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Abstract

Background: Identification of a peripheral biomarker is a major roadblock in the diagnosis of 

Parkinson’s disease (PD). Immunohistological identification of p-serine 129 (pS129) α-synuclein 

(αSyn) in the submandibular gland (SMG) tissues of PD patients has been recently reported.

Objective: We report on a proof-of-principle study for using an ultra-sensitive and specific, real-

time quaking-induced conversion (RT-QuIC) assay to detect the pathological α-synuclein (paS) in 

the SMG tissues of PD patients.

Methods: The αSyn RT-QuIC assay was used to detect and quantify paS levels in PD, incidental 

Lewy body disease (ILBD), and control SMG tissues as well as in formalin-fixed paraffin-

embedded (FFPE) sections.

Results: We determined the quantitative seeding kinetics of paS present in SMG tissues from 

autopsied subjects using the αSyn RT-QuIC assay. A total of 32 cases comprising 13 PD, 3 ILBD, 

and 16 controls showed 100% sensitivity and 94% specificity. Interestingly, both PD and ILBD 

tissues showed 100% concordance for elevated levels of paS seeding activity compared to control 

tissues. End-point dilution kinetic analyses revealed that SMG had a wide dynamic range of paS 

seeding activity.

Conclusions: Our results are the first to demonstrate the utility of using the RT-QuIC assay on 

peripherally accessible SMG tissues and FFPE tissue sections to detect PD-related pathological 
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changes with high sensitivity and specificity. Additionally, the detection of seeding activity from 

ILBD cases containing immunohistochemically undetected paS demonstrates the αSyn RT-QuIC 

assay’s potential utility for identifying prodromal PD in SMG tissues.
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Introduction

Parkinson’s disease (PD) is the most common movement disorder, affecting predominantly 

the elderly population over the age of 60 years. Genetically linked forms of PD are known to 

have an early onset. The prevalence, mortality, and disability-adjusted life-years of PD have 

doubled in the past decade and will continue to increase in the near future.1 The current 

state-of-the-art diagnosis of PD essentially relies on the clinical signs judged by a clinician2 

and may be further augmented by functional dopaminergic imaging of the basal ganglia.3 

However, by the time of onset of clinically diagnostic symptoms, about 75% of striatal 

dopaminergic terminals and 50% of cell bodies in the substantia nigra have been lost.4 The 

lack of reliable diagnostic markers for diagnosis of PD has been a challenge in clinical 

neurology. Retrospective studies have revealed no improvement in the accuracy of clinical 

PD diagnosis, especially in its early stages, over the past two decades.5 The accumulation of 

misfolded pathological α-synuclein (paS) in brainstem, limbic, and cortical structures 

remains the major histopathological hallmark for confirming the diagnosis of PD.6 The 

discovery of peripheral biomarkers that aid in the detection of PD-related pathological 

processes would substantially improve clinical diagnostic accuracy, subject selection for 

clinical trials, assessment of target engagement, and the monitoring of disease progression 

and/or response to therapy.7–9 Considerable effort has been made to develop biomarkers, 

such as αSyn protein, for patient samples that can be used as diagnostic tools. Recently, our 

group10–14 and others15–17 established an ultrasensitive protein seeding assay called real-

time quaking-induced conversion (RT-QuIC) to quantify multiple disease-specific misfolded 

proteins, including αSyn and prions, in clinical samples. The αSyn RT-QuIC assay has 

detected paS in CSF and brain homogenate samples from PD and dementia with Lewy body 

(DLB) subjects with high sensitivity and specificity. Further advantages of this method 

include the identification of different α-synucleinopathy strains and diagnostic applications 

from other tissues in prion disease.10, 17 With these advancements in improved detection of 

paS in biofluids, it may now be plausibly applied to peripherally biopsied tissues.18–20 In the 

current study, we evaluated the diagnostic potential of paS present in the readily accessible 

submandibular gland (SMG) using this ultra-sensitive αSyn RT-QuIC assay. Beach et al.
21–25 recently reported the presence of paS in the SMG by immunohistochemical staining 

for pS129 αSyn on slide-mounted, formalin-fixed paraffin-embedded (FFPE) SMG sections 

from both human autopsies and needle biopsies in live patients. Therefore, we hypothesized 

that human SMG is a suitable test material to detect paS using the αSyn RT-QuIC assay. To 

achieve this goal, we optimized the RT-QuIC assay to analyze autopsied SMG tissues and, 

FFPE SMG tissue sections, and were able to differentiate PD, ILBD, and control subjects. 
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Overall, we provide the first evidence for the potential of SMG αSyn RT-QuIC as a 

sensitive, robust and quantitative assay for a PD-related pathological process.

Methods

Sample details

Frozen SMG tissues and slide-mounted FFPE SMG tissue sections were provided by the 

Banner Sun Health Research Institute (BSHRI; Phoenix, AZ). All subjects had been 

recruited and clinically followed to autopsy and neuropathological examination as part of the 

Arizona Study of Aging and Neurodegenerative Disorders/Brain and Body Donation 

Program (www.brainandbodydonationprogram.org).26, 27 All cases were 

neuropathologically examined using specific diagnostic criteria for PD and based on 

previous published criteria.26, 28, 29 Cases with Lewy bodies but not meeting the diagnostic 

criteria for PD were considered as ILBD. Controls consisted of normal elderly subjects or 

subjects with AD-related changes but insufficient for AD diagnosis. Our study utilized SMG 

tissues from 13 PD, 3 ILBD, and 12 control subjects and SMG FFPE sections from 

matching subjects and an additional 4 controls. The details and pathological diagnostic 

summary of samples are presented in Tables S1 and S2, respectively. Since all human tissues 

were obtained from the Arizona Study of Aging and Neurodegenerative Disorders/Brain and 

Body Donation Program, a separate Institutional Review Board (IRB) approval from Iowa 

State University was not required.

Processing of SMG tissues and FFPE sections

Frozen tissue was collected fresh, kept frozen at −80 °C, then shipped on dry ice and stored 

again at −80 °C until tested in the αSyn RT-QuIC assay. A small amount of SMG tissue 

consisting of 30-100 mg was homogenized (10% w/v) in sterile phosphate-buffered saline 

(PBS) using a Bullet Blender (Next Advance) with 0.5-mm zirconium oxide beads for 2 min 

at maximum speed and 4 °C. The 10% homogenates were then used to make various 

dilutions ranging from 10−2 to 10−8 with sterile PBS. For FFPE sections, paraffin-embedded 

SMG sections (6-μm thick) from the same autopsy cases were mounted onto electrostatically 

charged glass slides and shipped to Iowa State University. To recover slide-mounted FFPE 

SMG sections, we washed the slides twice in 100% xylene for 10 min each. After the xylene 

washes, slides were submersed for 10 minutes each in a descending series of alcohol 

dilutions (100%, 95%, and 70%) to rehydrate the tissues. Next, the slides were washed with 

sterile PBS as a final step. After washing, SMG tissue sections were scraped off from slides 

and then weighed. From this point, they were used as a regular tissue homogenate in the 

αSyn RT-QuIC assay.

Brain homogenate preparation

Post-mortem human brain samples used for the end-point dilution analysis were provided by 

the University of Miami Brain Endowment Bank of the NIH NeuroBioBank. Substantia 

nigra tissues from pathologically confirmed PD cases were used to make 10% w/v 

homogenates in sterile PBS using a Bullet Blender with 0.5-mm Zirconium oxide beads for 

2 min at maximum speed. The 10% homogenates were used to make dilutions ranging from 

10−2 to 10−7 using PBS and tested in the αSyn RT-QuIC assay.
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Purification of recombinant human αSyn protein by fast protein liquid chromatography 
(FPLC)

Purification of recombinant human WT αSyn was performed as described in our recent 

publication.10 In brief, E. coli Rosetta DE2 cells were transformed with a human WT αSyn-

expressing plasmid and plated on LB agar containing kanamycin (50 μg/mL). Single 

colonies from this culture were individually inoculated into tubes containing 5 mL LB media 

supplemented with kanamycin. The mini-cultures were grown overnight in an incubator at 

225 rpm and 37 °C and expanded to 1 L cultures. When the bacterial cultures reached an 

OD600 of 0.7, 1 mM IPTG was added to induce αSyn expression, and after 4.5 h, cultures 

were harvested by pelleting at 4200 x g for 20 min at 4 °C. Later, bacterial pellets were lysed 

by adding 10 mL of 50 mM Tris and 500 mM NaCl at pH 7.4 using an Omni tissue 

homogenizer and then heat-precipitated at 85 °C for 15 min. The tubes were cooled on ice 

and all the subsequent steps were carried out at 4 °C. The precipitates were removed by 

centrifugation at 15,000 x g for 20 min at 4 °C and DNA was precipitated out of the 

supernatants by incubating with streptomycin (10 mg/mL) for 30 min. The resulting 

solutions were centrifuged at 23,000 x g for 30 min, and the supernatants were diluted 6-fold 

and dialyzed using a 3-kDa molecular weight cut-off (MWCO) snakeskin dialysis tubing in 

a 20 mM Tris HCl buffer at pH 8 overnight at 4 °C. On the following morning, the dialyzed 

supernatants were concentrated and 0.2-μm filtered before loading onto a Sephacryl 200 

column (GE Healthcare Life Sciences) for size-exclusion FPLC. The column was pre-

equilibrated in 20 mM Tris-HCl buffer of pH 8 at 4 °C. Fractions having recombinant αSyn 

were determined based on Coomassie staining of the peak fractions. The fractions positive 

for recombinant αSyn were combined, concentrated, and 0.2-μm filtered before loading onto 

a HiPrep Q FF 16/10 anion-exchange column. After injecting into FPLC, a wash step was 

performed using 50 mM NaCl for 5 column volumes followed with a linear gradient in 10 

column volumes up to 1 M NaCl in 20 mM Tris, pH 8, and αSyn protein was recovered 

between 300 and 350 mM NaCl. The peak fractions were collected and analyzed through 

polyacrylamide gel electrophoresis followed by Coomassie staining to visualize the protein 

fractions. Fractions having protein were pooled and dialyzed overnight in 20 mM Tris, pH 8, 

at 4 °C. On the next day, the buffer was replaced with a new buffer for one hour and the 

protein was 0.2-μm filtered. Protein concentrations were estimated using a NanoDrop 

spectrophotometer with an extinction coefficient of 0.5960 mg·mL−1·cm−1. The protein was 

stored in aliquots with a final concentration of ~1 mg at −80 °C until use.

Polyacrylamide gel electrophoresis

Protein fractions from size-exclusion or anion-exchange chromatography were mixed with 

an equal volume of 2X sample-loading buffer (2X Laemmli sample buffer, Bio-Rad) with 2-

mercaptoethanol, vortexed, and then boiled for 5 min. Proteins were separated by 

polyacrylamide gel electrophoresis using 4-20% gradient gels (Bio-Rad) followed by 

staining with Coomassie blue and destaining.
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Determining the purity and activity of recombinant αSyn protein as a suitable RT-QuIC 
substrate

The purity of monomeric recombinant αSyn was confirmed by Coomassie stain. 

Additionally, we compared the thioflavin T (ThT) fluorescence intensity between 

monomeric recombinant αSyn versus aggregated αSyn (αSynagg) as described in our recent 

publication.10 Briefly, 95 μL of 25 μM ThT was added to a 384-well plate with 2.5 μL of 

monomeric recombinant αSyn or αSynagg and incubated at room temperature for 2 min. 

Fluorescence readings were taken at excitation and emission wavelengths of 450 and 480 

nm, respectively. We noticed an enhanced ThT fluorescence >80-fold with αSynagg 

compared to monomeric recombinant αSyn.

αSyn RT-QuIC assay

The αSyn RT-QuIC assay was performed as described previously10–14, 30 using a 96-well 

clear-bottom plate (Nalgene Nunc International). For all the αSyn RT-QuIC assays, the 

reaction mixture consisted of final concentrations of 40 mM phosphate buffer (pH 8.0), 170 

mM NaCl, 10 μM ThT, 0.00125% sodium dodecyl sulfate (SDS) and 0.1 mg/mL of 

recombinant αSyn. Prior to each reaction setup, the recombinant αSyn was filtered through 

a 100-kDa MWCO filter to retain monomer filtrate. After optimizing the RT-QuIC assay test 

conditions for the SMG tissue homogenates, we tested the remaining samples using these 

conditions. Next, as a test validation, we performed blind testing of all the same samples in 

the αSyn RT-QuIC assay. To seed the RT-QuIC reactions, a 10−4 % w/v dilution of SMG 

tissue homogenates or a 10−2 % w/v dilution for FFPE tissue sections was used. Samples 

were homogenized to 10% w/v and diluted 10-fold with sterile PBS as described previously.
10–14 Each reaction consisted of 5 μL of test sample as seed and 95 μL of αSyn RT-QuIC 

reaction mixture per well of a 96-well plate preloaded with six 0.8-mm silica beads (OPS 

Diagnostics) per well. Next, the plates were sealed with a plate sealer (Nalgene Nunc 

International) and reactions were initiated in a CLARIOstar (BMG) plate reader with 

alternating 1-min shake and rest cycles (double orbital, 400 rpm) at 42 °C. ThT fluorescence 

readings were recorded at excitation and emission wavelengths of 450 and 480 nm, 

respectively, every 30 min over a period of either 24 h for frozen samples or 60 h for FFPE 

tissue sections. Samples were run in quadruplicates and considered positive when at least 

two wells crossed the threshold fluorescence, defined as the average fluorescence of the first 

10 cycles for all samples plus 10 standard deviations. The protein aggregation rate (PAR) for 

each sample was calculated by taking the inverse of the time required to cross the threshold 

fluorescence.

Immunoblotting

Conformation of the αSyn RT-QuIC end products was analyzed by dot blot using a Bio-Dot 

Microfiltration System as described previously. 10, 12 The RT-QuIC plate was collected and 

stored in −20 °C until analysis. Then, 2.5 μL of the end products from the RT-QuIC assay 

plate were diluted in 100 μL of PBS and blotted on to a nitrocellulose membrane for 1 h. 

Next, membranes incubated in 1X LI-COR blocking buffer (LBB) for 30 min after washing 

with 1X Tris-buffered saline (TBS) using a gentle vacuum. Later, membranes were 

incubated for one hour with a rabbit monoclonal αSyn filament conformation-specific 
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antibody (MJFR-14-6-4-2; 1:2,000) and a mouse monoclonal total αSyn antibody (BD 

Biosciences, #610787; 1:2,000) and triple-washed with 1X TBS for 10 min each. The 

membranes were later incubated with secondary antibodies conjugated with IR dye (LI-

COR) made in LBB (1:15,000) for 30 min followed by 3 washes with 1X TBS. 

Densitometric quantification of dots was done using ImageJ software.

Statistical analysis

GraphPad 7.0 was used for statistical analysis. Raw data were analyzed using Student’s two-

sample t-test for comparing two groups and one-way ANOVA with Tukey’s post hoc test for 

comparing more than two groups. Asterisks were assigned as follows: *p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001 and ****p ≤ 0.0001. The number of biological replicates is expressed as “n” 

unless otherwise mentioned. JMP Pro 14 statistical software was used for multivariate 

comparisons. For quantification of seeding activity using endpoint dilution analysis, 

Spearman-Kärber analysis was performed as described previously.31

Results

Determination of optimal test conditions for the SMG αSyn RT-QuIC assay

We10–14 and others32 have previously shown that an optimal concentration of SDS in the 

reaction mixture is critical for the sensitivity of the RT-QuIC assay. Therefore, we first 

optimized the SDS concentration to detect paS seeding activity in the SMG RT-QuIC assay. 

Initially, we ran the αSyn RT-QuIC assay with and without SDS on SMG tissue 

homogenates prepared from PD and control (n=6 each) cases obtained from BSHRI. We 

observed an increase in ThT fluorescence and protein aggregation rate (PAR) as determined 

based on the inverse of time to cross the threshold fluorescence, with 0.00125% SDS (Fig 

1A & 1B) compared to the reactions seeded without SDS in the reaction mixture (Fig 1C & 

1D). Well-scan pattern displayed a greater deposition of paS amyloids in a PD sample 

compared to control SMG sample (Fig. 1E). Reactions without SDS exhibited delayed RT-

QuIC amplification with substantially increased lag periods. Thus, the 0.00125% SDS was 

determined to be a rate-limiting factor for efficient amplification of paS in the SMG αSyn 

RT-QuIC assay. Next, using the optimized reaction conditions, we assessed the 

reproducibility of RT-QuIC by repeating the experiment three times. The repeated assay 

results were identical, suggesting a high reproducibility for αSyn RT-QuIC to determine the 

seeding activity of SMG paS.

Rapid detection of paS seeding activity in SMG tissues

After establishing the optimal SDS concentration in the SMG RT-QuIC assay, we tested the 

paS seeding activity of frozen SMG tissues collected from 13 PD, 3 ILBD, and 12 age-

matched control subjects. The SMG homogenates from PD cases rapidly seeded the 

reactions, crossing the threshold fluorescence within 7 h, whereas paS seeding activity in 

ILBD tissue homogenates needed 20 h. In contrast, paS seeding activity in SMG tissue 

homogenates from controls did not occur during the 24-h period (Fig 2A). Similarly, SMG 

tissue homogenates from PD and ILBD samples exhibited significantly higher PARs when 

compared with the age-matched control samples (Fig 2B). When we blindly tested all the 

SMG homogenates, results are highly correlated, thereby further enhancing the rigor of the 
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αSyn RT-QuIC assay. These results demonstrate that the RT-QuIC determination of paS 

seeding activity and PAR may be used to effectively discriminate PD, ILBD, and control 

samples. To validate the successful amplification of misfolded αSyn in the RT-QuIC assay, 

we subjected the RT-QuIC end products present in the 96-well plate to a dot blot analysis 

with an αSyn filament conformation-specific antibody. The immunoblots also were stained 

for total αSyn to reveal the presence of total αSyn levels among these groups. Consistent 

with the RT-QuIC ThT fluorescence data, the RT-QuIC end products of PD cases contained 

the highest levels of misfolded αSyn compared to ILBD and control cases, whereas total 

αSyn levels were higher in controls compared to ILBD and PD (Fig 2C & 2D).

Detection of paS seeding activity in FFPE sections of SMG tissues

Next, we sought to determine whether the αSyn RT-QuIC assay can be adopted for detecting 

paS in slide-mounted FFPE autopsied SMG tissue sections (6-μm thick) obtained from the 

same population of immunohistologically confirmed PD (n=13), ILBD (n=3), and control 

(n=16) subjects. The FFPE sections of autopsied SMG tissues were processed for RT-QuIC 

as described in the Methods. Remarkably, our RT-QuIC results showed that the SMG FFPE 

section-derived homogenates from PD cases rapidly seeded the reactions within 10 h, as 

determined by the time to cross the threshold fluorescence (Fig 3A). While the 3 ILBD 

FFPE sections required 30-40 h to cross the threshold fluorescence, control FFPE sections 

did not cross the threshold fluorescence up to 40 h (Fig. 3A). As such, SMG FFPE sections 

from PD samples exhibited a significantly higher PAR than both ILBD and age-matched 

control samples (Fig 3B). Overall, these results clearly demonstrate the potential diagnostic 

utility of the αSyn RT-QuIC assay on peripherally accessible SMG biopsy tissue specimens 

from histological slides.

Quantitative assessment of paS seeding activity in SMG and brain tissues from PD cases

We further compared SMG and brain tissue homogenates from confirmed PD cases in an 

end-point dilution analysis to determine the relative seeding activity of paS from the two 

tissues. Spearman-Kärber analyses were performed to determine the seeding-competent 

dilutions based on the percentage of the RT-QuIC reactions that turn positive in each dilution 

tested. This analysis provides an estimation of the median seeding dose (SD50) representing 

the seeding concentration at which 50% of the replicates turn positive in the RT-QuIC assay. 

For brain tissues, we tested log-fold dilutions from 10−3 to 10−7 in quadruplicates (Fig 4A). 

Positive reactions were observed in all four replicates of 10−3 and 10−4, in two for 10−5, and 

one replicate amplified at 10−6. None of the replicates amplified in the 10−7 dilution. For 

SMG tissues, we tested two samples with log-fold dilutions from 10−2 to 10−8 in 

quadruplicates in the αSyn RT-QuIC assay. All four replicates (100%) of the two SMG cases 

exhibited positive reactions in dilutions ranging from 10−2 to 10−5, while 75% and 25% of 

the replicates showed positive reactions in 10−6 and 10−7, respectively (Fig 4B). None of the 

replicates amplified in the 10−8 dilution. Brain homogenate and SMG tissues showed SD50 

titers of 8.8x108 and 2x106 per mg of tissue, respectively. These results support SMG tissue 

as an efficient seeding material whose high dynamic range on the αSyn RT-QuIC assay 

approaches that of brain homogenates, albeit with differences in the RT-QuIC reaction 

mixture composition in both types of samples. Collectively, these results further reveal that 

SMG biopsy tissues of PD patients harbor misfolded αSyn with high seeding activity.
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Discussion

Despite the lack of clinically reliable biomarkers for PD-related pathology, their 

development has been a major goal of several biomarker studies. The protein αSyn is 

implicated not only in the etiopathology of PD, but also in the development of a biomarker 

for PD.33 Extensive efforts have been made to identify the αSyn present in the cerebrospinal 

fluid (CSF) of PD cases and to assess its use as a diagnostic biomarker.34 Mollenhauer et al, 
measured the levels of αSyn present in the CSF of PD and healthy cases using an enzyme-

linked immunosorbent assay (ELISA) and found lower levels of total αSyn in PD patients 

relative to healthy controls. Other forms of αSyn, such as its oligomeric or phosphorylated 

forms, were increased in the CSF of PD patients compared to controls.35 Overall, a trend of 

decreased total αSyn levels and increased oligomeric or phosphorylated αSyn levels in the 

CSF samples of PD compared to controls were reported.36–38 In a similar manner, total, 

oligomeric, and phosphorylated forms of αSyn 39–41 have also been reported in the plasma, 

demonstrating the potential biomarker role for plasma αSyn. However, these tests are 

difficult to employ as clinically supportive diagnostic assays due to inconsistences in the 

detection of paS in the biological samples, lack of reproducibility and complexity in 

antibody-based approaches, and low sensitivities and specificities.42–45

Recent developments in protein misfolding assays, such as RT-QuIC and protein misfolding 

cyclic amplification (PMCA), have made the rapid and quantitative detection of misfolded 

proteins in biological samples possible thus allowing to overcome some challenges posed by 

antibody based methods discussed.11, 12, 46–48 RT-QuIC was first established as a diagnostic 

tool for prion diseases due to its ultra-sensitive detection of prions from a variety of samples.
10–12, 14, 49, 50 Since αSyn shares an aggregation mechanism similar to prion propagation, 

misfolding techniques, such as PMCA and RT-QuIC, have been used to detect paS in brain 

and CSF from patients affected by synucleinopathies.10, 15, 51–53 However, both approaches 

have limitations. CSF sampling is more invasive and is often associated with health risks 

including infection, back pain, and headaches, and brain tissue is only available after 

autopsy.54 Therefore, utilizing more peripherally biopsied tissues may be a preferable 

strategy. In this regard, Beach and colleagues25, 55 examined tissue sections from autopsied 

PD patients and demonstrated that the SMG, which embeds components of the peripheral 

nervous system, exhibited significantly higher pS129 αSyn immunoreactivity compared to 

age-matched control sections. Also, it was previously reported that the SMG possesses the 

highest burden of phosphorylated αSyn compared to other biopsy sites.5 Therefore, 

immunohistochemical detection of pS129 αSyn in autopsied and biopsied SMGs has since 

been shown to be a highly specific biomarker of PD and dementia with Lewy bodies.
21, 2422, 23 However, current immunohistochemical methods for specific detection of paS 

require pathology expertise to accurately interpret the slides and may have inherently 

challenges associated with antibody based assays and lower sensitivity as compared to RT-

QuIC assays.

To address the potential gaps in biomarker-based diagnostic approaches, we adopted an 

αSyn RT-QuIC assay to detect the seeding activity associated with paS from the SMG 

tissues of autopsied PD patients. In this study, we demonstrate paS seeding activity from 

both frozen and FFPE SMG sections of PD and ILBD patients. In this study, SMG RT-QuIC 
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was able to discriminate PD and ILBD subjects from age-matched controls with 100% 

sensitivity and 94% specificity in frozen tissues and 76% sensitivity and 100% specificity in 

FFPE sections. These findings have important implications for developing an RT-QuIC assay 

on SMG biopsy tissues from live patients.22 When frozen tissues were tested, we achieved 

100% sensitivity with SMG RT-QuIC, but the relatively low specificity (94%) might be due 

to both the age and AD-related pathology of the control subjects.56 The FFPE slides we 

tested demonstrated a 100% specificity but with a low sensitivity, revealing important 

implications of RT-QuIC when testing archived samples. The perfect specificity may be due 

to the tissue processing steps that would remove factors or contaminants capable of 

triggering non-specific amplification in the RT-QuIC assay. However, the low sensitivity 

(76%) may be due to insufficient quantity of seeds obtained from the 6-μm thick slides. 

Despite successfully detecting paS seeding activity from SMG tissues, one limitation 

associated with the collection of core needle biopsies is an insufficient amount of glandular 

tissue captured in the needle bore, which can be overcome by pooling repeated biopsies or 

by using larger core needles.22, 23 However, this may not be a major limitation given the RT-

QuIC’s ability to detect pathological seeding from minuscule protein concentrations. 

Another limitation is that the SMG biopsy procedure is invasive and although rare, adverse 

events (AEs) such as hematoma, infection, and facial nerve damage have been documented.
57 Recently, other groups58 also reported the occurrence of AEs associated with the 

collection of SMG biopsies as due to an increasing number of penetrations into the gland 

with the core needle biopsy tool, hence considerations should be given in future studies to 

minimize such events. Furthermore, to confirm the specific RT-QuIC amplification 

associated with the misfolded αSyn levels, we tested the RT-QuIC end products using an 

αSyn filament conformation-specific antibody and found the highest levels of misfolded 

αSyn in PD patients compared to ILBD and controls. Overall, these results demonstrate that 

RT-QuIC-based seeding activity may now be extended to testing larger cohort sets of both 

frozen tissues and FFPE sections of SMG. A schematic representation of the scope of this 

assay as a potential biomarker for PD and the key steps involved in sample collection and 

testing are depicted in Fig 5. Moreover, the associations of RT-QuIC PAR values with age, 

sex, MMSE scores, post-mortem interval, Braak stages, and the amount of pathological α-

synuclein were assessed using multivariate regression analysis. In control, ILBD, and PD 

cases, no effect of sex (p=0.5681), age (p=0.2809), MMSE scores (p=0.2142), UPDRS 

scores (p=0.5633), Braak staging (p=0.5668), or post-mortem time (p=0.4876) was observed 

on RT-QuIC assay results. Only pathological discrimination of PD from control and the 

amount of paS based on unified LB staging differed significantly (p<0.0001) with RT-QuIC 

PAR values (Table S3). Although our RT-QuIC method is robust at distinguishing PD from 

control samples, due to the lack of association of PAR with disease severity (e.g. UPDRS), 

this method in its current form is unlikely to serve as a biomarker of disease progression or 

response to therapy. However, inclusion of additional cases is expected to yield much 

stronger correlations between PAR values and MMSE scores, UPDRS scores, and Braak 

staging. Thus, the full utility of the RT-QuIC assay in biomarker discovery can only be 

properly realized in a longitudinal study of biopsied patients stretching from the early 

prodromal stages all the way to autopsy. Such a study would allow the systematic 

comparison of paired RT-QuIC and IHC analyses of repeated biopsies collected over the 

prolonged course of the disease. Altogether, our results demonstrate that the ultrasensitive 
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RT-QuIC assay can be readily employed for detection of paS in SMG biopsy samples, 

enabling an easy, relatively less-invasive approach for molecular diagnosis of PD and 

potentially other related synucleinopathies. Although the αSyn RT-QuIC assay has 

previously been shown to differentiate the strains in synucleinopathy cases using brain 

tissue17, the use of SMG αSyn RT-QuIC for the differential diagnosis of other 

Parkinsonism-related disorders such as DLB, MSA, and PDD as well as other αSyn strain 

typing remains to be explored. Prospective studies are warranted to test the performance of 

the assay in clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Optimization of the αSyn RT-QuIC assay for SMG homogenates.

(A, B) Testing of SMG samples in the αSyn RT-QuIC assay using 0.00125% SDS in the RT-

QuIC reaction mixture. PD samples showed enhanced ThT fluorescence (A) and higher PAR 

(B) compared to control samples. (C, D) Testing of SMG samples in the αSyn RT-QuIC 

assay without SDS in the RT-QuIC reaction mixture. The lag period for enhanced ThT 

fluorescence increased in PD cases compared to controls (C), and no significant differences 

in PAR were observed between controls and PD (D). (E) Well-scan image of control and PD 

SMG samples showing deposition of protein aggregates in a PD sample in response to shake 

and rest cycles (red color) of the plate reader compared to a control (grey color). Each 

symbol represents the average of 4 technical replicates. A total of 6 PD and 6 controls were 

tested in the αSyn RT-QuIC assay. Student’s two-sample t-test was used to compare the two 

groups data expressed here as the mean and standard error of 4 technical replicates. ****p ≤ 

0.0001.
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Figure 2. 
Reproducible detection of paS seeding activity in SMG homogenates.

(A) ThT fluorescence in PD, ILBD, and control SMG homogenates, showing more paS in 

PD and ILBD samples. (B) Comparison of PAR between the PD, ILBD, and control SMG 

homogenate samples showing higher paS load in PD and ILBD. We tested 13 PD (red), 3 

ILBD (orange), and 12 control (green) samples in the αSyn RT-QuIC assay. One-way 

ANOVA was used to compare the three groups and all samples were tested in quadruplicates 

and expressed as the mean and standard error of 4 technical replicates. (C) A representative 

Dot blot image consisting of PD, ILBD, and control SMG RT-QuIC end products with αSyn 

filament conformation-specific (top panel) and total αSyn (bottom panel) antibodies. (D) 

Densitometric analyses of αSyn filament and total αSyn levels, showing that the RT-QuIC 

end products of PD wells showed the highest levels of misfolded αSyn compared to ILBD 

and control wells, while total αSyn levels were higher in controls compared to other groups. 

****p ≤ 0.0001, *p ≤ 0.05.
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Figure 3. 
Detection of paS seeding activity in SMG FFPE sections.

(A) ThT fluorescence in PD, ILBD, and control SMG homogenates, showing more paS in 

PD and ILBD samples. (B) Comparison of PAR between the PD, ILBD, and control samples 

showing higher paS load in PD than in ILBD and control SMG homogenates. No statistical 

significance was observed between the ILBD and control SMG homogenates. We tested 13 

PD (red), 3 ILBD (orange), and 16 control (green) samples in the αSyn RT-QuIC assay. 

One-way ANOVA with Tukey’s post hoc test was used to compare the three groups, and all 

samples were tested in quadruplicates and expressed here as the mean and standard error of 

4 technical replicates. ****p ≤ 0.0001.
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Figure 4. 
Determination of median seeding dose (SD50) of paS in PD samples using the αSyn RT-

QuIC assay.

End-point dilutions of PD brain homogenates (A) and SMG tissue samples (B) by αSyn RT-

QuIC. Each trace represents the average of 4 replicates. Tables to the right of each graph 

indicate the concentration of SD50 units calculated by Spearman-Kärber analysis 

representing one brain homogenate and two SMG samples.
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Figure 5. 
Schematic representation of the αSyn RT-QuIC assay as a tool for monitoring PD using 

SMG biopsy.

SMG tissue sampled using needle biopsies is processed for testing in the RT-QuIC assay to 

assist in clinical practice. The RT-QuIC workflow runs in a high-throughput format using a 

96-well plate. Each well consists of 5 μL of SMG homogenate as a seed and 95 μL of αSyn 

RT-QuIC reaction mixture containing recombinant human αSyn protein as a substrate. 

During the reaction process, the samples with paS show higher ThT fluorescence compared 

to controls, and the reactions can be monitored in real-time with final data processing being 

completed in a 24-48 h window for visualization and reporting. The SMG αSyn RT-QuIC 

assay may find clinical applications in PD diagnosis, progression, and therapy monitoring.
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