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IMPORTANCE Deposition of the pathological α-synuclein (αSynP) in the brain is the hallmark of

synucleinopathies, including Parkinson disease (PD), Lewy body dementia (LBD), and

multiple system atrophy (MSA). Whether real-time quaking-induced conversion (RT-QuIC)

and protein misfolding cyclic amplification (PMCA) assays can sensitively detect skin

biomarkers for PD and non-PD synucleinopathies remains unknown.

OBJECTIVE To develop sensitive and specific skin biomarkers for antemortem diagnosis of PD

and other synucleinopathies.

DESIGN, SETTING, AND PARTICIPANTS This retrospective and prospective diagnostic study

evaluated autopsy and biopsy skin samples from neuropathologically and clinically diagnosed

patients with PD and controls without PD. Autopsy skin samples were obtained at 3 medical

centers from August 2016 to September 2019, and biopsy samples were collected from 3

institutions from August 2018 to November 2019. Based on neuropathological and clinical

diagnoses, 57 cadavers with synucleinopathies and 73 cadavers with nonsynucleinopathies as

well as 20 living patients with PD and 21 living controls without PDwere included. Specifically,

cadavers and participants had PD, LBD, MSA, Alzheimer disease, progressive supranuclear

palsy, or corticobasal degeneration or were nonneurodegenerative controls (NNCs). A total of

8 approached biopsy participants either refused to participate in or were excluded from this

study due to uncertain clinical diagnosis. Data were analyzed from September 2019 to April

2020.

MAIN OUTCOMES ANDMEASURES Skin αSynP seeding activity was analyzed by RT-QuIC and

PMCA assays.

RESULTS A total of 160 autopsied skin specimens from 140 cadavers (85male cadavers

[60.7%]; mean [SD] age at death, 76.8 [10.1] years) and 41 antemortem skin biopsies (27 male

participants [66%]; mean [SD] age at time of biopsy, 65.3 [9.2] years) were analyzed.

RT-QuIC analysis of αSynP seeding activity in autopsy abdominal skin samples from 47 PD

cadavers and 43 NNCs revealed 94% sensitivity (95% CI, 85-99) and 98% specificity (95%

CI, 89-100). As groups, RT-QuIC also yielded 93% sensitivity (95% CI, 85-97) and 93%

specificity (95% CI, 83-97) among 57 cadavers with synucleinopathies (PD, LBD, andMSA)

and 73 cadavers without synucleinopathies (Alzheimer disease, progressive supranuclear

palsy, corticobasal degeneration, and NNCs). PMCA showed 82% sensitivity (95% CI, 76-88)

and 96% specificity (95% CI, 85-100) with autopsy abdominal skin samples from PD

cadavers. From posterior cervical and leg skin biopsy tissues from patients with PD and

controls without PD, the sensitivity and specificity were 95% (95% CI, 77-100) and 100%

(95% CI, 84-100), respectively, for RT-QuIC and 80% (95% CI, 49-96) and 90% (95% CI,

60-100) for PMCA.

CONCLUSIONS AND RELEVANCE This study provides proof-of-concept that skin αSynP seeding

activity may serve as a novel biomarker for antemortem diagnoses of PD and other

synucleinopathies.
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P
arkinsondisease (PD)alongwithothernon-PDsynuclei-

nopathies, suchasLewybodydementia (LBD)andmul-

tiple systematrophy (MSA), are characterizedby theac-

cumulation of pathological α-synuclein (αSynP) aggregates in

the brain.1,2 Currently, a definite diagnosis relies on the de-

tection of αSynP-containing Lewy bodies in the brain in pa-

tientswithPDandLBDor oligodendroglial cytoplasmic inclu-

sions in patients with MSA.3-5 Development of a reliable and

sensitive assay for αSynP in easily accessible peripheral tissue

specimens is critical for early or differential diagnosis, deter-

mination of disease severity, and evaluation of therapeutic

efficacy in clinical trials.6

Depositionof immunoreactiveαSynP in theperipheralner-

vous system has been detected by immunohistochemistry

(IHC) inmultipleperipheral organsand tissuesofpatientswith

PD, such as the colon, salivary glands, and skin.7-11 These pe-

ripheral morphological changes have been postulated to pre-

cede brain pathology and may contribute to autonomic dys-

function, constipation, and other nonmotor symptoms in

PD.12-14Notably, phosphorylated αSynPdepositionswithin au-

tonomicnerveendingsofbiopsiedskinsampleshavealsobeen

detected by IHC and/or immunofluorescence (IF) microscopy

in livingpatientswithPD.13-18Because autonomicdysfunction

associatedwith skin αSynP depositionmay appear long before

clinical symptoms in living patients with PD or individuals at

prodromal stages of PD,13,14,19 skin αSynP is a good candidate

for early diagnosis. However, detection of the phosphory-

lated form of skin αSynP by IHC has been challenging and

inconsistent,with sensitivities ranging from0%to 100%,pos-

sibly due to methodological variability.8,14,20,21 Remarkably,

several recent studies have revealed that misfolded αSynP,

either in the brain of individualswith PDor formed in vitro by

recombinant αSyn, possesses prionlike aggregation seeding

activity.22-24Nevertheless,whether skinαSynPdetectedby IHC

and/or IFmicroscopywith specific antiphosphorylation anti-

bodieshasaggregationseedingactivityandwhetherskinαSynP

seeding activity, if present, can be a biomarker for diagnosis

of PD and other synucleinopathies have never been deter-

mined, to our knowledge.

The seeding activity of several nonprion protein aggre-

gates, including misfolded αSynP, has been shown by 2

advanced in vitro amplification assays. One is real-time

quaking-induced conversion (RT-QuIC), which was originally

developed as a specific and quantitative diagnostic test for

prion diseases using cerebrospinal fluid (CSF)25,26 and, more

recently, skin tissue.27,28 It was recently adapted to detect

αSynP seeding activity in the brain and/or CSF samples from

individuals with PD and LBD with 92% to 95% sensitivity and

100% specificity.29-34 Protein misfolding cyclic amplification

(PMCA) is another assay that has been used to detect trace

amounts of misfolded prion protein aggregates in skin tissues

of prion-infected mice or body fluids of patients with prion

diseases.28,35,36 A modified version of PMCA was previously

shown to detect αSynP in the CSF of patients with PD.37 Using

RT-QuIC and PMCA assays, we report the highly sensitive and

specific detection of αSynP aggregation seeding activity in

autopsied and biopsied skin samples from individuals with

PD and other synucleinopathies.

Methods

Study Oversight

The study was monitored and approved by the institutional

review boards of the University Hospitals Cleveland Medical

Center andBanner SunHealthResearch Institute and the eth-

ics committees of the University of Würzburg and IRCCS In-

stitute of Neurological Sciences of Bologna. The use of hu-

man tissueswas authorizedby the institutional reviewboards

or ethics committees. Written informed consent was ob-

tained fromall livingparticipants undergoing skin biopsy and

from family members for skin autopsy.

Source of Skin Samples

A total of 130 autopsy abdominal skin samples from 130 ca-

davers, including47PDcadavers; 40cadaverswithotherneu-

rodegenerativediseases, including7withLBD,3withMSA,and

30with tauopathies, including 17withAlzheimerdisease (AD),

8 with progressive supranuclear palsy (PSP), and 5 with cor-

ticobasal degeneration (CBD); and 43 nonneurodegenerative

control (NNC) cadavers, were examined in our study (Table)

(eFigure 1 in the Supplement). A total of 30 autopsy scalp skin

samples were also analyzed, comprising samples from 20 of

the PD cadavers whose abdominal skin specimens were ana-

lyzed and 10 additional non-PD controls (Table) (eFigure 1 in

theSupplement). The sampleswereobtained through theAri-

zona Study of Aging and Neurodegenerative Disorders/Brain

and Body Donation Program at Banner Sun Health Research

Institute,38 the Human Tissue Procurement Facility at Case

Western Reserve University, and University Hospitals Cleve-

land Medical Center. The diagnoses of these cases were con-

firmed by neuropathological examination of autopsied brain

tissues (eTable in the Supplement).

Livingparticipantswerediagnosed clinically basedon the

MovementDisorderSocietyClinicalDiagnosticCriteria forPD.39

Exclusioncriteria includedoralanticoagulationmedicationuse,

woundhealingdisorders, or allergic reactions against local an-

esthetics. Biopsy skin samples were obtained from the leg or

the posterior cervical region of patients with PD (n = 20) and

non-PD controls (n = 21) from 3medical centers: IRCCS Insti-

tute of Neurological Sciences of Bologna, Bologna, Italy; the

Key Points

Question Does the pathological α-synuclein (αSynP) detected by

immunohistochemistry in the skin of individuals with Parkinson

disease (PD) have aggregation seeding activity, and is skin αSynP

seeding activity a potential biomarker for diagnosis of PD and

other synucleinopathies?

Findings In this diagnostic study including skin samples from 160

autopsies and 41 biopsies, a statistically significant increase in

αSynP seeding activity was observed in individuals with PD and

synucleinopathies compared with controls with tauopathies and

nonneurodegenerative diseases.

Meaning Skin αSynP has aggregation seeding activity in patients

with PD and non-PD synucleinopathies andmay be a biomarker

for antemortem diagnosis of PD and other synucleinopathies.
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UniversityHospital ofWürzburg,Würzburg,Germany; and the

HumanTissueProcurementFacility,CaseWesternReserveUni-

versity,Cleveland,Ohio.Participantswereselectedduring their

diagnosticworkupor therapy. In theBolognabiopsygroup, al-

though no patients refused to participate in the study, 2 to 3

individuals approached were excluded because of uncertain

clinical diagnoses. In theWürzburg biopsy group, about 50%

to 70% of all patients approached agreed to participate. The

demographic data of all examined individuals are listed in the

Table.More informationabouthowwechosesamplesandwhat

caseswere used in each experiment is detailed in eFigure 1 in

the Supplement.

Skin Tissues and Preparation

Skin samples (approximately 30 to 100 mg each in weight;

approximately 3 × 3-mm to 5 × 5-mm each in size) mainly

contained epidermis and dermis. The autopsy process

avoided possible cross-contamination between skin and

brain tissues and between cadavers. Skin tissues (approxi-

mately 30 to 50 mg each) were washed 3 times in 1× Tris

(hydroxymethyl)aminomethane–buffered saline and chopped

into small pieces. The skin homogenates at 10% (weight/

volume) were prepared in skin lysis buffer containing 2 mmol

of calcium chloride and 0.25% (weight/volume) collagenase

A (Roche) in Tris-buffered saline and incubated in a shaker

at 37 °C for 4 hours, followed by homogenization in a Mini-

Beadbeater (BioSpec; Laboratory Supply Network) for 1

minute. After sonication to disrupt remaining tissue struc-

tures, the samples were centrifuged for 5 minutes at 500g

for collection of the supernatant fraction.

RT-QuIC Analysis

RT-QuIC analysiswas conducted as describedpreviously,27,28

withminormodification.Briefly, theRT-QuICreactionmixwas

composedof40mmolofphosphatebuffer (pH8.0), 170mmol

of sodium chloride, 0.1 mg/mL of recombinant human wild-

type αSyn either synthesized in-house40 or purchased com-

mercially (rPeptide) as designated in each analysis, 10 μmol

of thioflavin T (ThT), and sodiumdodecyl sulfate, 0.00125%.

A 98-μL aliquot of the reactionmixwas loaded into eachwell

of a black96-well platewith a clear bottom (Nunc) and seeded

with 2 μL of skin homogenate (eMethods in the Supplement).

After we observed a similar efficiency between 2 substrate

preparations, we subsequently used the commercially pur-

chased αSyn in our study.

PMCAAnalysis

Recombinant human wild-type αSyn was thawed and then

centrifuged at 100000g for 30minutes at 4 °C to remove any

aggregates thatmayhave formedduring the freeze-thawpro-

cess. Monomeric αSyn was diluted to 50 μmol in 10 mmol of

Tris (pH 7.5) and 150 mmol of sodium chloride in 0.2-mL

polymerase chain reaction tubes with 10 zirconium silicon

beads (1-mm diameter; Next Advance). Polymerase chain

reaction tubes were then placed in a Q700 sonicator

(Qsonica) within an incubator. PMCA was carried out as pre-

viously described40 with repeated cycles of 10 seconds of

sonication and 29 minutes, 50 seconds of incubation at 37 °C

(eMethods in the Supplement).

IHC and IFMicroscopy Staining

Skin sampleswere fixedandembedded inparaffin for IHCand

IFmicroscopy as previously described.41 See the eMethods in

the Supplement for details.

Statistical Analysis

Statistical analysis was conducted with GraphPad Prism ver-

sion 8.4.3 (GraphPad Software). Experimental datawere ana-

Table. Demographic Characteristics and Skin Pathological α-Synuclein Thioflavin T Fluorescence of Different Groups

Variable

Autopsy sample Biopsy sample

PD LBD MSA AD PSP CBD Control PD Control

Age, mean (SD), y 80.1 (7.1) 78 (6.8) 64.3 (5.9) 77.7 (8.0) 82.3 (13.1) 76.4 (4.5) 71.4 (11.8) 68.3 (7.3) 62.5 (10.2)

Samples, No. 47 7 3 17 8 5 43 20 21

Male, No. (%) 34 (72) 7 (100) 0 11 (65) 5 (63) 4 (80) 20 (47) 12 (60) 14 (67)

RT-QuIC assay

Samples analyzed, No. 47 7 3 17 8 5 43 20 21

Mean (SD), % 71.6 (23.8) 53.1 (26.1) 51.0 (36.2) 23.2 (21.9) 17.8 (6.1) 13.3 (4.9) 12.4 (6.9) 56.6 (19.2) 8.3 (4.4)

P value (compared with
control)a

<.001 <.001 .01 .47 .98 >.99 NA <.001b NA

P value (compared with PD) NA .19 .52 <.001 <.001 <.001 <.001 NA <.001b

PMCA assay

Samples analyzed, No. 24 5 3 0 5 5 8 10 10

Mean (SD), % 48.2 (22.2) 51.6 (18.0) 54.6 (44.2) NA 26.2 (6.7) 19.5 (7.9) 11.9 (6.8) 52.2 (24.4) 24.7 (4.3)

P value (compared with
control)a

<.001 .01 .03 NA .80 .98 NA <.005b NA

P value (compared with PD) NA >.99 >.99 NA .23 .06 <.001 NA <.005b

Abbreviations: AD, Alzheimer disease; CBD, corticobasal degeneration; LBD, Lewy body dementia; MSA, multiple system atrophy; NA, not available;

PD, Parkinson disease; PMCA, protein misfolding cyclic amplification; PSP, progressive supranuclear palsy; RT-QuIC, real-time quaking-induced conversion.

a P value determined by 1-way analysis of variance.

bP value determined by t test.
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lyzedusing the t test for comparing 2 groups and 1-way analy-

sis ofvariance formore than2.TocompareRT-QuICandPMCA

analysis, we used Spearman rank correlation between paired

values from the 2 assays. Percentage agreement was also as-

sessedbasedon classification cutoffs from receiver operating

characteristic (ROC) curve analysis. When computable, the

McNemar test was used to assess marginal homogeneity and

differences inagreement.Finally,weconducted theROCcurve

analysis for a paired area under the ROC curve (AUC) to ana-

lyze the accuracyof skinRT-QuICandPMCAassays.42All tests

adopt a 2-sided type I error level of .05.

Results

A total of 160 autopsied skin specimens from 140 cadavers

(85 male cadavers [60.7%]; mean [SD] age at death, 76.8

[10.1] years) and 41 antemortem skin biopsies (27 male par-

ticipants [66%]; mean [SD] age at time of biopsy, 65.3 [9.2]

years) were analyzed. Demographic characteristics are pre-

sented in the Table.

Detection of αSynP in Autopsy Skin Samples of PD

Cadavers by IHC and IFMicroscopy Staining

We first used IHC and IFmicroscopy to reaffirm the presence

of phosphorylated αSynP in the skin tissues of PD cadavers.

Consistent with the previous findings,10,11,13-21 our analyses

confirmed that phosphorylated αSynP was detectable with

pS129-Syn (theantibodydirectedagainstphosphorylatedα-sy-

nuclein) colocalized with PGP9.5 (an axonal marker), reveal-

ing thepresence of phosphorylatedαSynP in the skinnerve fi-

bers of PDcadavers (Figure 1AandC)butnot cadaverswithout

PD by IHC (Figure 1B) and IF microscopy (Figure 1D-I).

Detection of αSynP Seeding Activity in PD Autopsy

Skin Samples Using RT-QuIC and PMCAAssays

WeusedRT-QuIC todeterminewhether skin αSynPhas aggre-

gation seeding activity. Neuropathologically confirmed PD

and non-PD autopsy skin samples were serially diluted,

and RT-QuIC was able to detect αSynP seeding activity in PD

samplesseriallydilutedto10−5butnotat 10−6dilution,whereas

no seedingactivitywasobservedat anyof the4dilutions (10−3

to 10−6dilution) innon-PDsamplesup to60hours (Figure2A).

Autopsyabdominal skinsamples from20PDand4non-PD

cadavers were examined by RT-QuIC. The mean (SD) maxi-

mal ThT fluorescencewas 82.6% (22.5) in PD cadavers,which

was significantly higher than that of non-PD controls (mean

[SD], 4.5% [0.7];P < .001) (Figure 2B). A total of 2 of 20PD ca-

daver skin samples exhibited a notably lower response, al-

though itwas still significantlyhigher than thatofnon-PDskin

controls; one of them was still above the threshold that de-

finedapositiveRT-QuICresponsebasedontheaverageofnega-

tive controls plus 3-fold SD. According to this definition, our

RT-QuICanalysis yielded95%sensitivity (95%CI, 85-100) and

100% specificity (95% CI, 78-100).

We next examined posterior scalp skin samples from the

same 20 PD cadavers and 10 additional NNCs that were all

blindly coded for unbiaseddetection.Weobtained 100%sen-

sitivity (95%CI,91-100),andspecificity remainedat 100%(95%

CI, 87-100) (Figure 2C). Together, our results indicated that

αSynP seeding activity can be specifically detected in skin

samples of PD cadavers, and scalp skin had a higher sensitiv-

ity compared with abdominal skin.

Using PMCA, we also detected αSynP seeding activity in

autopsy skinhomogenates.Of 23PDabdominal skin samples,

19 (83%) exhibited positive αSynP seeding activity. In con-

trast, none of the 7 NNCs showed detectable seeding activity

(Figure 2D). The PMCA analysis of these skin samples exhib-

ited83%sensitivity (95%CI, 74-92) and 100%specificity (95%

CI, 84-100).

Comparison of αSynP Seeding Activity in Autopsy

Skin Samples Between PatientsWith Synucleinopathies

and Nonsynucleinopathies

Tovalidateour findings,moreautopsyabdominal skinsamples

fromadditionalneuropathologicallyconfirmedindividualswith

PD (n = 27) and NNCs (n = 39) were examined. We also in-

cluded other synucleinopathies (LBD and MSA) and tauopa-

thies (AD, PSP, and CBD) (Table) (eFigure 1 in the Supplement).

PositiveαSynPseedingactivitywaspresent inskinsamples from

44 of 47 PD cadavers (including 27 new cases), 2 of 3 MSA ca-

davers, and all 7 LBD cadavers, which yielded 94% sensitivity

(95%CI, 81-98) forPD,67%sensitivity (95%CI,42-92) forMSA,

100%sensitivity (95%CI, 94-100) for LBD, and93% sensitivity

(95%CI,85-97) forall3synucleinopathiescombined(Figure3A).

In contrast, αSynP seeding activitywas only observed in 1 of 43

NNCsand5of 17ADskinsamples (Figure3A).Noneof the5CBD

and 8 PSP skin samples showed positive seeding activity. As a

result, thespecificityofRT-QuICwas93%(95%CI,83-97)when

PSP, CBD, AD, and NNCs were combined as a group of nonsy-

nucleinopathies. The specificity was 98% (95% CI, 89-100) if

comparedonlywithNNCs (Figure3A).ROCcurveanalysis con-

firmed that the skin RT-QuIC maximum relative ThT fluores-

cence responses were highly accurate in discriminating PD

(n = 47) fromNNCs (n = 43) (mean [SE] AUC, 0.9938 [0.0048];

95% CI, 0.9844-1.0000; P < .001) (Figure 3B). The skin RT-

QuIC assay was also able to highly accurately differentiate sy-

nucleinopathies (n = 57) from nonsynucleinopathies (n = 73)

(mean [SE] AUC, 0.9696 [0.0135]; 95% CI, 0.9431-0.9961;

P < .001) (Figure 3C) (Table). More detailed demographic char-

acteristics and comparisons of αSynP seeding activity among

different groups are listed in the Table.

Someof the above autopsy skin samples fromPD cadavers

(n = 24),LBDcadavers (n = 5),MSAcadavers (n = 3),PSPcadav-

ers (n = 5), andCBDcadavers (n = 5) andNNCs (n = 8)werealso

examined by PMCA. Consistent with RT-QuIC findings, PMCA

maximum relative ThT fluorescence responses from skin

samples were highly accurate in discriminating synucleinopa-

thies (n = 32) from nonsynucleinopathies (n = 18) (mean [SE]

AUC, 0.9444 [0.0298]; 95% CI, 0.8860-1.0000; P < .001)

(Figure3B) (Table).Combiningthissetofdataandtheoneshown

in Figure 2D, the sensitivity and specificity of PMCA to differ-

entiatesynucleinopathiesfromnonsynucleinopathieswere82%

(95%CI, 76-88) and 96% (95%CI, 85-100), respectively.

Toanalyze theagreement levelsofRT-QuICandPMCAdata

for αSynP seeding activity in the cadavers whowere examined
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by both assays, we conducted stratified analyses using

Spearman rank correlations by each disease (PD [n = 24]:

r = 0.44; P = .03; MSA [n = 3]: r = 0.50; P > .99; LBD [n = 5]:

r = 0.90; P = .04; PSP [n = 5]: r = 0.80; P = .10; CBD [n = 5]:

r = 0.80; P = .10) (eFigure 2 in the Supplement). In terms of

percentage agreement using RT-QuIC and PMCA cutoffs, PD

agreement percentage was 78.6% (95% CI, 62.2-95.0), with

RT-QuIC having slightly higher observed sensitivity than

PMCA. Percentage agreement for the other diagnosis groups

was 100%. For both methods, the MSA group had 1 false-

Figure 1. Immunohistochemistry (IHC) and Immunofluorescence (IF)

Microscopy of Pathological α-Synuclein (αSynP)

IF of skin tissue from a PD cadaver
probed with the pS129-Syn antibody   

D IF of skin tissue from a PD cadaver
probed with the PGP9.5 protein

E Merged image of skin tissue from a
PD cadaver probed with pS129-Syn
antibody and PGP9.5 protein

F

IF of skin tissue from a control probed
with the ps129-Syn antibody   

G IF of skin tissue from a control probed
with the PGP9.5 protein

H Merged image of skin tissue from a
control probed with pS129-Syn
antibody and PGP9.5 protein

I

IHC of skin tissue
from a PD cadaver
probed with the
pS129-Syn antibody

A IHC of skin tissue
from a control
probed with the
pS129-Syn
antibody

B IHC of brain tissue from a PD cadaver probed with the pS129-Syn antibodyC

20 µm 20 µm 50 µm

20 µm20 µm20 µm

20 µm 20 µm 20 µm

A, IHC of skin tissue section from a

Parkinson disease (PD) cadaver

stained with the pS129-Syn antibody

for phosphorylated αSynP.

B, IHC of skin tissue section from a

non-PD control cadaver stained with

the pS129-Syn antibody for

phosphorylated αSynP. C, IHC of

brain tissue section from a PD

cadaver stained with the pS129-Syn

antibody for phosphorylated αSynP.

D, IF microscopy of skin tissue section

from a patient with PD stained with

the pS129-Syn antibody.

E, IF microscopy of skin tissue section

from a patient with PD stained with

the PGP9.5 antibody directed against

an axonal marker PGP9.5 protein.

F, Merged image of IF microscopy of

skin tissue section from a patient with

PD stained with the pS129-Syn

antibody and PGP9.5 antibody.

G, IF microscopy of skin tissue section

from a control without PD stained

with the ps129-Syn antibody.

H, IF microscopy of skin tissue

section from a control without PD

stained with the PGP9.5 protein. I,

Merged image of IF microscopy of

skin tissue section from a control

without PD stained with the

pS129-Syn antibody and PGP9.5

antibody.
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negative out of 3 cases, whereas the rest were 100% accurate.

AmongPDcasesonly, therewas75%agreement,andtheMcNe-

mar test indicatedno significantdifference (P = .69) (eFigure2

in the Supplement), which also supports agreement between

methods. ForMSA, findings from theMcNemar testwere non-

significant; it could not be computed for the other diagnostic

groupssincebothapproaches includedsamples thatwereeither

all positiveornegative.ROCanalysisofPDonlyvsCBDandPSP

resulted inAUCvalues forRT-QuICandPMCAof0.975 (95%CI,

0.931-1.000) and0.913 (95%CI, 0.816-1.000), respectively. No

significant difference when comparing AUC values was ob-

served (P = .27).42 All these statistical analyses suggested that

the2assaysweresignificantlyconsistent indetectingskinαSynP

seedingactivity,mirroring their success indetecting skinprion

seeding activity in prion disease.28

Detection of αSynP Seeding Activity in Skin Biopsy

Samples From Living PatientsWith PD

Todeterminewhether theabove findingscanbeapplied toskin

biopsy samples from livingpatientswithPD, skin samples ob-

tainedbypunchbiopsy from2posterior cervical sites (C7) and

2 leg siteswere examinedbyRT-QuIC. Like the 2positive con-

trol PD cadaver skin samples, the 2 posterior cervical skin bi-

opsy samples showedpositive seeding activity (Figure 4A). In

contrast, the 2 leg skin biopsy samples exhibited weak seed-

ing activity only after 50 or 70 hours. No αSynP seeding activ-

itywasdetected in the3negative skin specimens fromnon-PD

controls (Figure 4A).

We next tested biopsy samples from living patients with

PD (n = 20) and non-PD living controls (n = 21) using the RT-

QuICassay.Themaximumresponses inthebiopsyskinsamples

were significantly higher in patients with PD than in non-PD

controls (mean [SD] response, 56.6% [19.2] vs 8.3% [4.4];

P < .001) (Figure 4B) (Table). ROC analysis showed that living

patients with PD were highly accurately differentiated from

non-PD controls by our skin-based assay (mean [SE] AUC,

0.9952 [0.0064]; 95%CI,0.9826-1.0082;P < .001) (Figure4B)

(Table). The RT-QuIC assay revealed 95% sensitivity (95% CI,

77-100) and 100%specificity (95%CI, 84-100). PMCAalso ac-

curately differentiated patientswith PD (n = 10) fromnon-PD

controls (n = 10) at theendpoint of 100hours (mean [SE]AUC,

0.9250 [0.0637]; 95%CI,0.8001-1.0000;P < .001) (Figure4C)

(Table) with 80% sensitivity (95% CI, 49-96) and 90% speci-

ficity (95% CI, 60-100).

Figure 2. Detection of Pathological α-Synuclein (αSynP) Seeding Activity in Autopsy Skin Samples FromParkinson Disease (PD) Cadavers

by Real-TimeQuaking-Induced Conversion (RT-QuIC) or ProteinMisfolding Cyclic Amplification (PMCA) Assay
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Dose-dependent αSynP seeding activity in the abdominal skin
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A, Dose-dependent αSynP seeding activity in the abdominal skin homogenate

from a PD cadaver by RT-QuIC assay. Abdominal skin homogenate from a

control was used as a negative control. The skin homogenates were diluted to

10−3 through 10−6 dilution. Commercially purchased recombinant human αSyn

(rPeptide) was used. B, RT-QuIC detection of αSynP seeding activity in the

abdominal skin homogenates from 20 patients with PD and 4 controls with PD.

Synthesized in-house recombinant human αSyn was used. C, RT-QuIC detection

of αSynP seeding activity in skin homogenates from the scalp skin tissues of 20

patients with PD and 10 additional controls without PD, all of which were coded

for the blinded test. Commercially purchased recombinant human αSyn

(rPeptide) was used. D, PMCA detection of αSynP seeding activity in the

abdominal skin homogenates from 23 patients with PD and 7 controls without

PD. Synthesized in-house recombinant human αSyn was used. All data were

normalized to percentages of themaximal fluorescence response.
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Figure 3. Comparison of Pathological α-Synuclein (αSynP) Seeding Activity in Autopsy Skin Samples From Cadavers

With Synucleinopathies (SOPs), Tauopathies, or Nonneurodegenerative Controls (NNCs) by Real-TimeQuaking-Induced

Conversion (RT-QuIC) and ProteinMisfolding Cyclic Amplification (PMCA) Assays
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A, Scatter graph of RT-QuIC thioflavin T (ThT) fluorescence intensity at 60hours of αSynP seeding activity of abdominal skin samples from cadaverswith SOPs, including

47 Parkinson disease (PD) cadavers, 3multiple systematrophy (MSA) cadavers, and 7 Lewybody dementia (LBD) cadavers, aswell as non-SOPs, including 17 Alzheimer

disease (AD) cadavers, 8 progressive supranuclear palsy (PSP) cadavers, 5 corticobasal degeneration (CBD) cadavers, and 43 nonneurodegenerative controls (NNCs).

B andC, Receiver operating characteristic (ROC) curves and derived area under the curve (AUC) calculations for αSynP comparisons between PD andNNC cadavers and

between SOP and non-SOP cadavers. D, Scatter graph of PMCAThT fluorescence intensity at 100hours of αSynP seeding activity of abdominal skin samples from

cadaverswith SOPs, including 24PD cadavers, 3MSA cadavers, and 5 LBD cadavers, aswell as non-SOPs, including 5 PSP cadavers, 5 CBD cadavers, and8NNC cadavers.

E and F, ROC curve andAUC calculation for comparisons of αSynP seeding activity between PD andNNC cadavers and between SOP and non-SOP cadavers. The dotted

lines indicate the threshold defining the positive and negative cases. Commercially purchased recombinant human αSynwas used.

a P < .001.
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Figure 4. Detection of Pathological α-Synuclein (αSynP) Seeding Activity in Biopsy Skin Samples From Living

PatientsWith Parkinson Disease (PD) and ControlsWithout PD by Real-TimeQuaking-Induced Conversion

(RT-QuIC) and ProteinMisfolding Cyclic Amplification (PMCA) Assays
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A, Representative αSynP RT-QuIC

spectra of biopsy skin samples from

2 posterior neck areas (cervical

samples 1 and 2) and 2 leg areas (leg

samples 1 and 2) of a living patient

with PD. Positive autopsy skin

controls from PD cadavers (positive

samples 1 and 2) and negative

autopsy controls from non-PD

cadavers (negative samples 1, 2, and

3) were included. Data were

normalized to percentage of the

maximal fluorescence response.

B, Scatter graph of maximal thioflavin

T (ThT) fluorescence percentage at

60 hours of the αSynP seeding

activity of the posterior neck or leg

biopsy skin samples from 20 living

patients with PD and 21 living

controls without PD by RT-QuIC

assay. C, ROC curve and AUC

calculation for comparison of αSynP

seeding activity between patients

with PD and controls without PD.

D, Scatter graph of maximal ThT

fluorescence percentage at 100

hours of αSynP seeding activity of the

posterior neck or leg biopsy skin

samples from 10 living patients with

PD and 10 living controls without PD

by PMCA. E, ROC curve and AUC

calculation between PD and non-PD

controls. The dotted lines represent

the thresholds defining the samples

with positive vs negative findings.

Commercially purchased

recombinant human αSyn was used.

a P < .001.
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Discussion

The aggregation seeding capability of αSynP led to the devel-

opment of RT-QuIC and PMCAplatforms to sensitively detect

αSynP. These assayshave recently beenapplied toCSFandau-

topsied submandibular gland tissues.29-34,37,43 However, be-

cause of the invasive nature of lumbar puncture for CSF col-

lection, it is not practical to collect CSF for routine early

detection of αSynP during clinical visits or for serial evalua-

tion during clinical trials.Moreover, lumbar puncture for CSF

sampling is not always feasible because of relative contrain-

dications, such as anticoagulation, particularly common in el-

derly patients. In addition, submandibular gland biopsy re-

vealed significantly higher adverse events than skin biopsy

based on a recent study that evaluated feasibility and safety

of multicenter tissue and biofluid sampling for detection of

αSynP in patients with PD.44

Toourknowledge, this studyhasdemonstrated for the first

time that skin αSynP has aggregation seeding activity that was

significantly higher in individualswith PD and other synuclei-

nopathies than in thosewith tauopathies andNNCs. The skin-

basedanalysesprovidedcomparablediagnostic sensitivityand

specificity to CSF-based assays. Given that skin punch biopsy

is relativelyeasier toperformandmuchless invasive, skinαSynP

seeding activitymaybe amore practical antemortemdiagnos-

ticbiomarker forPDandsynucleinopathies.Furtherstudieswill

be needed to determine if αSynP seeding activity can be de-

tected in skin preclinically in these diseases. This possibility is

supported by our recent findings that skin prion seeding activ-

ity is detectable not only in all patientswith Creutzfeldt-Jakob

disease27but also far in advanceof neuronal damage and clini-

cal signs of prion disease in rodents.28

To our knowledge, there is currently no antemortem di-

agnostic test to reliably differentiate tauopathies from sy-

nucleinopathies in living patients with parkinsonism. Such a

test would aide in treatment planning, prognostication, and

guiding enrollment in clinical studies. Here, we showed that

RT-QuIC and PMCA analyses of skin αSynP seeding activity

amongpatientswithparkinsonismcandifferentiate synuclei-

nopathies (PD,MSA,andLBD) fromtauopathies (PSPandCBD),

which is consistent with previous reports of detecting αSynP

deposits in the skinnerve fibers of patientswithLBDandMSA

with IHCor IFmicroscopy.16,45,46Since the casesofnon-PDsy-

nucleinopathies and tauopathies examined in this studywere

much fewer than PD cases, more studies are needed to vali-

date this finding.

Positive αSynP seeding activity was observed in autopsy

skin specimens from 5 of 17 AD cadavers by RT-QuIC and 1 of

5 PSP cadavers by PMCA, which resulted in a decreased de-

tection specificity. Notably, the coexistence of different mis-

folded proteins has been reported to occur in individual pa-

tients; specifically, some brains with neuropathologically

confirmed AD, PSP, and CBD were reported to contain Lewy

bodies concurrentwith deposits of β-amyloid and/or tau.47-51

Thus, itwouldbe important toexamineboth thebrainandskin

tissues of these individuals to determinewhether the 2 types

of tissues are consistent in having αSynP seeding activity.52

We found that the sensitivity and specificity of RT-QuIC

were higher in posterior scalp than in abdominal skin tissues.

Moreover, the skin biopsy tissues from the posterior cervical

region (lateral to the C7 vertebra) of patients with PD exhib-

ited higher and earlier αSynP seeding activity compared with

the leg skin tissues. Thus, standardizing RT-QuICwith poste-

rior cervical skin may ultimately lead to a quantitative assay

to measure skin αSynP seeding activity at different stages of

synucleinopathies, which will be a great complement to

imaging tests to monitor disease progression. Moreover, our

RT-QuIC and PMCA assays can also complement the ongoing

investigations of peripheral PD biomarkers using IHC detec-

tion of αSynP,14,19whichwill allow us to correlate the biologi-

cal activity to the morphology of αSynP aggregates in differ-

ent skin areas.

Limitations

This studyhas limitations.For instance, comparedwithPDand

non-PD controls, the number of cases with non-PD synuclei-

nopathies, such asMSA and LBD, or tauopathies, such as PSP

and CBD, is relatively small. Moreover, the number of skin bi-

opsy samples is also limited. Our findings need to be further

validated with a large number of cases. Another limitation of

our study is that the sensitivity and specificity ofRT-QuIC and

PMCA assays for αSynP seeding activity in the biopsy skin

samples from living patients were mainly based on the clini-

caldiagnosesofPDandnon-PDsynucleinopathies.Theycould

behighlyvariable,mainlydependentonhowaccurate theclini-

cal diagnosis of individuals in each cohort evaluated is. A fol-

low-up neuropathological autopsy of each case will be criti-

cal to validate the sensitivity and specificity of thebiopsy skin

samples.

Conclusions

UsingRT-QuIC andPMCAassays,weprovide the first evidence

thatskinαSynPhasaggregationseedingactivity.Ourfindingssug-

gest that skin αSynP seeding activity is a feasible biomarker for

diagnosis of PD and possibly other synucleinopathies.
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