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IMPORTANCE Deposition of the pathological a-synuclein (aSynP) 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 PD were 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 AND MEASURES Skin aSyn” seeding activity was analyzed by RT-QuIC and
PMCA assays.

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
participants [66%]; mean [SD] age at time of biopsy, 65.3 [9.2] years) were analyzed.
RT-QuIC analysis of aSyn® seeding activity in autopsy abdominal skin samples from 47 PD
cadavers and 43 NNCs revealed 94% sensitivity (95% Cl, 85-99) and 98% specificity (95%
Cl, 89-100). As groups, RT-QuIC also yielded 93% sensitivity (95% Cl, 85-97) and 93%
specificity (95% Cl, 83-97) among 57 cadavers with synucleinopathies (PD, LBD, and MSA)
and 73 cadavers without synucleinopathies (Alzheimer disease, progressive supranuclear
palsy, corticobasal degeneration, and NNCs). PMCA showed 82% sensitivity (95% Cl, 76-88)
and 96% specificity (95% Cl, 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% Cl, 77-100) and 100%
(95% Cl, 84-100), respectively, for RT-QuIC and 80% (95% Cl, 49-96) and 90% (95% Cl,
60-100) for PMCA.

CONCLUSIONS AND RELEVANCE This study provides proof-of-concept that skin aSyn” seeding
activity may serve as a novel biomarker for antemortem diagnoses of PD and other
synucleinopathies.
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arkinson disease (PD) along with other non-PD synuclei-

nopathies, such as Lewy body dementia (LBD) and mul-

tiple system atrophy (MSA), are characterized by the ac-
cumulation of pathological a-synuclein (aSynF) aggregates in
the brain."? Currently, a definite diagnosis relies on the de-
tection of aSyn®-containing Lewy bodies in the brain in pa-
tients with PD and LBD or oligodendroglial cytoplasmicinclu-
sions in patients with MSA.?~ Development of a reliable and
sensitive assay for aSyn® 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.®

Deposition of immunoreactive aSyn® in the peripheral ner-
vous system has been detected by immunohistochemistry
(IHC) in multiple peripheral organs and tissues of patients with
PD, such as the colon, salivary glands, and skin.”* 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.">1% Notably, phosphorylated aSyn* depositions within au-
tonomic nerve endings of biopsied skin samples have also been
detected by IHC and/or immunofluorescence (IF) microscopy
in living patients with PD.'*?® Because autonomic dysfunction
associated with skin aSyn® deposition may appear long before
clinical symptoms in living patients with PD or individuals at
prodromal stages of PD,'*%19 skin aSyn’ is a good candidate
for early diagnosis. However, detection of the phosphory-
lated form of skin aSyn® by IHC has been challenging and
inconsistent, with sensitivities ranging from 0% to 100%, pos-
sibly due to methodological variability.®14-2921 Remarkably,
several recent studies have revealed that misfolded aSyn?,
either in the brain of individuals with PD or formed in vitro by
recombinant aSyn, possesses prionlike aggregation seeding
activity.?224 Nevertheless, whether skin aSyn® detected by IHC
and/or IF microscopy with specific antiphosphorylation anti-
bodies has aggregation seeding activity and whether skin aSyn”
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 aSyn¥, 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)?>2¢ and, more
recently, skin tissue.?”-28 It was recently adapted to detect
aSynF seeding activity in the brain and/or CSF samples from
individuals with PD and LBD with 92% to 95% sensitivity and
100% specificity.2°-* 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.?®*>3¢ A modified version of PMCA was previously
shown to detect aSyn® in the CSF of patients with PD.?” Using
RT-QuIC and PMCA assays, we report the highly sensitive and
specific detection of aSyn® aggregation seeding activity in
autopsied and biopsied skin samples from individuals with
PD and other synucleinopathies.
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Key Points

Question Does the pathological a-synuclein (aSyn®) detected by
immunohistochemistry in the skin of individuals with Parkinson
disease (PD) have aggregation seeding activity, and is skin aSyn”
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
aSyn® seeding activity was observed in individuals with PD and
synucleinopathies compared with controls with tauopathies and
nonneurodegenerative diseases.

Meaning Skin aSyn” has aggregation seeding activity in patients
with PD and non-PD synucleinopathies and may be a biomarker
for antemortem diagnosis of 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 and Banner Sun Health Research Institute and the eth-
ics committees of the University of Wiirzburg and IRCCS In-
stitute of Neurological Sciences of Bologna. The use of hu-
man tissues was authorized by the institutional review boards
or ethics committees. Written informed consent was ob-
tained from all living participants 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, including 47 PD cadavers; 40 cadavers with other neu-
rodegenerative diseases, including 7 with LBD, 3 with MSA, and
30 with tauopathies, including 17 with Alzheimer disease (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 1in 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 1in
the Supplement). The samples were obtained through the Ari-
zona Study of Aging and Neurodegenerative Disorders/Brain
and Body Donation Program at Banner Sun Health Research
Institute,®® 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).

Living participants were diagnosed clinically based on the
Movement Disorder Society Clinical Diagnostic Criteria for PD.*°
Exclusion criteria included oral anticoagulation medication use,
wound healing disorders, 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 3 medical centers: IRCCS Insti-
tute of Neurological Sciences of Bologna, Bologna, Italy; the
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Table. Demographic Characteristics and Skin Pathological a-Synuclein Thioflavin T Fluorescence of Different Groups

Autopsy sample

Biopsy sample

Variable 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 <.001 <.001 .01 47 .98 >.99 NA <.001° NA
control)?
P value (compared with PD) NA .19 .52 <.001 <.001 <.001 <.001 NA <.001°
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 <.001 .01 .03 NA .80 .98 NA <.005° NA
control)?
P value (compared with PD) NA >.99 >.99 NA 23 .06 <.001 NA <.005°

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.

2 Pvalue determined by 1-way analysis of variance.
b pvalue determined by t test.

University Hospital of Wiirzburg, Wiirzburg, Germany; and the
Human Tissue Procurement Facility, Case Western Reserve Uni-
versity, Cleveland, Ohio. Participants were selected during their
diagnostic workup or therapy. In the Bologna biopsy group, al-
though no patients refused to participate in the study, 2 to 3
individuals approached were excluded because of uncertain
clinical diagnoses. In the Wiirzburg 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 information about how we chose samples and what
cases were used in each experiment is detailed in eFigure 1in
the Supplement.

Skin Tissues and Preparation

Skin samples (approximately 30 to 100 mg each in weight;
approximately 3 x 3-mm to 5 x 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 1x 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 analysis was conducted as described previously,
with minor modification. Briefly, the RT-QuIC reaction mix was

27,28
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composed of 40 mmol of phosphate buffer (pH 8.0), 170 mmol
of sodium chloride, 0.1 mg/mL of recombinant human wild-
type aSyn either synthesized in-house*® or purchased com-
mercially (rPeptide) as designated in each analysis, 10 pmol
of thioflavin T (ThT), and sodium dodecyl sulfate, 0.00125%.
A 98-uL aliquot of the reaction mix was loaded into each well
of a black 96-well plate with a clear bottom (Nunc) and seeded
with 2 pL of skin homogenate (eMethods in the Supplement).
After we observed a similar efficiency between 2 substrate
preparations, we subsequently used the commercially pur-
chased aSyn in our study.

PMCA Analysis

Recombinant human wild-type aSyn was thawed and then
centrifuged at 100 000g for 30 minutes at 4 °C to remove any
aggregates that may have formed during the freeze-thaw pro-
cess. Monomeric aSyn was diluted to 50 pumol 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 described*® with repeated cycles of 10 seconds of
sonication and 29 minutes, 50 seconds of incubation at 37 °C
(eMethods in the Supplement).

IHC and IF Microscopy Staining

Skin samples were fixed and embedded in paraffin for IHC and
IF microscopy as previously described.*! 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 data were ana-
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lyzed using the t test for comparing 2 groups and 1-way analy-
sis of variance for more than 2. To compare RT-QuIC and PMCA
analysis, we used Spearman rank correlation between paired
values from the 2 assays. Percentage agreement was also as-
sessed based on classification cutoffs from receiver operating
characteristic (ROC) curve analysis. When computable, the
McNemar test was used to assess marginal homogeneity and
differences in agreement. Finally, we conducted the ROC curve
analysis for a paired area under the ROC curve (AUC) to ana-
lyze the accuracy of skin RT-QuIC and PMCA assays.*? All 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 aSyn® in Autopsy Skin Samples of PD

Cadavers by IHC and IF Microscopy Staining

We first used IHC and IF microscopy to reaffirm the presence
of phosphorylated aSyn® in the skin tissues of PD cadavers.
Consistent with the previous findings,'?:'*! our analyses
confirmed that phosphorylated aSyn® was detectable with
pS129-Syn (the antibody directed against phosphorylated a-sy-
nuclein) colocalized with PGP9.5 (an axonal marker), reveal-
ing the presence of phosphorylated aSyn” in the skin nerve fi-
bers of PD cadavers (Figure 1A and C) but not cadavers without
PD by IHC (Figure 1B) and IF microscopy (Figure 1D-I).

Detection of aSyn® Seeding Activity in PD Autopsy
Skin Samples Using RT-QulC and PMCA Assays
We used RT-QuIC to determine whether skin aSyn® has aggre-
gation seeding activity. Neuropathologically confirmed PD
and non-PD autopsy skin samples were serially diluted,
and RT-QuIC was able to detect aSyn* seeding activity in PD
samples serially diluted to 10> but not at 10~® dilution, whereas
no seeding activity was observed at any of the 4 dilutions (103
to 10~ dilution) in non-PD samples up to 60 hours (Figure 2A).

Autopsy abdominal skin samples from 20 PD and 4 non-PD
cadavers were examined by RT-QuIC. The mean (SD) maxi-
mal ThT fluorescence was 82.6% (22.5) in PD cadavers, which
was significantly higher than that of non-PD controls (mean
[SD1,4.5% [0.71; P < .001) (Figure 2B). A total of 2 of 20 PD ca-
daver skin samples exhibited a notably lower response, al-
though it was still significantly higher than that of non-PD skin
controls; one of them was still above the threshold that de-
fined a positive RT-QuIC response based on the average of nega-
tive controls plus 3-fold SD. According to this definition, our
RT-QuIC analysis yielded 95% 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 unbiased detection. We obtained 100% sen-
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sitivity (95% CI, 91-100), and specificity remained at 100% (95%
CI, 87-100) (Figure 2C). Together, our results indicated that
aSyn® 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 aSyn® seeding activity in
autopsy skin homogenates. Of 23 PD abdominal skin samples,
19 (83%) exhibited positive aSyn® seeding activity. In con-
trast, none of the 7 NNCs showed detectable seeding activity
(Figure 2D). The PMCA analysis of these skin samples exhib-
ited 83% sensitivity (95% CI, 74-92) and 100% specificity (95%
CI, 84-100).

Comparison of aSyn® Seeding Activity in Autopsy
Skin Samples Between Patients With Synucleinopathies
and Nonsynucleinopathies
To validate our findings, more autopsy abdominal skin samples
from additional neuropathologically confirmed individuals with
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 1in the Supplement).
Positive aSyn® seeding activity was present in skin samples 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) for PD, 67% sensitivity (95% CI, 42-92) for MSA,
100% sensitivity (95% CI, 94-100) for LBD, and 93% sensitivity
(95% CI, 85-97) for all 3 synucleinopathies combined (Figure 3A).
In contrast, aSyn® seeding activity was only observed in 1 of 43
NNCs and 5 of 17 AD skin samples (Figure 3A). None of the 5 CBD
and 8 PSP skin samples showed positive seeding activity. As a
result, the specificity of RT-QuIC was 93% (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
compared only with NNCs (Figure 3A). ROC curve analysis con-
firmed that the skin RT-QuIC maximum relative ThT fluores-
cence responses were highly accurate in discriminating PD
(n = 47) from NNCs (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 aSyn® seeding activity among
different groups are listed in the Table.

Some of the above autopsy skin samples from PD cadavers
(n = 24), LBD cadavers (n = 5), MSA cadavers (n = 3), PSP cadav-
ers (n = 5),and CBD cadavers (n = 5) and NNCs (n = 8) were also
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)
(Figure 3B) (Table). Combining this set of data and the one shown
in Figure 2D, the sensitivity and specificity of PMCA to differ-
entiate synucleinopathies from nonsynucleinopathies were 82%
(95% CI, 76-88) and 96% (95% CI, 85-100), respectively.

To analyze the agreement levels of RT-QuIC and PMCA data
for aSynF seeding activity in the cadavers who were examined
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Figure 1. Inmunohistochemistry (IHC) and Immunofluorescence (IF)
Microscopy of Pathological a-Synuclein (aSyn®)

@ IHC of skin tissue
from a PD cadaver

IHC of skin tissue

from a control

probed with the probed with the
pS129-Syn antibody pS129-Syn
antibody

.._
20 im

20 pm

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

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

A, IHC of skin tissue section from a
Parkinson disease (PD) cadaver
stained with the pS129-Syn antibody
for phosphorylated aSyn®.

B, IHC of skin tissue section from a
non-PD control cadaver stained with
the pS129-Syn antibody for
phosphorylated aSyn®. C, IHC of
brain tissue section from a PD
cadaver stained with the pS129-Syn
antibody for phosphorylated aSyn.
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.

control probed with pS129-Syn
antibody and PGP9.5 protein

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
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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-
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Figure 2. Detection of Pathological a-Synuclein (aSyn®) Seeding Activity in Autopsy Skin Samples From Parkinson Disease (PD) Cadavers
by Real-Time Quaking-Induced Conversion (RT-QuIC) or Protein Misfolding Cyclic Amplification (PMCA) Assay
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A, Dose-dependent aSyn® 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
1073 through 107° dilution. Commerecially purchased recombinant human aSyn
(rPeptide) was used. B, RT-QuIC detection of aSyn® seeding activity in the
abdominal skin homogenates from 20 patients with PD and 4 controls with PD.
Synthesized in-house recombinant human aSyn was used. C, RT-QuIC detection

of aSyn® 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 aSyn
(rPeptide) was used. D, PMCA detection of aSyn” seeding activity in the
abdominal skin homogenates from 23 patients with PD and 7 controls without
PD. Synthesized in-house recombinant human aSyn was used. All data were
normalized to percentages of the maximal fluorescence response.

negative out of 3 cases, whereas the rest were 100% accurate.
Among PD cases only, there was 75% agreement, and the McNe-
mar test indicated no significant difference (P = .69) (eFigure 2
in the Supplement), which also supports agreement between
methods. For MSA, findings from the McNemar test were non-
significant; it could not be computed for the other diagnostic
groups since both approaches included samples that were either
all positive or negative. ROC analysis of PD only vs CBD and PSP
resulted in AUC values for RT-QuIC and PMCA of 0.975 (95% CI,
0.931-1.000) and 0.913 (95% CI, 0.816-1.000), respectively. No
significant difference when comparing AUC values was ob-
served (P = .27).%? All these statistical analyses suggested that
the 2 assays were significantly consistent in detecting skin aSyn®
seeding activity, mirroring their success in detecting skin prion
seeding activity in prion disease.?®

Detection of aSyn® Seeding Activity in Skin Biopsy

Samples From Living Patients With PD

To determine whether the above findings can be applied to skin
biopsy samples from living patients with PD, skin samples ob-
tained by punch biopsy from 2 posterior cervical sites (C7) and
2 leg sites were examined by RT-QulIC. Like the 2 positive con-

jamaneurology.com

Downloaded From: https://jamanetwork.com/ on 08/27/2022

trol PD cadaver skin samples, the 2 posterior cervical skin bi-
opsy samples showed positive seeding activity (Figure 4A). In
contrast, the 2 leg skin biopsy samples exhibited weak seed-
ing activity only after 50 or 70 hours. No aSyn® seeding activ-
ity was detected in the 3 negative skin specimens from non-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-
QuIC assay. The maximum responses in the biopsy skin samples
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) (Figure 4B)
(Table). The RT-QuIC assay revealed 95% sensitivity (95% CI,
77-100) and 100% specificity (95% CI, 84-100). PMCA also ac-
curately differentiated patients with PD (n = 10) from non-PD
controls (n = 10) at the end point of 100 hours (mean [SE] AUC,
0.9250[0.0637]; 95% CI, 0.8001-1.0000; P < .001) (Figure 4C)
(Table) with 80% sensitivity (95% CI, 49-96) and 90% speci-
ficity (95% CI, 60-100).
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Figure 3. Comparison of Pathological a-Synuclein (aSyn®) Seeding Activity in Autopsy Skin Samples From Cadavers
With Synucleinopathies (SOPs), Tauopathies, or Nonneurodegenerative Controls (NNCs) by Real-Time Quaking-Induced
Conversion (RT-QuIC) and Protein Misfolding Cyclic Amplification (PMCA) Assays
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A, Scatter graph of RT-QuIC thioflavin T (ThT) fluorescence intensity at 60 hours of aSyn® seeding activity of abdominal skin samples from cadavers with SOPs, including
47 Parkinson disease (PD) cadavers, 3 multiple system atrophy (MSA) cadavers, and 7 Lewy body dementia (LBD) cadavers, as well 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 and C, Receiver operating characteristic (ROC) curves and derived area under the curve (AUC) calculations for aSyn® comparisons between PD and NNC cadavers and
between SOP and non-SOP cadavers. D, Scatter graph of PMCA ThT fluorescence intensity at 100 hours of aSyn” seeding activity of abdominal skin samples from
cadavers with SOPs, including 24 PD cadavers, 3 MSA cadavers, and 5 LBD cadavers, as well as non-SOPs, including 5 PSP cadavers, 5 CBD cadavers, and 8 NNC cadavers.
E and F, ROC curve and AUC calculation for comparisons of aSyn” seeding activity between PD and NNC cadavers and between SOP and non-SOP cadavers. The dotted
lines indicate the threshold defining the positive and negative cases. Commercially purchased recombinant human aSyn was used.

2P <.001
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Figure 4. Detection of Pathological a-Synuclein (aSyn®) Seeding Activity in Biopsy Skin Samples From Living
Patients With Parkinson Disease (PD) and Controls Without PD by Real-Time Quaking-Induced Conversion

(RT-QuIC) and Protein Misfolding Cyclic Amplification (PMCA) Assays

@ Representative aSynP RT-QuIC spectra of biopsy skin samples from a

patient with PD

@ Cervical sample 1
[ Cervical sample 2
A Legsample1

Leg sample 2
X Positive sample 1

1204 ® Positive sample 2

+ Negative sample 1
— Negative sample 2
Negative sample 3

100+

80+

60

40+

ThT fluorescence at 60 h, %

20+

0 10 20 30 40 50 60 70
Time, h

ROC curve and derived AUC calculation of aSynP seeding activity
comparison between patients with PD and controls

80

90

Scatter graph of maximal ThT fluorescence
percentage of aSynP seeding activity of
neck or leg biopsies from patients with
PD and controls by RT-QuIC assay

120+
a
a
100+
= °
o
f 80 ...
f=
s 0)
20l o0
= 7 [ ] [}
= ®e
=
20
[} vv v
0 T T
PD CTL
(n=20) (n=21)

@ Scatter graph of maximal ThT fluoresence
percentage of aSynP seeding activity of
neck or leg biopsies from patients with PD
and controls by PMCA

Original Investigation Research

A, Representative aSyn” RT-QuIC

100+
80
X 60+
2
=
g 40 PD vs control
© Area 0.9952
SE 0.0064
20+ 95%Cl 0.9826to 1.0082
Pvalue <.001
04
0 20 40 60 80 100

E] ROC curve and derived AUC calculation of aSynP seeding activity comparison

100 - Specificity, %

between patients with PD and controls

120+ ] spectra of biopsy skin samples from
A 2 posterior neck areas (cervical
100 ° samples 1and 2) and 2 leg areas (leg

samples 1and 2) of a living patient
80+ with PD. Positive autopsy skin
controls from PD cadavers (positive
samples 1and 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
04 T (ThT) fluorescence percentage at
60 hours of the aSyn” 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 aSyn”
seeding activity between patients
with PD and controls without PD.

D, Scatter graph of maximal ThT
fluorescence percentage at 100
hours of aSyn” 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 aSyn was used.

?P<.001

60

40+

20+

ThT fluorescence at endpoint, %

(n=10) (n=10)

100+ ’_/—0—0—0—0—0—0—0
q g
80 °
®
R 60 ®
2
s ®
% PD vs control
e Area 0.9250
SE 0.0637
20+ 95%Cl  0.8001 to 1.0000
Pvalue <.001
0,
T T T T T 1
0 20 40 60 80 100
100 - Specificity, %
jamaneurology.com

Downloaded From: https://jamanetwork.com/ on 08/27/2022

JAMA Neurology January 2021 Volume 78, Number 1

37


http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2020.3311

38

Research Original Investigation

|
Discussion

The aggregation seeding capability of aSynF led to the devel-
opment of RT-QuIC and PMCA platforms to sensitively detect
aSyn®. These assays have recently been applied to CSF and au-
topsied submandibular gland tissues.?°-3437-43 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 aSyn® 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
aSyn® in patients with PD.%*

To our knowledge, this study has demonstrated for the first
time that skin aSyn® has aggregation seeding activity that was
significantly higher in individuals with PD and other synuclei-
nopathies than in those with tauopathies and NNCs. The skin-
based analyses provided comparable diagnostic sensitivity and
specificity to CSF-based assays. Given that skin punch biopsy
isrelatively easier to perform and much less invasive, skin aSyn®
seeding activity may be a more practical antemortem diagnos-
ticbiomarker for PD and synucleinopathies. Further studies will
be needed to determine if aSyn® 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 patients with Creutzfeldt-Jakob
disease®” but also far in advance of neuronal damage and clini-
cal signs of prion disease in rodents.?®

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 aSyn® seeding activity
among patients with parkinsonism can differentiate synuclei-
nopathies (PD, MSA, and LBD) from tauopathies (PSP and CBD),
which is consistent with previous reports of detecting aSyn®
deposits in the skin nerve fibers of patients with LBD and MSA
with ITHC or IF microscopy.'®-4>46 Since the cases of non-PD sy-
nucleinopathies and tauopathies examined in this study were
much fewer than PD cases, more studies are needed to vali-
date this finding.

Positive aSyn® seeding activity was observed in autopsy
skin specimens from 5 of 17 AD cadavers by RT-QuIC and 1 of
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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 concurrent with deposits of B-amyloid and/or tau.*”->!
Thus, it would be important to examine both the brain and skin
tissues of these individuals to determine whether the 2 types
of tissues are consistent in having aSyn* seeding activity.>?

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 aSyn* seeding activity compared with
the leg skin tissues. Thus, standardizing RT-QuIC with poste-
rior cervical skin may ultimately lead to a quantitative assay
to measure skin aSyn® seeding activity at different stages of
synucleinopathies, which will be a great complement to
imaging tests to monitor disease progression. Moreover, our
RT-QulC and PMCA assays can also complement the ongoing
investigations of peripheral PD biomarkers using IHC detec-
tion of aSyn®,'*1° which will allow us to correlate the biologi-
cal activity to the morphology of aSyn® aggregates in differ-
ent skin areas.

Limitations

This study has limitations. For instance, compared with PD and
non-PD controls, the number of cases with non-PD synuclei-
nopathies, such as MSA 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 of RT-QuIC and
PMCA assays for aSyn® seeding activity in the biopsy skin
samples from living patients were mainly based on the clini-
cal diagnoses of PD and non-PD synucleinopathies. They could
be highly variable, mainly dependent on how accurate the clini-
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 the biopsy skin
samples.

. |
Conclusions

Using RT-QuIC and PMCA assays, we provide the first evidence
that skin aSyn* has aggregation seeding activity. Our findings sug-
gest that skin aSyn® seeding activity is a feasible biomarker for
diagnosis of PD and possibly other synucleinopathies.
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