site also gave a positive result 

in the thigh. Interestingly, ex vivo samples showed a significantly higher ThT max and a slightly 

shorter lag phase compared to the in vivo ones (ex vivo: 54861 ± 3440 vs. in vivo 33789 ± 7751, p< 

0.05) (Figure 8). The comparison of the RT-QuIC results of skin and CSF from the same patients, 

resulted in 100% concordance. 
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Table 7. RT-QuIC results of skin samples taken in vivo and CSF 
 

 

In vivo 
Ha23-231 Bv23-230 Ha90-231 

Cervical Thigh Cervical Thigh CSF 

 Positive/tested (%) 

sCJD MM ½ (50.0) 0/2 (0) 2/2 (100) 0/2 (0) 2/2 (100) 

sCJD MV 2/2 (100) 1/2 (50.0) 2/2 (100) 1/2 (50.0) 2/2 (100) 

sCJD VV 0/1 (0) 1/1 (100) 0/1 (0) 1/1 (100) 1/1 (100) 

non-CJD 0/10 (0) 0/12 (0) 0/10 (0) 0/12 (0) 0/6 (0.0) 

    

Overall sensitivity 4/5 (80.0) 5/5 (100) 5/5 (100) 

Overall specificity 0/12 (100) 0/12 (100) 0/1 (100) 

 

 

Figure 8. Comparison of kinetic curves of prion seeding activity of ex vivo and in 

vivo skin samples. Ex vivo skin samples (n=32) showed a significant higher 

fluorescence response and a slightly earlier lag phase then in vivo sample (n=5). 

Traces represents the mean of the ThT fluorescence expressed in RFU ± SEM. 

 
Interestingly, two subjects underwent both in vivo and ex vivo punch biopsies; specifically, a 

sCJDMM1 patient who underwent in vivo skin biopsy one month from the clinical onset, gave a 

positive response in 3 out 4 wells in the cervical and a negative outcome in the thigh. The 

corresponding ex vivo samples, taken 34 months later, gave full positivity in both areas with a 

significantly higher fluorescence response (ex vivo 113441 ± 15971 vs. in vivo 49810 ±146144) and 

a shorter lag phase (ex vivo cervical 17.4 h vs. in vivo cervical 24.1 h) than the cervical skin samples 

taken in vivo (Figure 9 A). A sCJDMV2K patient underwent an in vivo skin biopsy 11.5 months from 
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the clinical onset and gave a partial positive response (3/4 wells) limited to the cervical area. The ex 

vivo sample, collected 1 month later, yielded an entirely positive outcome in both sites with a 

shorter lag phase in the cervical area (ex vivo 12.0 h vs. in vivo 19.6 h) but a similar maximum ThT 

response (Figure 9 B). 

 
 
 

Figure 9. Comparison of RT-QuIC results of in vivo and ex vivo skin samples from the same patients. A) In a sCJDMM1 

case, both cervical and thigh ex vivo skin samples showed an earlier lag phase and a higher fluorescence response than the 

only in vivo skin sample tested positive. B) In a sCJDMV2K case, both the ex vivo skin samples and the in vivo skin specimen 

from the cervical site tested positive with similar maximum ThT response, but different lag phase. Traces represents the 

mean of the ThT fluorescence expressed in RFU ± SEM. 

 

Mammana, Angela et al. “RT-QuIC Detection of Pathological α-Synuclein in Skin 

Punches of Patients with Lewy Body Disease” 

 
Optimization of experimental conditions for skin α-Syn RT-QuIC 

After the optimization of skin biopsy homogenization protocol in the previous study, we decided to use the 

same procedure, except for using PBS 1X as buffer, as this was the solution used for homogenization of brain 

samples for α-synuclein RT-QuIC.180 Then, to evaluate the best condition for skin α-syn RT-QuIC, we 

tested various dilutions (w/v) of skin homogenates (from 10-2 to 10-4). We used cervical samples 

from the postmortem cohort, including 4 LBD patients (1 PD, 1 DLB, and 2 incidental LBD) and 4 non- 

LBD controls. As shown in Figure 10, in all LBD samples tested, only the 10-2 dilution amplified the 

fluorescence signal consistently, providing the most effective reaction to distinguish positive from 

negative results. We, therefore, used this dilution to analyze all our samples. 
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Figure 10. RT-QuIC endpoint dilution analysis of LBD and non-LBD skin homogenates from cervical 

samples. Serial dilutions (10-2, 10-3, and 10-4) of skin homogenates from 2 definite LBD (top), 2 

incidental LBD (middle), and 4 non-LBD patients (bottom) were tested. Each curve represents the 

average of the 4 replicates run for each sample. 

 

RT-QuIC analysis of post-mortem skin punches for the detection of synuclein 

seeding activity 

Among the 9 cervical samples from patients with neuropathologically confirmed LB pathology, 8 

showed a 4/4 positive response (sensitivity, 88.9%), including one patient who only had focal LB 

pathology (Braak LB stage 1). In contrast, all but one of the non-LBD cervical samples yielded a 

negative response (specificity, 97.5%). Among the 8 patients who tested positive in the cervical site, 

7 were also analyzed in the thigh, and 6 of 7 gave a positive response with fewer positive replicates 

in some cases (Figure 11, Table 8). DLB and PD patients, however, gave a full 4/4 positive response 

in both sites. Furthermore, all 39 non-LBD thigh samples were negative (Table 9). 
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Table 8. Neuropathological features and results of the α-syn RT-QuIC of the definite and incidental LBD 
group 

 
List of cases 

 
Sex 

 
AAD 

Primary NP 
diagnosis 

 
Secondary NP diagnosis 

Braak 
stage 

RT-QuIC resultb 

Cervical Thigh 

 
Case #1 

 
F 

 
79 

 
DLB 

 
AD (intermediate) 

 
6 

 
4/4 

 
4/4 

 
Case #2 

 
M 

 
67 

 
PD 

 
AD (mild) 

 
5 

 
4/4 

 
4/4 

 

Case #3 
 

M 
 

76 
 

DLB 
 

AD (mild), CAA 
 

4 
 

4/4 
 

2/4 

 

Case #4a 
 

M 
 

76 
 

sCJD MM1 +2C 
 

ILB pathology, AGD 
 

3 
 

4/4 
 

3/4 

 

Case #5 
 

F 
 

82 
 

AD (intermediate) 
ILB pathology, hippocampal 
sclerosis, LATE-NC, ARTAG 

 

1 
 

3/4 
 

3/4 

 
Case #6a 

 
F 

 
64 

 
sCJD MM1 + 2C 

 
ILB pathology 

 
3 

 
4/4 

 
0/4 

 
Case #7a 

 
F 

 
62 

 
sCJD MM1 

 
ILB pathology 

 
3 

 
4/4 

 
2/4 

 

Case #8 
 

F 
 

82 
Primary CNS 
lymphoma 

 

ILB pathology, PART 
 

4 
 

4/4 
 

NA 

 
Case #9 

 
F 

 
80 

Cerebral ischemic 
stroke 

Subcortical vascular 
encephalopathy, ADc 

(intermediate), ILB pathology 

 
3 

 
0/4 

 
0/4 

NP, neuropathologic; LB, Lewy bodies; RT-QuIC, real-time quaking-induced conversion; DLB, dementia with Lewy bodies; 

AD, Alzheimer’s disease; PD, Parkinson’s disease; VaE, Vascular Encephalopathy; CAA, cerebral amyloid angiopathy; ILB, 

incidental Lewy body; sCJD, sporadic Creutzfeldt-Jakob disease; AGD, argyrophilic grain disease; LATE-NC, Limbic- 

predominant age-related TDP-43 encephalopathy neuropathological change; ARTAG, aging-related tau astrogliopathy; 

CNS, central nervous system; PART, primary age-related tauopathy. asCJD subtypes were defined in accordance with 

Parchi et al.202 bNumber of positive replicates out of total tested replicates. cThe severity of AD neuropathologic change 

was assessed according to Montine et al. 2012.203 
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Figure 11. Kinetic curves of α-Syn seeding activity measured by RT-QuIC. 

Comparison among cervical and thigh skin homogenate seeding activity of 

neuropathologically confirmed LBD (n = 2 for both sites) and incidental LBD (cervical, 

n = 7; thigh, n = 6) and non-LBD (cervical, n = 40; thigh, n = 39) samples. Each curve 

represents the average of the analyzed group/site. 

 

In addition, there was no significant difference in ThT max (Figure 12 A) and lag phase (Figure 12 B) 

between samples from the 2 examined sites. 

 
 
 
 

 

Figure 12. Analysis of kinetic parameters variations among cervical and thigh of 

ex vivo skin samples. Imax (A) and Lag phase (B) were investigated. No statistically 

significant differences were found between the two sites. 
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RT-QuIC analysis of in vitam skin biopsies for the detection of α-synuclein seeding 

activity 

We subsequently evaluated the diagnostic value of skin RT-QuIC in a cohort of patients who 

underwent skin biopsy in vitam. Twenty-five of the 28 patients with probable LBD showed positive 

seeding activity (sensitivity, 89.3%), whereas 39 of 41 non-LBD tested negative (specificity, 95.1%; 

Table 9, Figure 13). Of the three skin samples of the LBD group tested RT-QuIC negative, two came 

from the thigh, and the third from the leg. 

 
Table 9. Results of skin and CSF α-syn RT-QuIC 

 In vitam Post-mortem 

 
DLB PD Controls DLB, PD iLBD Non-LBD 

RT-QuIC positive/tested (%) 

CSF 11/11 (100) 7/7 (100) 0/27 (0) 1/1 (100) 3/4 (75.0) 0/30 (0) 

Skin Cervical 4/4 (100) 4/4 (100) 1/15 (6.7) 2/2 (100) 3/4 (75.0) 1/40 (2.5) 

Skin Thigh 7/7 (100) 2/4 (50.0) 1/11 (9.1) 2/2 (100) 4/6 (66.7) 0/39 (0) 

Skin Leg 4/4 (100) 4/5 (80.0) 0/15 (0) - - - 

 

 
Skin Overall* 

15/15 (100) 10/13 (76.9) 
 

2/2 (100) 6/7 (83.3) 
 

25/28 (89.3) 2/41 (4.9) 8/9 (88.9) 1/40 (2.5) 

*Patients examined postmortem were considered positive when at least 1 of the 2 sites showed α-synuclein seeding 

activity. 

CSF, cerebrospinal fluid; DLB, dementia with Lewy bodies; iLBD, incidental Lewy body disease; PD, Parkinson’s disease; 

RT-QuIC, real-time quaking-induced conversion. 



43  

 

100 
 

80 
 

60 
 

40 
 

20 
 

0 

0 10 20 30 

Time (h) 

Figure 13. RT-QuIC detection of α-synuclein seeding activity in skin homogenates 

from the in vitam cohort patients. Each curve depicts the average of quadruplicates 

run for each LBD patient (PD, n = 13: DLB, n = 15). Non-LBD patients (n = 41) are 

represented as the average of the group. 

 

There was no significant difference in the kinetics of the fluorescence response between PD and 

DLB patients (Figure 14). 

 
 
 
 

 

Figure 14. Analysis of kinetic parameters variations among PD and DLB cases. Imax (A) and 
Lag phase (B) were investigated. No statistically significant differences were found between 
the two sites. 

 

The availability of a second punch for most of patients (26 LBD and 30 non-LBD controls), gave us 

the opportunity to validate the efficiency of the skin RT-QuIC assay. Results of skin RT-QuIC on the 
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second biopsy showed a 98.2% concordance with the first analysis in the positive/negative 

outcomes, including the negative results in 2 LBD patients not showing α-syn seeding activity in the 

first assay. Additionally, all LBD samples initially showing a positive reaction confirmed the result in 

the second assay. Interestingly, all but 2 positive samples gave a complete 4/4 response in both 

biopsies. Exceptions included 2 samples with 3/4 positive replicates, which in the second analysis 

gave 2/4 and 4/4. In the probable DLB group, only 1 biopsy from the thigh site showed a positive 

response (4/4) in the first analysis but no seeding activity in the second one. 

 
Comparison of α-Synuclein seeding activity detection in skin and CSF samples 

from the same patient 

CSF samples of 79 patients were available in addition to skin biopsies from both neuropathological 

and clinical cohorts. Therefore, we were able to compare the RT-QuIC results obtained using both 

biomatrices (Table 9). The results showed a very high concordance (76 of 79, 96.2%) between the 2 

assays. The 3 discordant cases comprised 1 control from the in vitam cohort who was CSF negative 

but skin positive and 2 LBD patients from the postmortem cohort showing an inverse 

positive/negative discordance (1 skin positive but CSF negative and 1 skin negative but CSF positive). 

Additionally, we found no significant differences in the percentage of full (4/4) positive responses 

between the skin and CSF positive samples in both the postmortem (P = 0.24) and the in vitam (P > 

0.99) cohorts. 

 
Alex Iranzo, Angela Mammana, et al. “Misfolded α-synuclein assessment in skin and 

CSF by RT-QuIC in isolated REM sleep behaviour disorder” 

 

RT-QuIC analysis of skin biopsies for the detection of synuclein seeding activity in 

iRBD patients 

Since we had already validated the skin homogenization and dilution protocol for α-syn RT-QuIC in 

the previous work, we decided to also use the same protocol to detect the presence of α-synuclein 

aggregates in skin biopsies of patients with iRBD by RT-QuIC. 

Skin biopsies from the 6 different sites were available for all 91 RBD patients. Skin α-syn RT-QuIC 

was positive in 70 of 91 patients and in 1 over the 41 controls resulting in a sensibility of 76.9% and 

specificity of 97.6%. The kinetics and overall results of skin α-syn RT-QuIC of patients and controls 

are shown in Figure 15 A-B. 



45  

 
 

Figure 15. Kinetics of α-syn RT-QuIC reactions in the skin of IRBD patients. Mean normalized fluorescence emission 

for each skin site in IRBD patients (A) and controls (B). RFU= relative fluorescence units. Bars indicating the standard 

error of the mean were omitted to improve the readability. (C) Distribution in the number of RT-QuIC positive 

replicates among skin sites. We attributed an RT-QuIC score based on the number of positive wells and compared 

the score distribution among skin sites. D) Distribution of the LAG score across skin sites. Both leg sites showed a 

shorter LAG time than cervical sites, but only the difference between left C8 and left leg was significant (*p≤0.05). 

The RT-QuIC and LAG scores are plotted as mean ± standard deviation. The vertical pipes indicate individual values. 

The red and blue lines in (C) and (D) indicate the skin site from the left and right sides, respectively. Panels (C) and 

(D) include only data from IRBD patients. 
 
 

The analysis of all 6 sites highlighted the presence of differences in RT-QuIC response; specifically, 

of the 70 patients with a positive RT-QuIC result, left C7 was positive in 78.6% of the patients, right 

C7 in 78.6%, left C8 in 88.6%, right C8 in 75.7%, left distal leg in 90.0%, and right distal leg in 80.0%. 

However, most patients had α-synuclein seeding activity at multiple skin sites. Indeed, in 48.5% of 

the patients, α-synuclein was identified in all six sites, and 83% had at least four positive sites (Table 

10). Two 3 sites combinations (left leg + right leg + left C7 and left leg + right leg + left C8) detected 

100% α-synuclein skin positivity in the 70 α-synuclein positive patients. The number of patients with 

positivity in the cervical area were like those with positivity in the lower extremities (74.7% versus 

75.8%; p=0.86). The cervical levels C7 and C8 (67.0% versus 72.5%; p=0.42) as well as the left and 

right sides, did not show any differences (72.5% vs 73.6%; p=0.87). The latter results were obtained 

after pooling the results from the C7, C8, and leg sites. Regarding the number of positive replicates, 

most positive skin samples gave a 4 of 4 response irrespectively to the site (Figure 15 C, Table 10). 

There were no significant differences in the kinetics of the fluorescence response measured by the 
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LAG time among most skin sites. The left leg site showed a significantly lower mean LAG time than 

the left C8 site as the only exception (p=0.02) (Figure 15 

Table 10. α-synuclein RT-QuIC results in skin and cerebrospinal fluid of patients and controls 
 

Skin α-syn RT-QuIC single 
site results 

Positive / tested (%) 
Positive replicates (%) LAG time 

(mean ± SD) 4/4 3/4 2/4 

C7 left side 55/91 (60.4) 90.9 5.5 3.6 19.4 ± 2.9 

C7 right side 55/91 (60.4) 89.9 5.5 5.5 19.8 ± 3.5 

C8 left side 62/91 (68.1) 90.3 9.7 0 20.0 ± 3.3 

C8 right side 53/91 (58.2) 88.7 3.8 7.5 19.5 ± 3.6 

Leg left side 63/91 (69.2) 87.3 9.5 3.2 18.4 ± 3.4 

Leg right side 56/91 (61.5) 85.7 7.1 7.1 18.4 ± 3.0 

CSF AS RT-QuIC results 66/88 (75.0) 65.2 25.8 9.0 19.2 ± 3.0 
    

Skin α-syn RT-QuIC 
combined site results 

 
+ Best third site Positive / tested (%) 

Left C7 + Left leg 68/91 (74.7) + Right leg 70/91 (76.9) 

Left C7 + Right leg 65/91 (71.4) + Left leg 70/91 (76.9) 

Left C8 + Right leg 65/91 (71.4) + Left leg 70/91 (76.9) 

Left leg + Right leg 69/91 (75.8) + Left C7 70/91 (76.9) 
 

Positive skin sites per 
subject, n/n 

6/6 5/6 4/6 3/6 2/6 1/6 0/6 

IRBD total (n=91), % 37.3 19.8 7.7 3.3 5.5 3.3 23.1 

α-syn RT-QuIC positive 
IRBD (n=70), % 

48.5 25.7 10.0 4.3 7.2 4.3 - 

Controls (n=41), % 2.4 - - - - - 97.6 

 

Comparison of α-Synuclein seeding activity detection in skin and CSF samples 

from the same patient 

Then we compared the efficiency RT-QuIC to identify the presence of α-synuclein aggregates in the 

skin and CSF. 

In the CSF, RT-QuIC was α-synuclein positive in 66 (75.0%) of 88 patients and in one (2.5%) of 40 

controls, giving a sensitivity of 75.0% (95% CI 64.6–83.6), specificity of 97.5% (95% CI 86.8–99.9) and 

accuracy of 82.0% (95% CI 74.3–88.3). A comparison of the RT-QuIC kinetics curves between skin 

and CSF positive samples is shown in Figure 16 A. 

128 participants (88 patients plus 40 controls) underwent both procedures. Among the 88 patients, 

67 (52.3%) were α-synuclein positive in both skin and CSF, one (0.8%) was positive in the skin but 

negative in CSF, and none (0%) was negative in the skin but positive in CSF. Among the 40 controls, 
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only one (2.5%) was α-syn RT-QuIC positive in both skin and CSF. In these 128 participants, the 

overall agreement between α-syn RT-QuIC result in the skin and CSF was 99.2%. In the 88 iRBD 

patients, the agreement was 98.9%. In controls, the agreement was 100%. In the overall cohort, CSF 

had a significantly higher percentage of positive RT-QuIC reactions (75%) than individual skin sites 

(left C7 60.4%, p=0.04; right C7 60.4%, p=0.04; left C8 68.1%, p=0.31; right C8 58.2%, p=0.02; left 

distal leg 69.2%, p=0.39; right distal leg 61.5%, p=0.05) (Table 10). The skin samples, however, 

showed a higher prevalence of 4 of 4 positive replicates than the CSF samples (Table 10), suggesting 

that the apparent discrepancy could be caused by an uneven distribution of α-Synuclein aggregates. 

We calculated an RT-QuIC score that accounts for both the number of positive replicates in positive 

samples and the number of negative samples in each individual who tested positive by RT-QuIC 

(Figure 16 B). Applying this score, we found no difference between skin and CSF, a result in line with 

the similar LAG time detected in CSF and skin samples (Figure 16 B). 

Patients were contacted one week after LP and skin biopsy to assess adverse effects. No severe or 

moderate adverse effects were reported. One hundred and ten (83.3%) participants stated that they 

would accept to undergo again another skin biopsy in the future, and 103 (80.5%) would accept to 

undergo again another lumbar puncture in the future. 



48  

 
 

Figure 16. Comparison of α-synuclein seeding activity in skin and CSF of iRBD patients. A) Comparison of α-syn RT-QuIC 

kinetics of fluorescence emission between skin (mean of all positive sites) and CSF. RFU= relative fluorescence units. Bars 

indicating the standard error of the mean were omitted to improve the readability. B) Comparison of the number of 

positive replicates (RT-QuIC score, left) and LAG times (LAG score, right) between the skin (mean of all positive sites) and 

CSF. Only participants with CSF and at least one RT-QuIC positive skin site were evaluated (n=87). The RT-QuIC and LAG 

scores are plotted as mean ± standard deviation. The vertical pipes indicate individual values. 
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DISCUSSION AND CONCLUSIONS 

In recent years, the setup of RT-QuIC and other seeding amyloid assays (SAA) provided a critical 

advance in the diagnostic accuracy of Creutzfeldt-Jakob disease,156,164,209 and later also for other 

prion-like disorders, including PD and DLB.178,180,181 

CSF is the matrix of choice for RT-QuIC due to its high performance and accessibility as a fluid 

proximal to the brain, where protein aggregates predominantly accumulate. Additionally, CSF is 

routinely collected in patients with RPD for diagnostic purposes. However, the established presence 

of PrPSc 182–184 and α–synuclein207,211 aggregates in peripheral tissues prompted the investigation of 

their potential use as an alternative to CSF for the diagnosis of both prion diseases and LBD. Along 

this line, we focused our interest on the use of skin punch biopsy as a potential biomatrix for RT- 

QuIC. 

In 2017, Orrù and colleagues detected for the first time PrPSc aggregates in post-mortem skin punch 

biopsies by RT-QuIC with an overall sensibility and specificity of 100%.185 Given the availability at 

the Laboratory of Neuropathology at ISNB of several skin punches from neuropathologically 

confirmed CJD patients and non-CJD and an established protocol for prion RT-QuIC, we decided to 

test our samples and compare the results of skin RT-QuIC with the CSF analysis. First, we tried to 

improve the method of sample preparation using a limited amount of tissue and the least time- 

consuming protocol. Then, we compared the efficiency of two different substrates to detect PrPSc 

aggregates by RT-QuIC: Ha23-231 and Bv23-230. In a neuropathologically confirmed cohort of 32 

CJD and 21 non-CJD patients, we obtained a 100% specificity with both substrates and a higher 

sensitivity of Bv23-230 compared to the Ha23-231 PrP recombinant substrate (87.5% vs. 65.6%, 

respectively). 

Interestingly, the lower performance of the PrP Ha substrate with samples from the MM1 sCJD 

subtype is consistent with previous findings of our group, demonstrating a lower PrPSc seeding 

activity in peripheral tissues in the M1 CJD strain compared with the V2 strain.186 

Consequently, we speculated that a higher PrPSc deposition characterizes the skin of sCJDVV2 and 

sCJDMV2K patients, compared to the MM1, since also the Ha23-230 could detect PrPSc seeding 

activity in all these cases. Then, since 41 patients underwent both skin biopsy and LP, we could 

compare the performance of skin and CSF prion RT-QuIC. The results showed high concordance 

between the two protocols (38/41, 92.7%). This agreement was also demonstrated in a small cohort 

of patients who underwent skin biopsy in vitam since both assays identified PrPSc seeding activity in 

all the 5 patients analyzed and in none of the controls. Interestingly, of 2 of these patients, we had 
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both the in vitam and the ex vivo skin punch biopsies. The results from these samples, which showed 

a limited positive response in the cervical taken in vitam, as well as in the CSF, and a completely 

positive response in both the cervical and thigh in the ex vivo samples, suggest that prion seeding 

activity in the skin increases over time with disease progression. 

The shared prion-like mechanism of protein aggregates formation and spread between prion 

protein and alpha-synuclein led some groups to adapt the RT-QuIC protocol for analyzing alpha- 

synuclein seeding activity.178,210 Indeed, in recent years, many studies successfully demonstrated 

the promising use of α–syn RT-QuIC in diagnosing all LB-related synucleinopathies.180,181 The 

presence of α–synuclein aggregates in the skin of patients affected by LBD is well known, and it was 

mainly demonstrated by immunohistochemical studies.207 After the optimization of α–syn RT-QuIC, 

two different groups also demonstrated the presence of α–synuclein seeding activity in a 

neuropathologically confirmed population195 and a small cohort of living patients affected by 

Parkinson’s disease.194 Following this evidence, we used the α–syn RT-QuIC protocol used in our lab 

and a house-made K23Q as the substrate to evaluate the efficiency of the assay to detect α– 

synuclein seeds in skin punches from patients with PD, DLB, and incidental LB pathology. Skin α–syn 

RT-QuIC showed a sensibility of 88.9% in the neuropathologically confirmed LBD patients and a 

97.5% specificity. Interestingly, this study showed an earlier negative response in more diluted 

samples of 7 patients with incidental LBD pathology and a relatively low Braak stage205 compared to 

PD and DLB samples, suggesting a lower α–synuclein seeding activity reflecting the focal CNS LB 

pathology in these samples. 

Then, we investigated a clinical cohort of LBD patients who underwent a skin biopsy in vitam. In this 

cohort, α–syn RT-QuIC demonstrated a sensitivity of 89.3 % and specificity of 95.1 % (95% CI, 83.9%- 

97.6%). The availability of only one punch per patient limited the comparison between different skin 

sites. However, the higher sensitivity obtained in the cervical samples, the finding that all 3 RT-QuIC 

negative patients with clinical PD were analyzed in distal locations (thigh or leg), and the detection 

of a trend toward higher fluorescence reactivity in cervical samples favor the cervical area as the 

most suitable site for skin RT-QuIC. 

As in the previous work,199 we directly compare the performance of skin and CSF α–syn RT-QuIC. 

The two protocols showed a high agreement in sensitivity and specificity (76 of 79, 96.2%), 

confirming skin use as an alternative to CSF for the RT-QuIC assay. The slight difference between 

the two protocols can be mainly attributable to the small number of samples available for this sub 

analysis. 
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Different groups demonstrated the ability of RT-QuIC to detect α–synuclein seeding activity in 

patients’ CSF in the prodromal phase of the synucleinopathies, including iRBD.181,212 Then, in 

collaboration with Dr. Iranzo, we evaluated the efficiency of RT-QuIC in detecting α-synuclein 

seeding activity in the skin of a cohort of 91 iRBD patients. Among the 91 iRBD tested, RT-QuIC 

showed a sensibility of 76.9% and specificity of 97.6% in the 41 controls. Six sites were analyzed 

from each patient, and 100% skin α-synuclein positivity was detected by combining only three sites 

(both distal legs plus left C7 or C8). Our results also suggested no difference between the proximal 

and distal sites and the right and left sides. Despite this evidence, multicentre studies with larger 

cohorts are required to identify the more suitable anatomical site for iRBD patients. For 88 patients, 

both skin and CSF were available. We found that RT-QuIC identified α-synuclein with similar high 

sensitivity and accuracy in the skin as in the CSF, with an agreement of 99% between the two 

protocols. These promising results suggested that α-syn RT-QuIC in either CSF or skin is a highly 

sensitive and specific biomarker of the prodromal stage of the synucleinopathies that coud be used 

for patient stratification in future neuroprotective trials in iRBD. However, because our α-syn RT- 

QuIC protocol cannot detect α-synuclein aggregates in MSA, some iRBD patients who will develop 

MSA may not be included. 

Along with skin RT-QuIC, many groups try to adapt the prion and α-syn RT-QuIC assays to other 

accessible peripheral tissues.163,189,191,192,196–198 The olfactory mucosa has attracted particular 

attention because the procedure of nasal brushing is easy and less aggressive than the lumbar 

puncture and skin biopsy and does not require anesthesia. Additionally, it can be obtained in 

individuals taking anticoagulants. Regarding prion diseases, RT-QuIC of olfactory mucosa showed a 

high sensitivity ranging from 95% to 100% and a 100% specificity, demonstrating the high diagnostic 

performance of this test.154,163 

Several studies investigated the presence of α-synuclein seeding activity in DLB and iRBD patients. 

In DLB, the sensitivity of the assay ranged from 55% to 84 %, and the specificity was around 

90%.191,192,198,213 In one study in iRBD, sensitivity to detect α-synuclein in the olfactory mucosa was 

44%, and specificity was 90%.214 

Based on these results, skin RT-QuIC has comparable accuracy to prion RT-QuIC on olfactory mucosa 

and higher diagnostic value for both DLB and iRBD populations. 

In conclusion, our studies indicate that skin is a promising biomatrix for the early detection of 

misfolded proteins by RT-QuIC in neurodegenerative diseases, with a diagnostic value comparable 

to CSF RT-QuIC. A skin biopsy may be preferable to a lumbar puncture because it is a minimally 
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invasive technique associated with minor discomfort and complications; the procedure is quick, 

easy to perform, well tolerated, inexpensive, and requires no sutures. However, further studies are 

needed to confirm these findings, establish a shared protocol for skin sample preparation, and 

define the most suitable skin site for RT-QuIC analysis. 
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