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The real-time quaking-induced conversion (RT-QuIC) assay has been developed and
used as an in vitro diagnostic tool for Parkinson’s disease (PD). In this study, we
established α-Syn RT-QuIC using recombinant human α-Syn as the substrate. All 5
brain homogenates of neuropathological PD cases and 13 skin homogenates of clinical
PD cases showed positive results, whereas all the samples of negative controls remain
negative. Meantime, randomly selected 6 skin samples of PD cases and 6 skin samples
of sCJD cases showed negative in opposite prion RT-QuIC and α-Syn RT-QuIC. Our
α-Syn RT-QuIC showed dose-dependent manner between the lag times and peak ThT
fluorescent values. Additionally, the detecting limitation was about 10−7 dilution for brain
tissues and 10−6 for skins. Those data indicate a reliable specificity and good sensitivity
of the established α-Syn RT-QuIC in identifying and amplifying the misfolded α-Syn in
brain and skin tissues of patients with PD.

Keywords: RT-QuIC, Parkinson’s disease (PD), prion disease (PrD), α-synuclein, PrPsc

INTRODUCTION

Chronic neurodegenerative diseases are a group of neurological diseases due to loss of
neurons and/or their myelin sheaths, usually affecting elder people with long clinical
course but irreversible disease progression. Neurodegenerative diseases include Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington disease (HD), amyotrophic lateral
sclerosis (ALS), and prion disease (PrD), etc. Although the etiologies of various
neurodegenerative diseases are different, aggregates of amyloidogenic proteins in the lesions
of central nerve system (CNS) are the common neuropathological features, which are

Abbreviations: PD, Parkinson’s disease; α-Syn, α-synuclein; CNS, central nerve system; RT-QuIC, real-time quaking-
induced conversion; FFI, fatal familial insomnia, gCJD, genetic Creutzfeldt–Jakob disease; sCJD, sporadic CJD; PrD, prion
disease; AD, Alzheimer’s disease; HD, Huntington’s disease; ALS, amyotrophic lateral sclerosis; PrPC, prion protein; PrPSc,
scrapie isoform of PrP; CSF, cerebrospinal fluid; OM, olfactory mucosa; DLB, Lewy bodies; MSA, multiple system atrophy.
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considered as the valuable disease-specific diagnostic biomarkers
(Ross and Poirier, 2004; Blennow and Zetterberg, 2018;
Steinacker et al., 2019; Compta and Revesz, 2021).

The process of conformational conversion and aggregation of
α-Syn in PD is thought like that of PrPSc in PrD, undergoing
prion-like pathology (Mehra et al., 2019; Cazzaniga et al., 2020).
Traditionally, the diagnosis of PD is mostly based on the clinical
signs, and the definitely confirmed PD relies only upon the
identification of substantia nigral α-Syn post-mortem (Dickson,
2018). Immunoassays for α-Syn, both total and phosphorylated,
in cerebrospinal fluid (CSF) and other peripheral tissues of PD
and DLB have been widely evaluated for diagnostic purpose,
but with wide variations (Gelpi et al., 2014; Donadio et al.,
2017a; Eusebi et al., 2017; Kalia, 2019). More recently, a real-
time quaking-induced conversion (RT-QuIC) using recombinant
α-Syn as substrate has been developed and applied in detecting
miniscule quantities of abnormal α-Syn in various tissues and
body fluids of α-synucleinopathy, particularly in skin specimen,
revealing a promising diagnostic value (Fairfoul et al., 2016;
Bargar et al., 2021; Donadio et al., 2021; Kuzkina et al., 2021;
Mammana et al., 2021; Rossi et al., 2021).

In this study, the α-Syn RT-QuIC assay was established and
validated with brain and skin samples of Chinese patients with
PD. The specificity and sensitivity of the established α-Syn RT-
QuIC were also evaluated with the brain and skin specimens
of the patients of other neurological diseases, e.g., neuroglioma,
sporadic Creutzfeldt–Jakob disease (sCJD), and other genetic
prion diseases. The reactivities of skin samples of patients with
PD and sCJD were also cross-evaluated with opposite prion RT-
QuIC and α-Syn RT-QuIC. Our results reveal reliable specificity
and good sensitivity of the α-Syn RT-QuIC in distinguishing
patients with PD and sCJD experimentally.

MATERIALS AND METHODS

Patient Samples
The post-mortem brain samples from the 4 patients of
neuropathologically confirmed PD and one of the patients had
corresponding skin samples were kindly supplied by the National
Prion Disease Pathology Surveillance Center (NPDPSC), Case
Western Reserve University School of Medicine, Cleveland, OH,
United States. The skin biopsy samples from 12 Chinese patients
with PD were obtained from the Department of Neurology, The
First Affinitive Hospital, Guizhou Medical University. A number
of one post-mortem brain sample and the biopsy skin sample
from a patient with neuropathologically confirmed PD were
obtained from the Department of Neurology, Beijing Tiantan
Hospital, Capital Medical University. Some clinical information
of the enrolled patients with PD is shown in Table 1. Patients
underwent a detailed clinical research assessment based on
the Movement Disorder Society Clinical Diagnostic Criteria
for PD (Postuma et al., 2015). Exclusion criteria included
oral anticoagulant use, wound healing disorders, or allergic
reactions to local anesthetics. Participants were selected during
their diagnostic workup or therapy. All patient samples were
obtained in accordance with the regulations of the relevant local
institutions, and patients and their family members obtained

TABLE 1 | Clinical and demographic data of the recruited patients with PD.

PD cases Gender Age (Year) Disease
duration (Year)

Post-mortem
(Y/N)

Skin samples Case 1 Female 57 10 N

Case 2 Male 54 7 N

Case 3 Female 75 9 N

Case 4 Female 66 11 N

Case 5 Female 62 12 N

Case 6 Male 57 10 N

Case 7 Female 67 13 N

Case 8 Female 68 8 N

Case 9 Male 57 12 N

Case 10 Male 64 11 N

Case 11 Male 74 9 N

Case 12 Male 67 12 N

Case 13 Female 68 7 N

written consent. All samples were stored in the tissue bank of the
Center of Chinese CJD Surveillance System, China CDC.

Brain and Skin Homogenate Preparation
Brain homogenates (BH, 10% w/v) were prepared by
homogenizing the cortical brain tissues in lysis buffer (10 mM
Tris, 10 mM EDTA, 0.5 M EDTA, 10 mM NaCl, 0.5% NP-40,
0.5% sodium deoxycholate) with 0.5 mm zirconium oxide
beads with shaking for 1 min at maximum speed. According
to the previously described protocols (Donadio et al., 2018;
Donadio, 2019), roughly 3 mm × 3-mm to 5 mm × 5-mm
punch scalp biopsy (approximately 30–100 mg each in weight)
including epidermis and dermis layers was taken by skin sampler
at the edge of the left retroauricular incision. Skin samples
were immediately fixed in cold Zamboni fixative and kept at
4◦C overnight. Skin tissues were cut into small pieces after
washed in 1 × Tris-buffered saline (TBS) for three times. Skin
homogenates (10% w/v) were prepared according to the protocol
described elsewhere (Xiao et al., 2021). Briefly, the skin pieces
were incubated with lysis buffer [TBST containing 2 mmol of
calcium chloride and 0.25% (w/v) collagenase A] in a constant
temperature water bath at 37◦C for 4 h. About 0.5-mm zirconium
oxide beads were added and shaken at maximum speed for 1 min.
After centrifuged at 2,000 g for 10 min, the supernatants were
collected and stored at –80◦C for further usages.

Real-Time Quaking-Induced Conversion
Protocol
Prion RT-QuIC assays were conducted as described previously
(Xiao et al., 2018, 2019; Wang et al., 2019). α-Syn RT-
QuIC reactions were performed in black 96-well plates with
a clear bottom (Nalgene Nunc International) according to the
published documents with slight modification (Donadio et al.,
2021; Mammana et al., 2021). Recombinant αSyn (r-αSyn) was
purchased commercially (rPeptide). A total of 6 glass beads
(1 mm in diameter, BioSpec Products) were preloaded in per
well. About 2 µl of 10% brain or skin homogenates was mixed
with 98 µl of the reaction solution containing 0.1 mg/ml r-
αSyn, 40 mM phosphate buffer (pH 8.0), 10 µM ThT, 170 mM
NaCl, and 0.00125% SDS in final concentration. After sealed
with a clear sealing film (ThermoFisher), the plate was placed
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FIGURE 1 | α-Syn RT-QuIC spectra of serially diluted brain homogenates of neuropathological confirmed PD and non-α-synucleinopathy cases. (A) Individual 5
cases of PD. (B) Summarized spectra non-α-synucleinopathy cases, including a normal person, 8 cases of neuroglioma, 3 cases of FFI, and 1 G114V gCJD. The
dilutions are indicated on the top. Y-axis represents rfu (ThT value). X-axis represents the time (h) post-reaction. Each reaction consists of 3–4 duplicates.

into BMG FLUOstar Omega plate reader. The working condition
was temperature, 42◦C; vibration speed, 400 rpm double
orbital; vibration/incubation time, 60/60 s; reaction time, 80–
140. ThT fluorescence (excitation wavelength, 450 nm; emission

TABLE 2 | The results of the brain samples in per well at the different dilutions
from patients with PD and non-α-synucleinopathies cases.

Diagnosis No. Dilution Final result

10−2 10−3 10−4

PD Case 1 +/+/− +/+/− +/+/+/+ +

Case 2 +/+/ ±/−/− +/+/− +

Case 3 +/+/+/+ +/+/+/+ −/−/−/− +

Case 4 +/+/+/+ +/+/± ±/−/− +

Case 5 +/+/+ +/+/+ +/+/+ +

Healthy Case 1 −/−/− −/−/− −/−/− –

Glioma Case 1 −/−/+ −/−/− −/−/− –

Case 2 −/−/− −/−/− −/−/− –

Case 3 −/−/− −/−/− −/−/− –

Case 4 −/−/− −/−/− −/−/− –

Case 5 −/−/− −/−/− −/−/− –

Case 6 −/−/− −/−/− −/−/− –

Case 7 −/−/− −/−/− −/−/− –

Case 8 −/−/− −/−/− −/−/− –

FFI Case 1 −/−/− −/−/− −/−/− –

Case 2 −/−/− −/−/− −/−/− –

Case 3 −/−/− −/−/− −/−/− –

G114V gCJD Case 1 −/−/− −/−/− −/−/− –

wavelength, 480 nm) each reaction was automatically measured
every 45 min and expressed as relative fluorescence unit (rfu).
The cutoff value was set as the mean value of the negative controls
plus 10 times the standard deviation. A sample was considered
as positive when ≥ 2 wells out of 3 and 4 wells showed positive
reaction curves. RT-QuIC was repeated for the sample with only
1 well positive.

Statistical Analysis
The lag times and the peak fluorescence values were analyzed and
plotted by the software GraphPad Prism.

RESULTS

Validation of α-Syn Real-Time
Quaking-Induced Conversion Assay With
the Brain Samples of
Neuropathologically Confirmed
Parkinson’s Disease Cases
To validate the specificity and sensitivity of the established
α-Syn RT-QuIC assay, the stored brain samples from 5
neuropathologically confirmed patients with PD, together with
those from a healthy person died in a car accident, 8 cases
of neuroglioma, 3 cases of fatal familial insomnia (FFI), and
1 G114V genetic CJD (gCJD), were recruited into this study.
After prepared brain homogenates, 10−2, 10−3, and 10−4 diluted
preparations of each sample were prepared, respectively. All
5 samples from PD cases were positive in α-Syn RT-QuIC
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TABLE 3 | The results of the skin samples in per well at the different dilutions from
patients with PD and sCJD.

Diagnosis No. Sampling site Dilution Final result

10−3 10−4 10−5

PD Case 1 scalp +/+/+ +/+/+ +/+/+ +

Case 2 scalp +/+/+ +/+/+ +/+/+ +

Case 3 scalp +/+/+ +/+/+ +/+/+ +

Case 4 scalp +/+/+ +/+/+ +/+/+ +

Case 5 scalp −/−/− −/−/− −/+/+ +

Case 6 scalp +/± +/+/+ +/+/+ +

Case 7 scalp −/−/− ±/− +/+/+ +

Case 8 scalp +/+/+ +/+/+ +/+/+ +

Case 9 scalp +/+/+ +/+/+ +/+/+ +

Case 10 scalp +/+/+ +/+/+ +/+/+ +

Case 11 scalp −/−/− +/+/+ +/+/+ +

Case 12 scalp +/+/+ +/+/+ +/+/+ +

Case 13 scalp +/+/+ +/+/+ +/+/+ +

sCJD Case 1 abdomen −/−/− −/−/− −/−/− −

Case 2 lateral upper arm −/−/− −/−/− −/−/− −

Case 3 neck shoulder junction −/−/− −/−/− −/−/− −

Case 4 medial upper arm −/−/− −/−/− −/−/− −

Case 5 medial upper arm −/−/− −/−/− −/−/− −

Case 6 Inner thighs −/−/− −/−/− −/−/− −

Case 7 posterior neck −/−/− −/−/− −/−/− −

Case 8 medial upper arm −/−/− −/−/− −/−/− −

Case 9 behind ear −/−/− −/−/− −/−/− −

Case 10 abdomen −/−/− −/−/− −/−/− −

Case 11 neck −/−/− −/−/− −/−/− −

Case 12 medial upper arm −/−/− −/−/− −/−/− −

Case 13 neck −/−/− −/−/− −/−/− −

Case 14 medial upper arm −/−/− −/−/− −/−/− −

Case 15 abdomen −/−/− −/−/− −/−/− −

(Figure 1A). Further analysis of the reactivity in different
dilutions revealed all (5/5) positive in 10−2 dilution, 4/5 positive
in 10−3, and 3/5 positive in 10−4 dilution (Table 2). Contrarily,
all 13 brain samples of non-α-synucleinopathies cases, including
a normal person, 8 neuroglioma cases, 3 FFI cases, and 1
G114V gCJD case, were negative in α-Syn RT-QuIC (Figure 1B
and Table 2). Notably, the sample from a patient with glioma
showed a weak positive reaction in one well of three repeats at
10−3 dilution, in which the fluorescence value was higher but
close to the threshold value. Repeating tests of the sample from
this case did not elicit the positive reaction in all three wells.
According to the judgment criteria, this case was considered
as negative. Those data indicate that positive α-Syn RT-QuIC
reactions can be elicited by the brain tissues of patients with PD
with reliable specificity.

Validation of α-Syn Real-Time
Quaking-Induced Conversion With the
Biopsy Skin Samples of Parkinson’s
Disease and Sporadic CJD Cases
To evaluate the potential of the established α-Syn RT-QuIC in
the usage for biopsy skin samples of patients with PD, the biopsy
skin samples from 13 clinically diagnosed patients with PD and

15 patients with probable sCJD were collected. The sampling
sites of all tested skin specimens of patients with PD were scalp,
whereas that of sCJD cases were various, including from head,
trunk, and limbs (Table 3). All 15 skin samples of sCJD cases were
verified to be positive in prion RT-QuIC previously. There were
no significant differences in detection results between samples
from different parts of the sCJD cases (Xiao et al., 2021). About
10−3, 10−4, and 10−5 diluted skin homogenates were separately
prepared. Positive α-Syn RT-QuIC was considered in all skin
samples of 13 PD cases (Figure 2A and Table 3). All 15 sCJD
cases still maintained negative after 140 h of reaction (Figure 2B
and Table 3). Calculation of the positive numbers in different
dilutions showed 10 in 10−3, 11 in 10−4, and 13 in 10−5 (Table 3).
A total of seven skin specimens displayed the similar RT-QuIC
reactive curves in all three dilutions, which started to increase in
3–5 h post-reaction, reached to detecting limitation of ThT value
(rfu 260,000) rapidly, and dropped down in some wells 80–120 h
afterward. Others had relatively long lag times and low ThT peaks.
A total of two cases (Cases 5 and 7) showed negative in 10−3 and
10−4 dilutions but positive in 10−5 dilution, whereas one case
(Case 11) was negative in 10−3 but positive in 10−4 and 10−5.
Repeat α-Syn RT-QuIC tests of these three cases illustrated the
same results (Figure 2A).

The average lag times of positive conversion and the peak
values of RFU of 13 tested samples in each dilution were
individually calculated. For lag time (Figure 2C), among 10
positive samples in the dilution of 10−3, 8 were less than 50 h,
and 2 were in the range of 51–100 h. Among 11 positive reactions
in the dilution of 10−4, 9 were less than 50 h, 1 was in the
range of 51–100 h, and 1 was long than 100 h post-reaction.
Among 13 positive samples in the dilution of 10−5, 8 were less
than 50 h, 4 was in the range of 51–100 h, and 1 was long than
100 h post-reaction. The average lag time of 10−5 preparation was
slightly shorter than that of 10−4 and 10−3 dilutions, but without
statistical difference. For peaks of rfu (Figure 2D), 9 were over
200,000 rfu, 1 was close to 100,000 rfu in the group of 10−3, 9
were over 200,000 rfu, 1 was in the range of 50,000–100,000 rfu,
and 1 was less than 50,000 rfu in that of 10−4, whereas 11 were
over 200,000 rfu and 2 were in the range of 50,000–100,000 rfu.
Although the average peak rfu value of the positive reactions
in the group of 10−5 was higher than the group of 10−4 and
10−3, statistical analysis of rfu values did not reveal the difference
between three groups.

Evaluation of the Reactivities of the Skin
Samples of Parkinson’s Disease and
Sporadic CJD Cases in the Opposite
Real-Time Quaking-Induced Conversion
Assays
To further evaluate the specificities of the established α-Syn
RT-QuIC and prion RT-QuIC methods, the skin samples of
six patients with PD showing positive in α-Syn RT-QuIC were
randomly selected and subjected into prion RT-QuIC assay,
whereas those of six sCJD cases showing positive in prion RT-
QuIC were employed into α-Syn RT-QuIC test. The tests were
conducted with 10−4 diluted skin homogenates. Under our
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FIGURE 2 | α-Syn RT-QuIC of serially diluted skin homogenates of 13 clinical diagnosed patients with PD and 15 sCJD cases. (A) α-Syn RT-QuIC spectra of
individual patients with PD. Y-axis represents rfu (ThT value). X-axis represents the time (h) post-reaction. Each reaction consists of 3 duplicates. (B) Summarized
α-Syn RT-QuIC spectra of patients with sCJD. Each reaction consisted of 3 duplicates. (C) The lag times of three dilutions of the skin specimens of 13 PD cases.
Maximal reaction time (140 h) is indicated with red dot line in the graph. (D) The peak rfu values of three dilutions of the skin specimens of 13 PD cases. Maximal
detecting limitation of ThT value is indicated with red dot line in the graph. Ns means there is no statistical difference.
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TABLE 4 | The reactivities of the skin samples (10−4 diluted) from six PD cases
and six sCJD cases in α-syn RT-QuIC and prion RT-QuIC assays.

Diagnosis No. α-syn RT-QuIC prion RT-QuIC

PD Case 1 + –

Case 2 + –

Case 3 + –

Case 4 + –

Case 5 + –

Case 6 + –

sCJD Case 1 – +

Case 2 – +

Case 3 – +

Case 4 – +

Case 5 – +

Case 6 – +

experimental condition, none of the six PD samples showed
positive in prion RT-QuIC, whereas none of the six sCJD samples
produced positive reaction in α-Syn RT-QuIC (Table 4). This
result indicates good specificities of the established α-Syn RT-
QuIC and prion RT-QuIC in recognizing and amplifying the
respective target agents.

Evaluation of Detecting Limitation of
α-Syn Real-Time Quaking-Induced
Conversion in Skin and Brain Samples of
Two Parkinson’s Disease Cases
To evaluate the detecting limitations of α-Syn RT-QuIC in
the skin and brain samples, the brain and skin homogenates
from two PD cases were serially diluted from 10−3 to 10−8

and subjected into α-Syn RT-QuIC with three duplicated wells.
Positive reactivities were noted in the dilutions from 10−3 to
10−7 in skin specimens and in that from 10−3 to 10−6 in
brain ones of Case 1 (Figure 3A), whereas positive reactivities
were recorded in the dilutions from 10−3 to 10−6 in both skin
and brain preparations of Case 2 (Figure 3B). Furthermore,
the average lag time and the peak rfu value of each sample
were calculated separately. Both lag time (Figure 3C) and
the peak rfu (Figure 3D) showed the dose-dependent manner
that along with the dilutions of the tested samples, the lag
times increased and the peak rfu values decreased. The seeding
capacities of brain samples in α-Syn RT-QuIC under the current
experimental conditions looked slightly stronger than that of
skin samples in some preparations, e.g., 10−3, 10−4, and 10−6,
whereas those of Case 1 seemed to be stronger than Case 2,
but without statistical difference. These results highlight that the
detecting limitations of the established α-Syn RT-QuIC in the
skin and brain samples of PD cases range between 10−6 and
10−7 dilutions.

DISCUSSION

Real-time quaking-induced conversion technique, by inducing
conversion of recombinant target proteins via intermittent
shaking, has been widely evaluated and applied in the diagnosis

of some neurodegenerative diseases, such as PrD and PD (Wu
et al., 2021). In this study, we have validated the potential of the
established α-Syn RT-QuIC on identification and amplification of
trace amount of abnormal α-Syn in the brain and skin specimens
of patients with PD. Good sensitivity and reliable specificity of
the α-Syn RT-QuIC have been achieved based on a testing panel
consisting of post-mortem brain samples of 5 PD cases and
biopsy skin samples of 13 PD cases, together with dozens of brain
and skin specimens of neuroglioma, sCJD, FFI, and gCJD cases.

Although case numbers in this study are relatively limited
that makes us hesitant to address the diagnostic accuracy of
the established α-Syn RT-QuIC, positive in all 5 brain and
13 skin samples of PD and negative in all controls of other
diseases propose a significant potential in the future usage.
Higher diagnostic accuracies (over 90%) of α-Syn RT-QuIC for
α-synucleinopathy have been reported in some previous studies
with relatively large case numbers (Bargar et al., 2021; Donadio
et al., 2021; Kuzkina et al., 2021; Mammana et al., 2021). High
accuracies of PD diagnosis are obtained not only from skin tissues
but also from many other CNS and peripheral tissues, such as
brains, CSF, salivary gland, and colon (Bargar et al., 2021). As
an easily obtained biopsy specimen, RT-QuIC of skin tissues has
already showed more accessibility in the diagnosis of PD and PrD
(Wang et al., 2019; Bargar et al., 2021; Wu et al., 2021; Xiao et al.,
2021). Moreover, Manne et al. (2020) have reported the usage
of α-Syn RT-QuIC with formalin-fixed paraffin-embedded skin
sections of PD cases with 75% of sensitivity and 83% of specificity,
highlighting a much wide usage.

Some studies of skin prion RT-QuIC have revealed a variation
in seeding activity based on the sampling sites. The skin
specimens from ears and back of prion infected experimental
rodents showed slightly higher seeding activities than that from
limbs (Wang et al., 2019). The skins near the ear of sCJD
cases also elicited relatively strong seeding activities compared
to that from low back and skull apex (Orrú et al., 2017).
However, other studies including ours seem not to figure
out significant association between skin sampling location and
prion seeding activity (Mammana et al., 2020; Xiao et al.,
2021). An α-Syn RT-QuIC assay with small case numbers
shows limitedly strong seeding activity of the skin sample from
cervical area than that of thigh, without significance in the
kinetics of positive replicates (Mammana et al., 2021). Another
study with the skin samples of cervical, lower back, thigh,
and lower leg reveals similar amplifying kinetics in α-Syn RT-
QuIC (Kuzkina et al., 2021). Additionally, immunofluorescent
assays demonstrate more frequent depositions of misfolded
α-Syn in proximate (100% in the cervical C7 site) compared to
distal (35% in the thoracic T12 region) skin areas of patients
with PD (Donadio et al., 2014, 2017b; Doppler et al., 2014).
Whether such difference affects the reactivity of α-Syn RT-
QuIC in Chinese patients with α-synucleinopathy needs large
number size tests.

It is reasonable to believe that misfolded α-Syn deposits mostly
in CNS tissues of patients with PD. Analysis of two PD cases
with the paired brain and skin specimens in this study shows
slightly stronger but insignificant α-Syn seeding activity of brain
samples than skin ones. One study demonstrates that the seeding
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FIGURE 3 | α-Syn RT-QuIC of serially diluted brain and scalp skin homogenates of two neuropathologically confirmed PD cases. (A) α-Syn RT-QuIC spectra of
Case 1. (B) α-Syn RT-QuIC spectra of Case 2. The dilutions are indicated on the top. Y-axis represents rfu (ThT value). X-axis represents the time (h) post-reaction.
Each reaction consists of 3 duplicates. (C) The lag times of serially diluted (from 10−3 to 10−8) paired brain and skin specimens of two PD cases. Maximal reaction
time (140 h) is indicated with red dot line in the graph. (D) The peak rfu values of serially diluted (from 10−3 to 10−8) paired brain and skin specimens of two PD
cases. Maximal detecting limitation of ThT value is indicated with red dot line in the graph.
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activity of skin samples (SD50/mg: 5 × 104) in α-Syn RT-QuIC
is lower than that of brains (SD50/mg: 2.8 × 106) (Bargar et al.,
2021). However, such difference between brain and skin tissues
of patients with PD in seeding activity in α-Syn RT-QuIC seems
to be much less compared to that of PrD cases in prion RT-QuIC.
In scrapie 263K-infected hamsters, the seeding activity of brains
in prion RT-QuIC is about 104-folds higher that of skins, whereas
in the sCJDMM1-infected Tg40h mice, the seeding activity of
brains is also> 104-folds higher that of skins (Wang et al., 2019).
Study on the sCJD also identifies approximately 10−3 to 10−5-
folds lower seeding activity of skin samples compared to that of
brains (Orrú et al., 2017). Our studies also demonstrate sufficient
RT-QuIC seeding activities of the brains and CSFs of FFI, a
rare genetic PrD (gPrD) with D178N/M129M genotype in PRNP
usually containing much less PrPSc in the brain tissues, whereas
the skin samples of FFI cases fail to elicit positive reactivity
(Xiao et al., 2019, 2020, 2021). Unlike the wide distributions of
misfolded α-Syn in skin tissues of patients with PD, PrPSc is
extremely rarely detectable in skins of the patients with sCJD and
gPrD, as well as in the prion-infected rodents, although markedly
weak PrPSc signal is observable in the skin samples of a sCJD case
and a variant CJD (vCJD) in US after undergone a complicate
approach of enrichment (Orrú et al., 2017). Such distributing
difference of the abnormally misfolded proteins in CNS and other
peripheral tissues between PD and PrD may partially explain the
difference in their RT-QuIC seeding activities.

Under our experimental condition, higher diluted (10−5) skin
samples of PD cases seem to induce more positive reactions in
α-Syn RT-QuIC than lower diluted (10−3 and 10−4) ones. Higher
concentration of samples but lower capacity in the aggregation
of α-Syn may reflect that some unidentified components in the
tested samples are not conducive to the nucleation and growth of
α-Syn aggregates (Bellomo et al., 2021). Less seeding activity of
larger quantity of CSF of sCJD cases is also observed in prion RT-
QuIC (Xiao et al., 2018). The presence of unknown inhibitor(s) in
the tested samples, particularly in the relatively high concentrated
sample, is probably associated with such phenomenon. We have
also noticed that some samples display positive reactive curves
with long lag phase, even 100 h post-reaction. We recommend
repetition of tests for those cases to avoid of false positive.
Meanwhile, the diagnostic values of those cases should be
carefully evaluated together with the data of clinical and other
examinations. Based on our preliminary results, we suggest that
skin α-Syn RT-QuIC is conducted in the condition of at least
two dilutions (10−4 and 10−5) with 3–4 duplicating wells and

the reaction time of 120 h for future application. The diagnostic
significance of the established α-Syn RT-QuIC of biopsy skin
specimens for Chinese patients of α-synucleinopathy still needs
large-scale clinical trials.

DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the National Institute
for Viral Disease Control and Prevention, China CDC, under
the protocol of 2009ZX10004-101 and by the Institutional
Review Boards (IRB) of the University Hospital Cleveland
Medical Center Written informed consent was obtained from
family members for skin autopsy through the NPDPSC. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

D-DC contributed to study design, performed the experiments,
and prepared the manuscript. LJ and YH assisted with collecting
and organizing clinical cases. KX, L-PG, and CC assisted with
the preparation of experimental materials and statistical analysis.
QS contributed to the study design and collect clinical cases.
X-PD and QS contributed to the design, study concept, and
final manuscript preparation. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the National Key R&D Program
of China (2020YFE0205700), Chinese National Natural Science
Foundation (Grant No. 81630062), and State Key Laboratory for
Infectious Disease Prevention and Control, China CDC (Grant
Nos. 2019SKLID501, 2019SKLID603, and 2019SKLID307).

REFERENCES
Bargar, C., Wang, W., Gunzler, S. A., LeFevre, A., Wang, Z., Lerner,

A. J., et al. (2021). Streamlined alpha-synuclein RT-QuIC assay for
various biospecimens in Parkinson’s disease and dementia with Lewy
bodies. Acta Neuropathol. Commun. 9:62. doi: 10.1186/s40478-021-01
175-w

Bellomo, G., Paciotti, S., Gatticchi, L., Rizzo, D., Paoletti, F. P., Fragai, M., et al.
(2021). Seed amplification assays for diagnosing synucleinopathies: the issue of
influencing factors. Front. Biosci. (Landmark Ed) 26:1075–1088. doi: 10.52586/
5010

Blennow, K., and Zetterberg, H. (2018). Biomarkers for Alzheimer’s disease:
current status and prospects for the future. J. Intern. Med. 284, 643–663. doi:
10.1111/joim.12816

Cazzaniga, F. A., De Luca, C. M. G., Bistaffa, E., Consonni, A., Legname, G.,
Giaccone, G., et al. (2020). Cell-free amplification of prions: Where do we stand?
Prog. Mol. Biol. Transl. Sci. 175, 325–358. doi: 10.1016/bs.pmbts.2020.08.005

Compta, Y., and Revesz, T. (2021). Neuropathological and biomarker findings in
parkinson’s disease and alzheimer’s disease: from protein aggregates to synaptic
dysfunction. J. Parkinsons Dis. 11, 107–121. doi: 10.3233/JPD-202323

Dickson, D. W. (2018). Neuropathology of Parkinson disease. Parkinsonism Relat.
Disord. 46, S30–S33.

Frontiers in Aging Neuroscience | www.frontiersin.org 8 July 2022 | Volume 14 | Article 898516

https://doi.org/10.1186/s40478-021-01175-w
https://doi.org/10.1186/s40478-021-01175-w
https://doi.org/10.52586/5010
https://doi.org/10.52586/5010
https://doi.org/10.1111/joim.12816
https://doi.org/10.1111/joim.12816
https://doi.org/10.1016/bs.pmbts.2020.08.005
https://doi.org/10.3233/JPD-202323
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-898516 June 27, 2022 Time: 15:43 # 9

Chen et al. RT-QuIC for PD Patients

Donadio, V. (2019). Skin nerve α-synuclein deposits in Parkinson’s disease and
other synucleinopathies: a review. Clin. Auton. Res. 29, 577–585. doi: 10.1007/
s10286-018-0581-4

Donadio, V., Incensi, A., Del Sorbo, F., Rizzo, G., Infante, R., Scaglione, C., et al.
(2018). Skin nerve phosphorylated α-synuclein deposits in parkinson disease
with orthostatic hypotension. J. Neuropathol. Exp. Neurol. 77, 942–949. doi:
10.1093/jnen/nly074

Donadio, V., Incensi, A., Leta, V., Giannoccaro, M. P., Scaglione, C., Martinelli, P.,
et al. (2014). Skin nerve alpha-synuclein deposits: a biomarker for idiopathic
parkinson disease. Neurology 82, 1362–1369.

Donadio, V., Incensi, A., Rizzo, G., Capellari, S., Pantieri, R., Stanzani Maserati, M.,
et al. (2017a). A new potential biomarker for dementia with Lewy bodies: Skin
nerve alpha-synuclein deposits. Neurology 89, 318–326.

Donadio, V., Incensi, A., Rizzo, G., Scaglione, C., Capellari, S., Fileccia, E., et al.
(2017b). Spine topographical distribution of skin alpha-synuclein deposits in
idiopathic parkinson disease. J. Neuropathol. Exp. Neurol. 76, 384–389. doi:
10.1093/jnen/nlx021

Donadio, V., Wang, Z., Incensi, A., Rizzo, G., Fileccia, E., Vacchiano, V., et al.
(2021). In Vivo Diagnosis of Synucleinopathies: a Comparative Study of Skin
Biopsy and RT-QuIC. Neurology 96, e2513–e2524.

Doppler, K., Ebert, S., Uçeyler, N., Trenkwalder, C., Ebentheuer, J., Volkmann, J.,
et al. (2014). Cutaneous neuropathy in Parkinson’s disease: a window into brain
pathology. Acta Neuropathol. 128, 99–109. doi: 10.1007/s00401-014-1284-0

Eusebi, P., Giannandrea, D., Biscetti, L., Abraha, I., Chiasserini, D., Orso, M., et al.
(2017). Diagnostic utility of cerebrospinal fluid alpha-synuclein in Parkinson’s
disease: a systematic review and meta-analysis. Mov. Disord. 32, 1389–1400.
doi: 10.1002/mds.27110

Fairfoul, G., McGuire, L. I., Pal, S., Ironside, J. W., Neumann, J., Christie, S.,
et al. (2016). Alpha-synuclein RT-QuIC in the CSF of patients with alpha-
synucleinopathies. Ann. Clin. Transl. Neurol. 3, 812–818. doi: 10.1002/acn3.
338

Gelpi, E., Navarro-Otano, J., Tolosa, E., Gaig, C., Compta, Y., Rey, M. J., et al.
(2014). Multiple organ involvement by alpha-synuclein pathology in Lewy body
disorders. Mov. Disord. 29, 1010–1018. doi: 10.1002/mds.25776

Kalia, L. V. (2019). Diagnostic biomarkers for Parkinson’s disease: focus on alpha-
synuclein in cerebrospinal fluid. Parkinsonism Relat. Disord. 59, 21–25. doi:
10.1016/j.parkreldis.2018.11.016

Kuzkina, A., Bargar, C., Schmitt, D., Rossle, J., Wang, W., Schubert, A. L.,
et al. (2021). Diagnostic value of skin RT-QuIC in Parkinson’s disease: a two-
laboratory study. NPJ. Parkinsons Dis. 7:99. doi: 10.1038/s41531-021-00242-
2

Mammana, A., Baiardi, S., Quadalti, C., Rossi, M., Donadio, V., Capellari, S., et al.
(2021). QuIC Detection Of Pathological Alpha-Synuclein In Skin Punches Of
Patients With Lewy Body Disease. Mov. Disord. 36, 2173–2177. doi: 10.1002/
mds.28651

Mammana, A., Baiardi, S., Rossi, M., Franceschini, A., Donadio, V., Capellari, S.,
et al. (2020). Detection of prions in skin punch biopsies of Creutzfeldt-Jakob
disease patients. Ann. Clin. Transl. Neurol. 7, 559–564. doi: 10.1002/acn3.51000

Manne, S., Kondru, N., Jin, H., Serrano, G. E., Anantharam, V., Kanthasamy,
A., et al. (2020). Blinded RT-QuIC Analysis of alpha-Synuclein Biomarker in
Skin Tissue From Parkinson’s Disease Patients. Mov. Disord 35, 2230–2239.
doi: 10.1002/mds.28242

Mehra, S., Sahay, S., and Maji, S. K. (2019). α-Synuclein misfolding and
aggregation: implications in parkinson’s disease pathogenesis. Biochim. Biophys.
Acta Proteins Proteom. 1867, 890–908. doi: 10.1016/j.bbapap.2019.03.001

Orrú, C. D., Yuan, J., Appleby, B. S., Li, B., Li, Y., Winner, D., et al. (2017).
Prion seeding activity and infectivity in skin samples from patients with
sporadic Creutzfeldt-Jakob disease. Sci. Transl. Med. 9:eaam7785. doi: 10.1126/
scitranslmed.aam7785

Postuma, R. B., Berg, D., Stern, M., Poewe, W., Olanow, C. W., Oertel, W., et al.
(2015). MDS clinical diagnostic criteria for Parkinson’s disease. Mov. Disord.
30, 1591–1601.

Ross, C. A., and Poirier, M. A. (2004). Protein aggregation and neurodegenerative
disease. Nat. Med. 10, S10–S17.

Rossi, M., Baiardi, S., Teunissen, C. E., Quadalti, C., van de Beek, M., Mammana,
A., et al. (2021). Diagnostic value of the csf α-synuclein real-time quaking-
induced conversion assay at the prodromal mci stage of dementia with lewy
bodies. Neurology 97, e930–e940. doi: 10.1212/WNL.0000000000012438

Steinacker, P., Barschke, P., and Otto, M. (2019). Biomarkers for diseases with
TDP-43 pathology. Mol. Cell Neurosci. 97, 43–59. doi: 10.1016/j.mcn.2018.10.
003

Wang, Z., Manca, M., Foutz, A., Camacho, M. V., Raymond, G. J., Race, B.,
et al. (2019). Early preclinical detection of prions in the skin of prion-infected
animals. Nat. Commun. 10:247.

Wu, J., Chen, D., Shi, Q., and Dong, X. (2021). Protein amplification technology:
new advances in human prion disease diagnosis. Biosaf. Health 3, 325–332.

Xiao, K., Shi, Q., Zhou, W., and Dong, X. P. (2020). Different post-mortem brain
regions from three Chinese FFI patients induce different reactive profiles both
in the first and second generation RT-QuIC assays. Prion 14, 163–169. doi:
10.1080/19336896.2020.1782809

Xiao, K., Shi, Q., Zhou, W., Gao, C., Chen, C., Zhang, B. Y., et al. (2018). Evaluation
of the effect of various main elements on the PrPSc detection by real-time
quaking-induced conversion assay. Int. J. Mol. Med. 42, 3231–3237. doi: 10.
3892/ijmm.2018.3867

Xiao, K., Shi, Q., Zhou, W., Zhang, B. Y., Wang, Y., Chen, C., et al. (2019).
T188K-Familial creutzfeldt-jacob disease, predominant among chinese, has a
reactive pattern in csf rt-quic different from d178n-fatal familial insomnia
and e200k-familial CJD. Neurosci. Bull. 35, 519–521. doi: 10.1007/s12264-019-
00354-z

Xiao, K., Yang, X., Zhou, W., Chen, C., Shi, Q., and Dong, X. (2021). validation and
application of skin RT-QuIC to patients in china with probable CJD. Pathogens
10:1642. doi: 10.3390/pathogens10121642

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Jiao, Huang, Xiao, Gao, Chen, Shi and Dong. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 July 2022 | Volume 14 | Article 898516

https://doi.org/10.1007/s10286-018-0581-4
https://doi.org/10.1007/s10286-018-0581-4
https://doi.org/10.1093/jnen/nly074
https://doi.org/10.1093/jnen/nly074
https://doi.org/10.1093/jnen/nlx021
https://doi.org/10.1093/jnen/nlx021
https://doi.org/10.1007/s00401-014-1284-0
https://doi.org/10.1002/mds.27110
https://doi.org/10.1002/acn3.338
https://doi.org/10.1002/acn3.338
https://doi.org/10.1002/mds.25776
https://doi.org/10.1016/j.parkreldis.2018.11.016
https://doi.org/10.1016/j.parkreldis.2018.11.016
https://doi.org/10.1038/s41531-021-00242-2
https://doi.org/10.1038/s41531-021-00242-2
https://doi.org/10.1002/mds.28651
https://doi.org/10.1002/mds.28651
https://doi.org/10.1002/acn3.51000
https://doi.org/10.1002/mds.28242
https://doi.org/10.1016/j.bbapap.2019.03.001
https://doi.org/10.1126/scitranslmed.aam7785
https://doi.org/10.1126/scitranslmed.aam7785
https://doi.org/10.1212/WNL.0000000000012438
https://doi.org/10.1016/j.mcn.2018.10.003
https://doi.org/10.1016/j.mcn.2018.10.003
https://doi.org/10.1080/19336896.2020.1782809
https://doi.org/10.1080/19336896.2020.1782809
https://doi.org/10.3892/ijmm.2018.3867
https://doi.org/10.3892/ijmm.2018.3867
https://doi.org/10.1007/s12264-019-00354-z
https://doi.org/10.1007/s12264-019-00354-z
https://doi.org/10.3390/pathogens10121642
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Application of α-Syn Real-Time Quaking-Induced Conversion for Brain and Skin Specimens of the Chinese Patients With Parkinson's Disease
	Introduction
	Materials and Methods
	Patient Samples
	Brain and Skin Homogenate Preparation
	Real-Time Quaking-Induced Conversion Protocol
	Statistical Analysis

	Results
	Validation of α-Syn Real-Time Quaking-Induced Conversion Assay With the Brain Samples of Neuropathologically Confirmed Parkinson's Disease Cases
	Validation of α-Syn Real-Time Quaking-Induced Conversion With the Biopsy Skin Samples of Parkinson's Disease and Sporadic CJD Cases
	Evaluation of the Reactivities of the Skin Samples of Parkinson's Disease and Sporadic CJD Cases in the Opposite Real-Time Quaking-Induced Conversion Assays
	Evaluation of Detecting Limitation of α-Syn Real-Time Quaking-Induced Conversion in Skin and Brain Samples of Two Parkinson's Disease Cases

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


