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ABSTRACT: Background: Skin biopsy is a
potential tool for the premortem confirmation of an
a-synucleinopathy.

Objective: The aim was to assess the aggregation
assay real-time quaking-induced conversion (RT-QuIC)
of skin biopsy lysates to confirm isolated rapid eye
movement sleep behavior disorder (iIRBD) as an
a-synucleinopathy.

Methods: Skin biopsies of patients with iRBD,
Parkinson’s disease (PD), and controls were analyzed
using RT-QuIC and immunohistochemical detection of
phospho-a-synuclein.

Results: o-Synuclein aggregation was detected in
97.4% of iRBD patients (78.4% of iRBD biopsies),
87.2% of PD patients (70% of PD biopsies), and 13%
of controls (7.9% of control biopsies), with a higher
seeding activity in iRBD compared to PD. RT-QuIC
was more sensitive but less specific than
immunohistochemistry.

Conclusions: Dermal RT-QuIC is a sensitive method
to detect a-synuclein aggregation in iRBD, and high
seeding activity may indicate a strong involvement of
dermal nerve fibers in these patients. © 2023 The
Authors. Movement Disorders published by Wiley
Periodicals LLC on behalf of International Parkinson
and Movement Disorder Society.

Key Words: rapid eye movement sleep behavior dis-
order; o-synuclein; Parkinson’s disease; real-time
quaking-induced conversion; skin biopsy
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Detection of a-synuclein aggregates in tissue biopsies
and fluids that are easily accessible premortem is a promis-
ing approach for a biomarker of Parkinson’s disease
(PD)."® Phospho-a-synuclein deposits were detected in var-
ious tissues containing peripheral nerve fibers, including
skin biopsies, which reflects the knowledge that a-synuclein
pathology is not restricted to the central nervous system in
these diseases.*” Isolated rapid eye movement sleep behav-
ior disorder (iRBD) is supposed to represent a prodromal
stage of PD, dementia with Lewy bodies, and multiple sys-
tem atrophy.®” Whereas many studies in the past decade
focused on the histopathological detection of peripheral
a-synuclein deposits using immunohistochemistry (IHC),'
more recent studies have provided evidence that real-time
quaking-induced conversion (RT-QuIC), an aggregation
assay based on the seeding properties of misfolded
a-synuclein, may provide a sensitive and specific method
to measure a-synuclein aggregates in larger numbers of
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TABLE 1  Overview of the detection rates and quantification of dermal a-synuclein aggregates using RT-QulC and immunofluorescence staining

Sex

iRBD (n = 38)

PD (n = 39)

Controls (n = 23)

Comparison/P-value

5 female, 33 male

6 female, 33 male

8 female, 15 male

Age (median, range) (y)

Duration of disease**
(median, range) (y)

Stage (Hoehn & Yahr)
NMSQ (median, range)

MDS-UPDRS-III
(median, range)

Olfactory function***

Positive using RT-QulIC
Leg
C7
Th10
Marburg
Cologne
Kiel
Wiirzburg

Maximum fluorescence
(rfu, mean, all sites)

Leg
Cc7
Th10

Lag phase (h, mean, all
sites)

Leg

C7

Th10

65.5 (55-84)
5.4 (2-32)

0
6 (0-19)
2.5 (0-8)

5 normosmic, 16
hyposmic, 15 anosmic

37/38 (97.4%)
26/35 (74.3%)
31/38 (81.6%)
12/15 (80%)
11/12 (91.7)
19/19 (100%)
3/3 (100%)

4/4 (100%)
47,142 (£13,888)

44,063 (£20,869)
46,149 (£20,253)
47,142 (£22,675)
37.15 (£12.15)

42.02 (£18.27)

35.86 (+£16.63)

37.03 (£16.61)

65 (50-79)
8 (1-22)

I. 6, 11: 19, III: 12, IV: 1, V: 1

10 (0-24)
21 (2-47)

na

34/39 (87.2%)
22/30 (73.3%)
27/39 (69.2%)
7/11 (63.6%)

2/4 (50%)

na

6/8 (75%)

26/27 (96.3%)
37,688 (£18,298)

36,936 (+£21,277)
37,722 (+£21,828)
35,160 (23,027)
44.45 (£12.37)

42.89 (+£17.13)

45.91 (+£15.49)

51.14 (£13.68)

57 (45-85)

na

na

3/23 (13%)

3/20 (15%)

2/22 (9.1%)

0/21 (0%)

1/3 (33.3%)

na

n/a

2/20 (10%)
12,386 (+10,385)

14,883 (+19,577)
10,498 (+12,765)
12,002 (+11,955)
64.93 (£13.33)

61.23 (+22.12)

66.34 (£16.67)

65.79 (411.00)

P =0.01*

P =0.02

iRBD/PD > controls,
P < 0.0001

iRBD/PD > controls,
P < 0.0001

iRBD > PD, P < 0.05

iRBD/PD > controls,
P < 0.0005

iRBD/PD < controls,
P < 0.0001

iRBD < PD, P < 0.05

iRBD/PD < controls,
P < 0.002

iRBD/PD < controls,
P < 0.0001

iRBD < PD, P < 0.006

iRBD/PD < controls,
P < 0.004

iRBD < PD, P = 0.02

Ratio of positive 0.83 (£0.21) 0.76 (£0.30) 0.27 (£0.23) iRBD/PD > controls,
replicates (mean, all P < 0.0001
sites)
Leg 0.76 (£0.37) 0.78 (£0.36) 0.3 (£0.35)
Cc7 0.82 (£0.32) 0.76 (£0.36) 0.23 (£0.29)
Th10 0.82 (£0.36) 0.68 (£0.40) 0.29 (£0.20) iRBD/PD > controls,
P <0.01
(Continues)
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TABLE 1 Continued
iRBD (n = 38) PD (n = 39) Controls (n = 23) Comparison/P-value
Sex 5 female, 33 male 6 female, 33 male 8 female, 15 male -
Positive using IHC 23/35 (65.7%) 11/27 (40.7%) 0/23 (0%) iRBD/PD > controls,
P < 0.0005
Leg 14/35 (40%) 5/27 (18.5%) 0 iRBD > controls,
P < 0.0001
C7 13/35 (37.1%) 7/27 (25.9%) 0 iRBD/PD > controls,
P <0.05
Th10 6/15 (40%) 2/11 (18.2%) 0 iRBD > controls,
P <0.05
Marburg 8/12 (66.7%) 0/4 (0%) 0/3 (0%) na
Cologne 12/19 (63.2%) na na
Wiirzburg 3/4 (75%) 11/23 (47.8%) 0/20 (0%)
Ratio of positive slides 0.1 (£0.15) 0.07 (£0.11) 0 iRBD/PD > controls,

(mean, all sites)

P <0.01

Note: *Kruskal-Wallis test, **from onset of symptoms, and ***TDI (Wiirzburg, Marburg), 16-item screening (Kiel), 12-item screening (Cologne).
Abbreviations: RT-QuIC, real-time quaking-induced conversion; iRBD, isolated rapid eye movement sleep behavior disorder; PD, Parkinson’s disease; na, not available; MDS-
UPDRS, Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale; rfu, relative fluorescence units; IHC, immunohistochemistry.

1012 hot only in cerebrospinal fluid (CSF)'*'* but

10-12,15

samples,
also in skin biopsy lysates of PD patients.

In the present study, we aimed to assess the use of der-
mal RT-QulC as an early diagnostic marker of
a-synucleinopathy in patients with iRBD. For direct com-
parison, dermal RT-QulC was analyzed in parallel with
histopathological detection of phospho-a-synuclein in skin
biopsies.

Patients and Methods

Subjects

Thirty-eight patients with a video-polysomnography-
confirmed diagnosis of iRBD according to the consensus
criteria of the International RBD Study Group'® were
included at the University Hospitals Marburg (n = 12),
Cologne (n = 19), Kiel (n = 3), and Wiirzburg (n = 4).
Thirty-nine patients with a diagnosis of PD based on the
Movement Disorder Society Clinical Diagnostic Criteria
for Parkinson’s Disease'” and 23 healthy controls were
recruited at the University Hospitals Marburg (PD:
n = 4, controls: n = 3), Kiel (PD: n = 8), and Wiirzburg
(PD: n = 27, controls: n = 20). Details on the clinical
testing of patients are given in the Supplemental
Methods. Demographic data of the participants are sum-
marized in Table 1 and provided in detail in Supplemen-
tary Table S1.

Skin Biopsy Procedure, IHC, and RT-QuIC

Skin biopsies (5-mm diameter) were taken at C7 (all
centers), Th10 (Marburg, partly Wiirzburg), and proximal

leg (Marburg, Cologne, and Wiirzburg) as previously
described.* Samples were shipped to Wiirzburg for testing
using IHC and RT-QuIC. One half was used for IHC and
the other half for RT-QuIC. In 15 patients (3 iRBD and
12 PD), no material was taken for immunofluorescence
staining.

IHC and RT-QuIlC were performed as previously

described'"'® (see Fig. S1 and Supplemental Methods #

for details).

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism, version 9.4.0 (GraphPad Software, San Diego,
CA, USA). To compare the numbers of positive cases
between groups, Fisher’s exact test was used. For com-
parison of quantitative measurements, Mann-Whitney
U test was applied. Spearman’s correlation was used to
test if the quantification of positivity as measured using
RT-QulC and IHC (both ratio data) correlates, and the
Phi coefficient was used for correlation analysis of
binary data (positive/negative). For comparing the rate
of positivity between RT-QuIC and IHC, McNemar’s
test was used. A significance level of 0.05 was applied
for all tests.

Results

In 37 of 38 (97.4%) of the patients with iRBD,
comprising 34 of 39 (87.2%) patients with PD and 3

of 23 (13%) controls, a-synuclein aggregates were
detected using RT-QulC ([P < 0.0001] iRBD/PD

w
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FIG. 1. Mean fluorescence (including all biopsy sites) during incubation
time; (A) error bars mark standard deviations: the curve of the patients
with iRBD (isolated rapid eye movement sleep behavior disorder) is
slightly above those of patients with PD (Parkinson’s disease), and both
curves representing patients are clearly above the control curve, dem-
onstrating slightly higher fluorescence intensity in iRBD patients com-
pared to PD and higher intensity in patients compared to controls. (B)
The mean lag phase of patients (iRBD and PD) was shorter, and the (C)
mean maximum fluorescence intensity was higher than in controls. The
mean lag phase was shorter in iRBD than in PD, and the mean maxi-
mum fluorescence was higher (**P < 0.0001, **P < 0.01, and *P < 0.05)
(max = maximum, con = controls, PD = Parkinson’s disease,
iRBD = isolated rapid eye movement sleep behavior disorder). [Color
figure can be viewed at wileyonlinelibrary.com]

against controls; Table 1). The detection rate per sin-
gle biopsy was 78.4% in iRBD, 70% in PD, and
7.9% in controls. Using IHC, dermal phospho-
a-synuclein was detectable in 23 of 35 (65.7%)
patients with iRBD, 11 of 27 (40.7%) patients with
PD, and in none of the 23 controls. The detection
rate per single biopsy was 38.8% in iRBD and
21.5% in PD. The detection rates across biopsy sites
did not differ significantly between groups and
within groups (Table 1).

One of the RT-QulC-positive healthy controls had a
probability of prodromal PD of 16% according to the
MDS criteria, and the other two had <1%.'”*° One
reported hyposmia, 1 had a positive family history of
PD (father affected), and 1 had mild motor symptoms
(hypophonia, unsteady gait).

The 5 RT-QulC-negative patients with PD presented
with a tremor-dominant phenotype and were at an
early stage of disease (1 patient H&Y 1, 4 patients
H&Y 2, average disease duration: 1.8 years). None of
them suffered from RBD based on the REM Sleep

Behavior Disorder Screening Questionnaire (RBDSQ)
or anamnestic exploration.

In RT-QuIC, the lag phase was shorter and the mean
maximum fluorescence was higher in patients with
iRBD and PD compared to controls (P < 0.0001) and
also in patients with iRBD compared to PD (mean lag
phase: P = 0.012, mean maximum fluorescence:
P = 0.0096; Fig. 1), indicating higher seeding activity
in iRBD.

Considering all biopsy sites of each subject, all
patients who were positively tested using IHC were also
positive using RT-QulC. There were more patients pos-
itive using RT-QulC than using IHC (P < 0.0001).
When directly assessing biopsies that were cut in hallf,
33.6% of all biopsy halves tested positive using both
methods (iRBD: 45.9%, PD: 21.3%, and controls: 0%)
and 61.1% using RT-QuIC only (iRBD: 50.8%, PD:
70.2%, and controls: 100%), and only four biopsy hal-
ves tested positive using IHC, not using RT-QulC
(3.5% of all, iRBD: 3.3%, PD: 8.5%, and controls:
0%) (Fig. S2A/B).

A correlation between THC (ratio of positive sections)
and seeding activity of RT-QulC (mean lag phase,
mean maximum fluorescence) was found (mean maxi-
mum fluorescence: r = 0.5, P < 0.0001, mean lag phase:
r = —0.4, P = 0.0008, Fig. S2C,D), and there was a
moderate correlation of positivity between both
methods (phi = 0.32).

We did not find a correlation between dermal
a-synuclein aggregation as detected using RT-QulIC or
IHC and duration of iRBD, RBDSQ, Non-Motor
Symptoms Questionnaire (NMSQ), MDS-UPDRS-III
(Movement Disorder Society-Sponsored Revision of the
Unified Parkinson’s Disease Rating Scale), or age. RT-
QuIC was positive in all 6 iRBD patients with normal
123I-N-w-fluoropropyl-2f-carbomethoxy-3p-(4-iodophenyl)
tropane single photon emission computed tomography
(FP-CIT-SPECT), and IHC was positive in 4 of them; all 4
normosmic iRBD patients tested positive using RT-QulC
and only 1 of them using IHC.

In patients with PD, the mean lag phase was shorter in
patients with suspected RBD (n = 16) based on the
RBDSQ or anamnestic exploration (mean lag phase:
P = 0.03, mean maximum fluorescence: P = 0.13), but
correlation between the mean lag phase and duration of
disease failed to reach significance (P = 0.067, r = —0.3).

Discussion

Our study reveals a high detection rate of aggregated
dermal a-synuclein using RT-QuIC in RBD and an even
higher seeding activity compared to PD. IHC and RT-
QulC results correlated, RT-QulC appearing to be
more sensitive but less specific. Our data provide
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evidence that dermal RT-QuIC is a very sensitive tool
to confirm iRBD as an a-synucleinopathy in individual
patients.

The even higher seeding activity measured using der-
mal RT-QuIlC in iRBD compared to PD may be
explained either by a decrease in dermal a-synuclein
deposition during the course of PD due to degeneration
of the respective fibers or by an early involvement of
peripheral nerves in patients with iRBD. When consid-
ering a recent study on dermal RT-QulC where we
could already show a higher a-synuclein seeding activ-
ity in PD patients who reported RBD symptoms'' and
previous immunohistochemical studies that also pro-
vided evidence of higher amounts of dermal a-synuclein
deposits associated with iRBD,*'? it seems likely that
the high rate of positivity of dermal RT-QuIC in iRBD
is explained by high a-synuclein deposition in periph-
eral nerves in these patients.

The high sensitivity and acceptable specificity of der-
mal RT-QulC and the possibility to process high num-
bers of samples support its use as a diagnostic tool.
However, high sensitivity was achieved only by multi-
ple biopsies per patient, most probably due to the pat-
chy distribution of dermal a-synuclein,” and may be
inconvenient. Single false-positive controls may be
explained by unspecific aggregation due to interaction
effects of the skin as a complex biomatrix with a-synuclein,
by slight contaminations of single samples that may
induce aggregation in this very sensitive assay, or by
potential prodromal stages of an a-synucleinopathy in
controls. Indeed, all 3 RT-QulC-positive controls had
suspicious findings of prodromal PD. All negative
patients with PD had a tremor-dominant subtype and a
short duration of disease.

Positivity of IHC was slightly lower compared to our
own previous studies that could show a detection rate of
75% in iRBD and of up to 80% in PD.*'® One major
reason might be the lower number and volume of sam-
ples. A patchy distribution of aggregates may also
account for a few biopsies that were positive using IHC
but not using RT-QulC. As the immunohistochemical
detection rate differs between laboratories and protocols,
the direct comparison provided here cannot be generally
transferred to all centers analyzing skin biopsies.

In PD patients, a recent study of Donadio and col-
leagues demonstrated a similar rate of positivity of 86%
using dermal RT-QuIC but achieved a sensitivity of 90%
using THC, probably because eight biopsies per patient
were analyzed.'”> A previous postmortem study even
achieved a sensitivity of 96%."> Another relevant issue for
future studies is the intraindividual comparison of differ-
ent tissues and fluids using RT-QulC: CSF-RT-QuIC stud-
ies of iRBD patients reported sensitivities between 64%
and 100%%**® compared to about 90% in PD,*” whereas
for RT-QuIC of olfactory mucosa, a sensitivity of 44%
was reported in RBD patients,”® 45% to 84% depending

DERMAL
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on the exact sampling site in PD patients.”’ As tissues
may be differently affected in different subtypes of patients
with a-synucleinopathies, cohorts need to be carefully
stratified in future studies.

Further limitations of our study include bias due to dif-
ferent numbers of biopsies, interrater variability in poly-
somnography, and clinical data between centers and
pooled analysis of samples from different centers. To
clearly determine the specificity of dermal RT-QuIC,
future studies need to strictly exclude control subjects with
a family history of PD or any other prodromal signs and
symptoms and should include various body specimens for
direct comparison, for example, CSF and/or serum for
extracellular vesicles as well as longitudinal data.

In summary, we provide evidence that dermal RT-
QuIC is an appropriate tool to confirm iRBD as an
a-synucleinopathy with good sensitivity and specificity.
Higher seeding activity in iRBD compared to PD and
increased seeding activity in PD patients with anamnes-
tic RBD support the notion of an involvement of the
peripheral nervous system in RBD. ®
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