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Extracellular vesicle biomarkers for cognitive
impairment in Parkinson’s disease
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Besides motor symptoms, many individuals with Parkinson’s disease develop cognitive impairment perhaps due to
coexisting a-synuclein and Alzheimer’s disease pathologies and impaired brain insulin signalling. Discovering bio-
markers for cognitive impairment in Parkinson’s disease could help clarify the underlying pathogenic processes
and improve Parkinson’s disease diagnosis and prognosis.

This study used plasma samples from 273 participants: 103 Parkinson’s disease individuals with normal cognition,
121 Parkinson’s disease individuals with cognitive impairment (81 with mild cognitive impairment, 40 with demen-
tia) and 49 age- and sex-matched controls. Plasma extracellular vesicles enriched for neuronal origin were immuno-
captured by targeting the L1 cell adhesion molecule, then biomarkers were quantified using immunoassays.
a-Synuclein was lower in Parkinson’s disease compared to control individuals (P=0.004) and in cognitively impaired
Parkinson’s disease individuals compared to Parkinson’s disease with normal cognition (P <0.001) and control (P <
0.001) individuals. Amyloid-B4, did not differ between groups. Phosphorylated tau (T181) was higher in Parkinson’s
disease than control individuals (P=0.003) and in cognitively impaired compared to cognitively normal
Parkinson’s disease individuals (P<0.001) and controls (P<0.001). Total tau was not different between groups.
Tyrosine-phosphorylated insulin receptor substrate-1 was lower in Parkinson’s disease compared to control indivi-
duals (P=0.03) and in cognitively impaired compared to cognitively normal Parkinson’s disease individuals (P =0.02)
and controls (P=0.01), and also decreased with increasing motor symptom severity (P=0.005); serine312-phosphory-
lated insulin receptor substrate-1 was not different between groups. Mechanistic target of rapamycin was not differ-
entbetween groups, whereas phosphorylated mechanistic target of rapamycin trended lower in cognitively impaired
compared to cognitively normal Parkinson’s disease individuals (P =0.05). The ratio of a-synuclein to phosphorylated
taul81 was lower in Parkinson’s disease compared to controls (P=0.001), in cognitively impaired compared to cogni-
tively normal Parkinson’s disease individuals (P <0.001) and decreased with increasing motor symptom severity (P <
0.001). The ratio of insulin receptor substrate-1 phosphorylated serine312 to insulin receptor substrate-1 phosphory-
lated tyrosine was higher in Parkinson’s disease compared to control individuals (P=0.01), in cognitively impaired
compared to cognitively normal Parkinson’s disease individuals (P = 0.02) and increased with increasing motor symp-
tom severity (P=0.003). o-Synuclein, phosphorylated taul81 and insulin receptor substrate-1 phosphorylated tyro-
sine contributed in diagnostic classification between groups.

These findings suggest that both a-synuclein and tau pathologies and impaired insulin signalling underlie
Parkinson’s disease with cognitive impairment. Plasma neuronal extracellular vesicles biomarkers may inform cog-
nitive prognosis in Parkinson’s disease.
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Introduction

Parkinson’s disease is the second most common neurodegenera-
tive disease and is characterized by bradykinesia, resting tremor, ri-
gidity and postural instability."? The loss of dopaminergic neurons
in the substantia nigra pars compacta and the accumulation of
a-synuclein forming Lewy bodies are the neuropathological hall-
mark of Parkinson’s disease.®* While classic motor symptoms are
key to the clinical diagnosis of Parkinson’s disease, many patients
also experience progressive cognitive impairment (PD-CI), includ-
ing those with mild cognitive impairment (PD-MCI) and dementia
(PDD).> The heterogeneity of clinical presentations in Parkinson’s
disease makes it important to develop biomarkers to improve the
accuracy of disease diagnosis and prognosis and potentially stratify
for future therapeutic strategies based on personalized medicine.

The spread of a-synuclein pathology in subcortical and cortical
regions besides the substantia nigra is believed to lead to wide-
spread neurodegeneration and cognitive decline. Some pathologic-
al studies of PDD individuals have identified a-synuclein pathology
in multiple brain regions, yet other studies have found that some
PDD individuals have minimal cortical a-synuclein pathology.®
Additionally, some Parkinson’s disease individuals show signifi-
cant Lewy body pathology without ever developing dementia.
This suggests that a-synuclein pathology is not exclusively respon-
sible for the development of cognitive impairment in Parkinson’s
disease. Interestingly, Alzheimer’s disease-associated aggregating
proteins amyloid-B (AB) and tau are also present concomitantly
with a-synuclein pathology in Parkinson’s disease,”® with clinico-
pathologic evidence suggesting that a combined metric of Lewy
body, AB and tau pathologies is the best correlate of dementia in
Parkinson’s disease. Moreover, a growing body of literature impli-
cates abnormal insulin signalling in Parkinson’s disease pathogen-
esis, as a factor exacerbating the pathological features of
Parkinson’s disease.’ Importantly, peripheral insulin resistance
has been associated with increased non-motor symptoms in
Parkinson’s disease including cognitive impairment. a-Synuclein,
AB, and tau pathologies and neuronal insulin resistance may be
useful in identifying individuals with cognitive impairment in
Parkinson’s disease.

Extracellular vesicles (EVs) are membranous nanoparticles that
are constitutively secreted by all cells including neurons.’® The role
of EVs in the brain includes the exchange of cargo molecules from
cell to cell as a signalling mechanism, but also the trans-cellular

spread of pathogenic proteins including a-synuclein, AB and phos-
phorylated tau."*'? EVs from the brain can cross the brain-blood
barrier and a population of neuronal origin-enriched EVs (NEVs)
can be isolated from peripheral blood using an immunocapture
technique targeting the neuronal marker L1CAM (L1 cell adhesion
molecule).”®** Our group and others have demonstrated the cap-
acity of NEVs to yield biomarkers for clinical and preclinical diagno-
sis, prognosis and as a means of investigating disease mechanisms
for neurodegenerative diseases, such as Alzheimer’s disease and
Parkinson’s disease.’™"’

In this study, we examined the ability of plasma NEV biomar-
kers to distinguish between healthy controls and Parkinson’s dis-
ease individuals, as well as between PD-CI individuals and those
with normal cognition (PD-N). We addressed two distinct hypoth-
eses: (i) NEV cargo of aggregating proteins involved in Parkinson’s
disease and Alzheimer’s disease [o-synuclein, AB42, total tau
(tTau) and phosphorylated tau threonine181 (pTaul81)] can distin-
guish between Parkinson’s disease and control individuals and
show stepwise differences between PD-N and PD-CI individuals, ei-
ther PD-MCI or PDD; and (ii) NEV biomarkers indicating diminished
canonical insulin signalling with decreased levels of insulin recep-
tor substrate-1 phosphorylated tyrosine (pY-IRS-1, a facilitator of
forward signal propagation) and/or increased levels of insulin re-
ceptor substrate-1 phosphorylated serine312 (pSer312-IRS-1, indi-
cating insulin resistance)'® can distinguish between Parkinson’s
disease and control individuals and between PD-N and PD-CI
(PD-MCI and PDD) individuals. The canonical insulin signalling cas-
cade feeds into the mechanistic target of rapamycin (mTOR) cas-
cade; hence, we also explored differences in the phosphorylated
mechanistic target of rapamycin (pmTOR). Finally, we sought to
identify NEV biomarker associations with scales of disease severity
and clinical measures.

Materials and methods

A convenience sample of individuals with Parkinson’s disease
was recruited through a Specialist Movement Disorders Clinic
in Christchurch, New Zealand (TJA) into the New Zealand
Parkinson’s  Progression Programme longitudinal study
(Supplementary Fig. 1). Exclusions included dementia with Lewy
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bodies, atypical parkinsonism and other major neurological or psy-
chiatric conditions (e.g. stroke, major depression within 6 months,
moderate to severe head injury and early life learning disability) or
poor English, which would preclude testing. Healthy population
controls were recruited from the local community, with the same
exclusions applied. All participants underwent a series of assess-
ments that meet the Level II MDS-PD-MCI Task Force criteria.'
Mild cognitive impairment was defined using the cut-off of 1.5
standard deviations below normative data and dementia as signifi-
cant impairment across at least two domains and displaying im-
pairment in daily activities.?® Clinical staging of Parkinson’s
disease was completed using the Movement Disorders Society
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) part III and
the Hoehn and Yahr scale. Parkinson’s medications were converted
into a daily levodopa equivalent dose (LED) using established con-
versions.?’ A more detailed description of the study population
and the neuropsychological tests used has been published
previously.?>??

Venous blood samples were collected in the morning (9 a.m. to
12 p.m.) using EDTA tubes and were processed into plasma by
centrifugation (4°C) for 10 min at 2000g. Aliquots were stored
at —80°C until shipment to the National Institute on Aging.
NEV isolation was conducted blindly by National Institute on
Aging investigators as described by Mustapic et al.'®> with minor
modifications (Supplementary material). Briefly, plasma sam-
ples were defibrinated with thrombin, then total particles
were precipitated using Exoquick® solution and NEVs were im-
munoprecipitated using antibodies against neuronal marker
L1CAM. L1CAM+ NEVs were lysed and stored at —80°C until
immunoassays.

Cryogenic TEM (Cryo-TEM) of intact NEV (Fig. 1A) was completed
in the Nanoscale and Microscale Research Centre of the
University of Nottingham, UK. Sample preparation for Cryo-TEM
was adapted from a protocol that has been published else-
where.?*?> We used Holey carbon TEM grids (EM Resolutions).
NEV samples were left to adsorb onto the grids (5 pl/grid) for
2 min and then excess solution was removed using filters. The
NEV samples were blotted for 1s and frozen in liquid ethane
using a Gatan CP3 plunge freezing unit (Ametek). The frozen sam-
ples were loaded to a Tecnai G2 Spirit BioTWIN, a 20-120 kV/LaB6
Transmission Electron Microscope, with Cryo-TEM carried out
with an accelerating voltage of 100 kV. We obtained the images
using an inbuilt Gatan SIS Megaview IV digital camera.

Nanoparticle tracking analysis (NTA) uses the properties of light
scattering and Brownian motion to calculate EV particle size
and concentration. 10 pl of intact LICAM+ NEVs were diluted
in phosphate-buffered saline (PBS) for NTA using Nanosight
NS500 (Malvern). Particle concentration and size were calcu-
lated from five 20-s videos with the following settings: camera
level 16, detection threshold 4 and a dilution ranging from
1:60 to 1:200 providing a range from 20 to 100 particles per frame
(Fig. 1B).
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For western blots (WB) (Figs. 1C and 2A) and single molecule array
(SIMOA®) (Fig. 2B and Supplementary Fig. 2) experiments, EVs
were isolated from 0.5 ml of plasma of the same healthy volunteers
using the described protocol (Supplementary material) with modi-
fications. After particle precipitation with Exoquick® and re-
suspension in 0.7 ml of ultra-pure D-water containing protease
and phosphatase inhibitors, we isolated different subpopulations
of EVs, alternatively using 25 g of streptavidin-coated beads only
(i.e. with no conjugated antibody), beads conjugated with an equal
mixture of three anti-tetraspanin antibodies [anti-CD81 (Ancell,
#302-030), anti-CD63 (Abnova, #MAB15361) and anti-CD-9 (BD
Pharmingen, #558749)], beads conjugated with the 5G3 clone of
anti-CD171 antibody and beads conjugated with antibody against
ASGR2 (LSBio, #LS-C396170), a surface marker expressed in the liver
and not expressed in the brain (https:/www.proteinatlas.org/
ENSG00000161944-ASGR2/tissue).

Each sample was prepared for western blotting by mixing 10 pg
(for Fig. 1C) or 2 pg of total protein (for Fig. 2A) with loading buffer
and heating it for 5 min at 95°C, which was then loaded to a 4-12%
Bis-Tris Nupage gel. PVDF membranes were incubated with primary
antibody L1CAM (BD Biosciences, #554273), CD9 (BioLegend,
#312102), GM130 (Abcam, #ab52649), Alix (Novus Biologicals,
#NBP1-90201), CD81 (System Biosciences, #£EXOAB-CD81A-1), CD9
(Abcam, #ab92726), followed by anti-species secondary antibody
and visualized using ECL or Odyssey® CLx imaging system. Next
to the samples we also loaded human brain lysate as a positive
control.

We analysed L1CAM and tetraspanin co-expression in NEVs by
ExoView R200 (Nanoview Biosciences) following the manufac-
turer’s instructions (Fig. 2C and D). Briefly, NEV samples (50 pl)
were incubated on a modified ExoView Tetraspanin chip in a
24-well plate for 16 h. Then, the chip was washed three times
with 1x Solution A. Next, we added 250 ul detection antibodies
anti-LICAM [CD171 Monoclonal Antibody (eBio5G3), PE,
eBioscience] and anti-CD9 (CF 647) in blocking buffer for 1
h. The chip was then washed twice with solution A, three times
with solution B and finally with DI water. After drying on absorb-
ent paper, chips were scanned with Exoview R200 and the ac-
quired images were analysed with ExoScan software (Nanoview
Biosciences).

We immunolabelled NEVs (Fig. 2E) using a protocol optimized from
a method described by Mondal et al.?® Isolated EVs were permeabi-
lized in 0.001% Triton X-100 (in PBS) for 5 min, then an equal volume
of 20% polyethylene glycol (PEG, 10 000; Sigma #92897) was added to
achieve a final concentration of 10% PEG. The mixture was centri-
fuged, and the EV-containing pellet was suspended in PBS. The fol-
lowing primary antibodies were added to the EV-containing
suspension: L1CAM mouse antibody (ThermoFisher Scientific,
clone 5G3, #14-1719-95); Alix rabbit antibody (Novus,
#NBP1-90201); Vamp2 rabbit antibody (Synaptic Systems,
#104008). All primary antibodies were used at 1:50. The EV-antibody
mixtures were incubated overnight with gentle rocking at 4°C. After
adding an equal volume of 20% PEG to the EV-antibody suspension
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Figure 1 NEV characterization. (A) Characteristic cryo-TEM images of NEVs. (B) Graph depicts NEV concentration (NEV particles per ml) as a function of
NEV diameter (determined using Nanoparticle Tracking Analysis). The blue line shows the average concentration at a given diameter and the shaded
region shows the SEM of the concentration for that diameter across all study participants. (C) Western blots for intravesicular EV marker Alix and trans-
membrane EV markers CD9 and CD81 used as positive EV markers, and the cis-Golgi marker GM130 used as a negative EV marker. Lanes contain 10 pg of
NEVs (L1CAM+ EVs, n=3), supernatant after LICAM immunoprecipitation (LICAM-EVs sup, n=1), EV-depleted plasma used as negative control for
EV-specific markers (n=1) and human brain lysate (n=1). Visible western blot bands were quantified using LI-COR Image Studio software.

to achieve a final concentration of 10% PEG, the mixture was centri-
fuged, the supernatant was removed and the pellet was resus-
pended in PBS. The PEG precipitation of EVs was repeated three
times and the resultant pellet was then suspended in PBS. Alexa
Fluor 488 or 568 conjugated secondary antibodies (ThermoFisher
Scientific) were added to the primary antibody-labelled EV suspen-
sion at 1:200 dilution, and the mixture was incubated for 1 h with
gentle rocking in the dark. The mixture was then subjected to three
rounds of PEG precipitation and wash (identical to the above steps
for primary antibody), and the pellet containing immunolabelled
EVs was suspended in 10-20 ml of PBS. Approximately 10 pl of la-
belled EVs was placed on a microscope slide and a small drop of
mounting medium (ProLong antifade mountant; ThermoFisher
Scientific) was added to the labelled EVs, and a glass coverslip
(#1.5) was used to cover the EV-mounting medium mixture.
Samples were imaged within 24 h after labelling using high-
resolution microscopy (Airyscan module of Zeiss LSM800).

Immunoassays

To assess the amount of immunocaptured LICAM+ EVs (Fig. 2B), we
developed a homebrew intact LICAM+ EV detection assay (SIMOA®
technology). Briefly, intact EVs from different EV isolations were
captured using a cocktail of three anti-tetraspanin antibodies
(CD9/CD63/CD81). Captured EVs were detected using anti-L1CAM

antibody. For quantification of EV cargo proteins, we used Meso
Scale Diagnostics electrochemiluminescence assays to quantify
a-synuclein (#K151WKK), pSer312-IRS-1 (#N450HLA), pY-IRS-1
(#N450HLA), mTOR (#N45170A) and pmTOR (#N45170A). We used
a multiplexed magnetic bead assay from EMD Millipore to quantify
Ap42, pTaul8l and tTau (#HNABTMAG-68K). All samples were run
blindly in duplicate and coefficients of variance were determined.
Rigorous quality control assessments and procedures were used
to ensure data quality (Supplementary material).

Statistical analysis

Statistical analysis for western blots and intact LICAM+ EV detec-
tion assay was performed using one-way ANOVA, followed by
Tukey’s multiple comparison test for pairwise comparisons
(GraphPad Prism?9).

For EV protein biomarkers, the measured analyte concentra-
tions are presented in Supplementary Table 1, while log(10) trans-
formed values are shown in plots and were used in statistics
because the data were not normally distributed. Our analysis was
primarily focused on comparing Parkinson’s disease and control
groups and secondarily on comparing PD-CI with PD-N and control
groups. A further exploratory analysis compared control, PD-MCI,
PDD and PD-N groups. Statistical analyses were performed in R
(version 4.0.2). Plots were generated using ggplot2.”’ Group
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Figure 2 L1CAM immunoprecipitation yields a specific subpopulation of EVs. (A) Western blots for LICAM and CD9 for validation of the LICAM +EV
immunoprecipitation. Using the same starting plasma samples, we conducted parallel isolations, which differed in the immunoprecipitation step, in
terms of using 2 pg of beads only (i.e. not conjugated with antibody, n = 3); 2 pg of beads conjugated with a mix of anti-tetraspanin antibodies (i.e. yield-
ing CD9+/CD63+/CD81+ EVs, n=3); or 2 pg of beads conjugated with the 5G3 clone of anti-CD171 (L1CAM) antibody (i.e. LLCAM+ EVs, n=3); human brain
lysate used as a positive control; 10 pg of protein was loaded for each column. Horizontal labels and arrows indicate the probed target protein and band
of interest at a particular molecular weight. Vertical arrows indicate sample labels. Visible western blot bands were quantified using AzureSpotPro soft-
ware. Quantified values from L1CAM validation blots were statistically compared (one-way ANOVA) and graphed using GraphPad Prism software. The
ratio of LICAM/CD9 is higher for LICAM+ EVs when compared to beads only or CD9+/CD63+/CD81+ EVs. (B) Results of novel homebrew SIMOA®-based
assay for intact EVs (5G3 clone of anti-CD171 antibody used for capture, mix of anti-tetraspanin antibodies used for detection).

(Continued)

€20z Jequiaydag og uo }senb Aq y9E¥799/561/1/9% | /B10IHE/UIRIG/WO N0 OIWapEeD.//:SARY WOl) PAPEOjUMOQ



200 | BRAIN 2023: 146; 195-208

comparisons were modelled using ANOVA with post-hoc compari-
sons made with the emmeans package ENREF_26,%% which in-
cluded wusing least-squares linear models with pairwise
comparisons and Tukey HSD correction for multiple comparisons
where appropriate. Correlations between protein concentrations
or ratios and motor disease severity (MDS-UPDRS part III) or disease
duration (time from diagnosis) were performed using linear mod-
els. Age was included as a covariate in models where the biomarker
concentration was associated with age with a P-value <0.1. This
was true for o-synuclein (P=0.05), pTaul8l (P=0.06),
pSer312-1RS-1 (P=0.06), pY-IRS-1 (P=0.025) and the a-synuclein/
pTau ratio (P=0.01) (Supplementary Fig. 3). We did not find any as-
sociations between IRS-1 biomarkers and body mass index (BMI; as
one might have hypothesized); therefore, BMI was not included as a
covariate in models for pSer312-IRS-1 or pY-IRS-1 (Supplementary
Fig. 4).

To discriminate between groups, the pROC and precrec
packages were used for receiver operating characteristic (ROC)
and precision recall curves.?*>° P-values for area under the curve
for individual protein ROCs were generated through permeation
tests. Proteins were included in a feature selection process using
the Boruta method to identify the combinations that provided the
highest discrimination between groups.?"*? Important features
were identified by maximizing AUC ROC through 5-fold cross-
validation repeated 50 times. A similar cross-validation was used
to estimate model performance. We report the linear discriminant
analysis outcomes, but multiple classification algorithms were
tested.

Data are available upon request to the corresponding author.

Results

Overall, Parkinson’s disease individuals were younger compared to
controls (P <0.001). PD-CI individuals were older than PD-N indivi-
duals but were not different in age from controls (P=0.13). When
compared to PD-N, the control and PDD groups were older (P<
0.001 for both comparisons), while the PD-MCI group was not differ-
ent (P=0.16). PD-MCI individuals were younger than controls
(P=0.02) but PDD individuals and controls were similar in age
(P=0.98). PD-MCI individuals were younger than PDD individuals
(P=0.008) (Table 1).

Regarding cognitive performance by Montreal Cognitive
Assessment (MoCA) scores, Parkinson’s disease individuals had a
lower average score compared to controls (P <0.001). PD-CI indivi-
duals had a lower MoCA score than controls (P <0.001) and PD-N in-
dividuals (P <0.001). Compared to PD-N, MoCA scores of controls

Figure 2 Continued
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were not different (P=0.89), but PD-MCI and PDD scored lower
than PD-N (P < 0.001 for both comparisons). PD-MCI and PDD indivi-
duals scored lower than controls (P <0.001 for both comparisons).
PDD individuals scored lower than PD-MCI individuals (P <0.001)
(Table 1).

To characterize NEVs we used several methods with main results
being presented in Figs 1 and 2. Cryo-TEM pictures of NEV prepara-
tions demonstrate two examples of small and medium size EVs
with typical morphology appearing on the same frame; these pic-
tures are consistent with isolation of a mixed population of exo-
somes and microvesicles (Fig. 1A and B). Nanoparticle tracking
analysis shows a size distribution of particles typical of plasma
EVs [mode across samples was 150.4 (20.6) nm; Fig. 1C]. NEVs are
positive for intravesicular EV marker Alix and transmembrane EV
markers CD9 and CD81, and negative for the cis-Golgi marker
GM130 (Fig. 1D). To demonstrate the efficiency of the isolation
methodology, we performed western blots with primary antibody
against L1CAM loading L1CAM+ EVs, a surrogate of total plasma
EVs isolated using a mix of anti-tetraspanin antibodies (i.e. CD9
+/CD63+/CD81+ EVs), and eluates of beads only (Fig. 2A). LICAM+
EVs display both 200 and 220 kDa characteristic bands (with the
220kDa band being present in brain lysate), while CD9+/CD63
+/CD81+ EVs and eluate of beads only display the 200 kDa band.
This suggests that LICAM+ EVs contain membrane-bound as well
as soluble L1CAM, whereas other preparations contain only soluble
L1CAM. The ratio of LICAM/CD?9 is higher for LLICAM+ EVs when
compared to beads only or CD9+/CD63+/CD81+ EVs, suggesting spe-
cificity of the anti-L1ICAM immunoprecipitation (Fig. 2A). To further
address the issue of soluble versus EV-bound L1CAM, we developed
a Homebrew SIMOA® intact LICAM+ EV detection assay. We com-
pared the eluates of using beads only; CD9+/CD63+/CD81+ EVs;
L1CAM+ NEVs; and, as further negative control, EVs isolated using
an antibody against ASGR2, a surface marker expressed in the liver
and not expressed in the brain (ASGR2+ EVs) (https:/www.
proteinatlas.org/ENSG00000161944-ASGR2/tissue) (n=10). Results
demonstrate a many-fold higher yield of LICAM+ EVs with the spe-
cificanti-L1CAM isolation compared to all other conditions (Fig. 2B).
Next, we performed surface cargo analysis of LICAM+ EVs by
Exoview R200 and results show that LICAM+ EVs express all major
tetraspanins, that a majority of them express CD9 compared to
CD81 and CD63, and that L1CAM co-localizes with EVs expressing
all major tetraspanins (Fig. 2C and D). Finally, NEVs were further
characterized by double immunolabelling with L1CAM and exo-
some marker Alix or L1CAM and neuronal EV marker Vamp2.*
Using confocal fluorescence microscopy with Airyscan, we readily
observed coexistence of L1ICAM and Alix (Fig. 2E, left) and of
L1CAM and Vamp?2 (Fig. 2E, right) on particles at the size range of
single EVs.

Using the same starting plasma samples (n=10), we conducted parallel isolations, which differed in the immunoprecipitation step, in terms of using
beads only; a mix of anti-tetraspanin antibodies (i.e. CD9+/CD63+/CD81+ EVs); the 5G3 clone of anti-CD171 antibody (i.e. LLCAM+ EVs); and, as further
negative control, antibody against ASGR2, a surface marker not expressed in the brain (ASGR2+ EVs). Results demonstrate a many-fold higher yield of
L1CAM+/tetraspanin+ EVs with the specific anti-L1CAM isolation compared to all other conditions. (C) Characteristic image from Exoview R200 analysis
of LICAM+ NEVs by using a modified ExoView Tetraspanin chip (antibodies against CD9, CD63 and CD81 for capture; fluorescent antibodies against CD9
and L1CAM for detection). (D) Pie charts demonstrate counts for particles captured by each tetraspanin and detected by CD9, LICAM or both; the ana-
lysis demonstrates that LICAM+ NEVs express all major tetraspanins, that a majority of them express CD9 compared to CD81 and CD63; and that
L1CAM co-localizes with EVs expressing all major tetraspanins. (E) Representative confocal Airyscan fluorescence images of plasma EVs labelled
with L1CAM (green) and Alix (magenta) or LICAM (green) and neuronal marker Vamp2 (magenta). The enlarged views in boxes show examples of
EVs co-labelled with L1ICAM and Alix or Vamp?2. *P < 0.05; **P < 0.01; ***P <0.001.
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Table 1 Participant demographics and clinical characteristics
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Control PD PD-N PD-MCI PDD PD-CI Significance
Model: comparison
Sample size, n 49 224 103 81 40 121
Male/female, n 28/21 156/68 65/38 58/23 33/7 91/30
Age, years 75.8 (7.3) 71.8 (7.0) 69.9 (7.1) 72.0 (6.8) 76.2 (5.2) 73.4 (6.6) 1: PD < control***
2: PD-N < control***
2: PD-N < PD-CI***
3: PD-N < PDD*™*
BMI 26.3 (4.0) 25.8 (4.2) 25.7 (4.3) 25.8 (4.2) 26.3 (4.4) 24.8 (3.5)
Disease duration, years 9.3 (5.5) 8.3(5.1) 10.0 (5.4) 10.1 (6.2) 10.0 (5.6) 2: PD-N < PD-CI*
Disease motor severity 39.5 (14.1) 34.1(13.1) 43.5 (13.0) 47.8 (13.1) 44.8 (13.1) 2: PD-N < PD-CI***
(MDS-UPDRS Part III) 3: PD-N < PD-MCI*™*
3: PD-N < PDD**
Disease stage, H & Y; median 25[1.0-50] 2.0[1.0-3.0] 25[1.0-5.0] 3.0[2.0-5.0] 2.5[1.0-5.0] 2: PD-N < PD-CI***
[min-max] 3: PD-N < PD-MCI™
3: PD-N < PDD***
LED, mg 898.5(588.0) 805.5 (531.4) 10155 (637.7) 902.2(595.5) 978.7 (624.0) 2: PD-N < PD-CI*
MoCA 26.9 (2.0) 23.6 (4.8) 26.5 (2.5) 23.2 (3.1) 16.6 (4.7) 21.0 (4.8)  1:Control > PD**
2: PD-N > PD-CI*™*
2: Control > PD-CI*™*
3: PD-N > PD-MCI*™™*
3: PD-N > PDD***
3: PD-MCI > PDD**
3: Control >
PD-MCI™

3: Control > PDD***

Demographic information and clinical variables for Parkinson’s disease individuals (further divided by cognitive groups PD-N, PD-CI, PD-MCI, and PDD) and cognitively normal
controls. Values are presented as mean (SD) with median [min-max] for Hoehn and Yahr (H & Y). PD =Parkinson’s disease; PD-N =PD normal cognition; PD-MCI =PD mild
cognitive impairment; PDD =PD dementia; PD-Cognitive impairment (PD-CI = PD-MCI + PDD); BMI =body mass index; MDS-UPDRS Part IIl = Movement Disorder Society Unified
Parkinson’s Disease Rating Subscale Part III; LED =levodopa equivalent dose; MoCA = Montreal Cognitive Assessment. Hoehn and Yahr=5 is related to patients being
wheelchair-bound. Group differences were calculated using three least-squares linear models with pairwise comparisons and Tukey HSD correction for multiple comparisons
where appropriate. Hoehn and Yahr were compared using the Kruskal-Wallis test with Dunn’s test for pairwise comparisons with Bonferroni correction. Significant
comparisons are listed, non-significant comparisons are not. Model 1: PD versus control; Model 2: PD-N versus PD-CI versus control; Model 3: PD-N versus PD-MCI versus PDD

versus control.
*P<0.05, *P <0.01, ***P<0.001.

Group differences in NEV cargo: Parkinson’s/
Alzheimer’s disease pathogenic proteins

NEV «-synuclein (Fig. 3A) was lower in Parkinson’s disease indivi-
duals than controls (P=0.004). PD-CI individuals had lower
a-synuclein compared to PD-N (P <0.001) and controls (P <0.001),
while controls were not different from PD-N (Fig. 3B). Both
PD-MCI and PDD individuals had significantly lower a-synuclein le-
vels compared to PD-N (P=0.035 and P <0.001, respectively) and
compared to controls (P=0.031 and P <0.001, respectively), while
they did not differ from each other (P=0.27) (Supplementary Fig.
5A).

NEV AB42 (Supplementary Fig. 6) levels were not different be-
tween Parkinson’s disease and controls but showed a weak trend
for higher levels in PD-CI than PD-N (P=0.08).

NEV tTau (Supplementary Fig. 7) levels were not different be-
tween groups (with the caveat that many values were excluded
due to high CVs).

NEV pTaul8l (Fig. 4A) levels were higher in Parkinson’s disease
individuals than controls (P=0.003). PD-CI individuals had higher
NEV pTaul81 levels than controls (P=0.001) and a trend toward
higher levels compared to PD-N (P=0.07) (Fig. 4B). pTaul8l of
PD-MCI individuals was higher than that of controls (P=0.004) but
not of PD-N (P=0.12). pTaul8l of PDD individuals was higher
than that of controls (P=0.045) but not of PD-N (P=0.56)
(Supplementary Fig. 5B). pTaul81 of controls was not different

from that of PD-N (P=0.33) and pTaul81 also did not differ between
PD-MCI and PDD individuals (P=0.98) (Supplementary Fig. 5B).

The a-synuclein to pTaul81 ratio (Supplementary Fig. 8A) was
higher in controls compared to Parkinson’s disease individuals
(P<0.001). Ratios in PD-CI individuals were lower than in PD-N (P
<0.001) (Supplementary Fig. 8B). Ratios in PD-MCI and PDD indivi-
duals were not different to ratios in PD-N (P=0.33 and P=0.37, re-
spectively) and ratios in PD-MCI and PDD were lower than in
controls (P=0.007 and P=0.012, respectively) (Supplementary Fig.
8Q).

Group differences in NEV cargo: insulin signalling/
mTOR biomarkers

NEV pSer312-IRS-1 (Supplementary Fig. 9) levels were not different
between groups.

NEV pY-IRS-1 (Fig. 5A) was lower in Parkinson’s disease indivi-
duals compared to controls (P=0.034). PD-CI individuals had lower
pY-IRS-1 compared to PD-N (P=0.021) and controls (P =0.011), while
controls were not different from PD-N (P=0.10) (Fig. 5B). PD-MCI in-
dividuals had lower pY-IRS-1 levels than controls (P=0.04) and
showed a trend for lower pY-IRS-1 than PD-N (P=0.08)
(Supplementary Fig. 5C); PDD individuals showed trends for lower
pY-IRS-1 than controls (P=0.08) and PD-N (P =0.07); while PD-MCI
and PDD did not differ from each other (P=1.0) (Supplementary
Fig. 5C).
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Figure 3 NEV levels of a-synuclein as a PD-CI biomarker. (A and B) NEV levels of total a-synuclein in healthy controls, individuals with Parkinson’s
disease (PD), individuals with Parkinson’s disease and Normal cognition (PD-N) and individuals with Parkinson’s disease and Cognitive Impairment
(PD-CI=PD-MCI + PDD). Each point is representative of the value for an individual subject in each group and the horizontal red line is the mean level
for that group. (C and D) NEV levels of a-synuclein in Parkinson’s disease individuals against corresponding MDS-UPDRS part IIl indicating motor dis-
ease severity and disease duration from diagnosis (years). *P <0.05; **P < 0.01; **P < 0.001.

NEV mTOR (Supplementary Fig. 10) was not different between
groups.

NEV pmTOR levels were not different between Parkinson’s dis-
ease and controls (Supplementary Fig. 11A). PD-CI individuals
showed a trend for lower pmTOR level than PD-N (P=0.06)
(Supplementary Fig. 11B). No differences were seen between
PD-MCI or PDD and controls or PD-N (Supplementary Fig. 11C).

The ratio of pSer312-IRS-1 to pY-IRS-1 (Supplementary Fig. 12A)
was higher in Parkinson’s disease individuals compared to controls
(P=0.034). PD-Cl individuals had a higher ratio compared to PD-N (P
=0.02) and controls (P=0.008), while controls did not differ from
PD-N (Supplementary Fig. 12B). The pSer312-IRS-1 to pY-IRS-1 ratio
was higher in PD-MCI than PD-N and controls (P=0.037 and P=
0.015, respectively) while it was not different between PDD and
PD-N or between PD-MCI and PDD (Supplementary Fig. 12C).

Associations between clinical variables and NEV
cargo

a-Synuclein was negatively associated with disease duration (P=
0.04) (Fig. 3D). a-Synuclein (Fig. 3C) and pY-IRS-1 (Fig. 5C) were nega-
tively associated with motor disease severity as measured by
MDS-UPDRS part III (P=0.001 and P=0.003, respectively), whereas
pTaul81l (Fig. 4C) was positively associated with motor disease

severity (P=0.01). The ratio of NEV pSer312-IRS-1 to pY-IRS-1
(Supplementary Fig. 12D) and the ratio of a-synuclein to pTaul81
(Supplementary Fig. 8D) were also associated with motor disease
severity (P=0.003 and P<0.001, respectively). The ratio of
a-synuclein to pTaul81 showed a trend for association with disease
duration (P=0.06, Supplementary Fig. 8E).

No NEV biomarkers were associated with LED.

NEV e-synuclein is more informative than plasma
a-synuclein

To address the added value of measuring a-synuclein levels in NEVs
as opposed to plasma, we measured a-synuclein in EV-depleted
plasma in a randomly selected subcohort of Parkinson’s disease pa-
tients and controls (n=73). We found that both NEV and plasma
a-synuclein was lower in PD-CI patients compared to controls (P <
0.001 and P=0.001, respectively) (Supplementary Fig. 13A and B).
Additionally, the NEV and plasma a-synuclein levels were highly
intercorrelated (Supplementary Fig. 13C). However, NEV
a-synuclein provided a better separation between groups [AUC for
NEV a-synuclein=0.772 (0.658-0.886) versus AUC for plasma
a-synuclein=0.696 (0.573-0.820)] (Supplementary Fig. 13D and E),
which indicates that NEV a-synuclein is a more valuable measure
than plasma a-synuclein.
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Figure 4 NEV levels of pTau 181 as a PD-CI biomarker. (A and B) NEV levels of pTau181 in healthy controls, individuals with Parkinson’s disease (PD),
individuals with Parkinson’s disease and Normal cognition (PD-N) and individuals with Parkinson’s disease and Cognitive Impairment (PD-CI = PD-MCI
+PDD). Each point is representative of the value for an individual subject in each group and the horizontal red line is the mean level for that group.
(Cand D) NEV levels of a-synuclein in Parkinson’s disease individuals against corresponding MDS-UPDRS part III indicating motor disease severity

and disease duration from diagnosis (years). *P <0.05; **P <0.01; **P <0.001.

ROC analysis: NEV biomarkers in diagnostic
classification

Results of ROC analyses are shown in Supplementary Figs 14 and 15
and Supplementary Tables 2 and 3 for Parkinson’s disease versus
controls and PD-N versus PD-CI. Among NEV biomarkers,
a-synuclein, pTaul81 and pmTOR were able to discriminate be-
tween control and Parkinson’s disease individuals (AUC=0.62, P=
0.005; AUC=0.60, P=0.02; AUC=0.58, P=0.04, respectively).
Among Parkinson’s disease individuals, PD-N could be discrimi-
nated from PD-CI by a-synuclein, pTaul81, Ap42, pY-IRS-1 and
pmTOR (AUC=0.65, P<0.001; AUC=0.62, P=0.002; AUC=0.59, P=
0.01; AUC=0.63, P<0.001; AUC=0.57, P=0.02, respectively). PD-N
could be discriminated from PD-MCI (Supplementary Table 4) by
a-synuclein, pTaul81, Ap42, pY-IRS-1 and pmTOR (AUC=0.62, P<
0.01; AUC= 0.62, P<0.01; AUC=0.59, P<0.05; AUC=0.62, P<0.01;
AUC=0.59, P<0.05, respectively) and from PDD (Supplementary
Table 5) by a-synuclein, pY-IRS-1, pTaul81, pSer312-IRS-1 and
Ap42 (AUC=0.71, P<0.001; AUC=0.65, P<0.01; AUC=0.60, P<
0.05; AUC=0.59, P <0.05; AUC=0.59, P=0.05, respectively). The fea-
ture selection analysis (Supplementary Fig. 16) resulted in import-
ant features being selected for all comparisons except for controls
versus PD-N. The AUC values for the selected features are

presented in Supplementary Table 6. The control versus
Parkinson’s disease (AUC=0.60), PD-N versus PD-CI (AUC=0.69),
PD-N versus PD-MCI (AUC=0.67) and PD-N versus PDD (AUC=
0.71) reached significance. o-Synuclein, pTaul81 and pY-IRS-1
were consistently selected across all group comparisons.

Discussion

Summary

In the present study we showed that Parkinson’s disease compared
to control individuals had lower NEV levels of a-synuclein and
pY-IRS-1, and higher levels of pTaul81. Moreover, Parkinson’s dis-
ease individuals with cognitive impairment exhibited lower NEV le-
vels of a-synuclein and pY-IRS-1 and higher levels of pTau181 than
cognitively intact Parkinson’s disease individuals. Levels of
a-synuclein, pTaul81l and pY-IRS-1 were associated with
Parkinson’s disease motor symptom severity. Additionally, bio-
marker ratios of pSer312-IRS-1/pY-IRS-1 and a-synuclein/pTaul81
differed between Parkinson’s disease individuals and controls
and between PD-N and PD-CI individuals and had inverse associa-
tions with Parkinson’s disease motor symptom severity. Feature
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Figure 5 NEV levels of pY-IRS-1 as a PD-CI biomarker. (A and B) NEV levels of pY-IRS-1 in healthy controls, individuals with Parkinson’s disease (PD),
individuals with Parkinson’s disease and normal cognition (PD-N) and individuals with Parkinson’s disease and cognitive impairment (PD-CI=PD-MCI
+PDD). Each point is representative of the value for an individual subject in each group and the horizontal red line is the mean level for that group. (C
and D) NEV levels of a-synuclein in Parkinson’s disease individuals against corresponding MDS-UPDRS part III indicating motor disease severity and

disease duration from diagnosis (years). *P <0.05; **P <0.01; ***P < 0.001.

selection analysis showed that a-synuclein, pTau181 and pY-IRS-1
were consistently selected as important discriminants between
Parkinson’s disease and control individuals, as well as between
cognitively impaired and unimpaired Parkinson’s disease indivi-
duals. These novel findings support the view that aggregating pro-
teins typically associated with Parkinson’s disease (a-synuclein)
and Alzheimer’s disease (pTaul81) are jointly involved in the
pathogenesis of cognitive impairment in Parkinson’s disease.
Further, diminished insulin signalling propagation reflected in low-
er pY-IRS-1 availability seems to characterize cognitive impairment
in Parkinson'’s disease and may broadly contribute to disease pro-
gression and severity.

NEV a-synuclein may decrease with cognitive
impairment in Parkinson’s disease

The aggregation of a-synuclein is the proximate cause of the degen-
eration of dopaminergic neurons in the substantia nigra pars com-
pacta and other brain areas and is considered the hallmark
pathology in Parkinson’s disease. These pathological changes occur
even before the onset of clinical symptoms in Parkinson’s dis-
ease,”*? raising the possibility of preclinical diagnosis by biomar-
kers. EVs are implicated in the spread of pathogenic proteins in

the brain, while also crossing the blood-brain barrier and thereby
becoming measurable in the periphery.'*®%” This biomarker has
shown inconsistent findings in EV studies (shown higher
in Parkinson’s disease in some studies®®*®*° and lower in
others®®™*%). A recent study using flow cytometry to analyse
a-synuclein positivity of individual EVs reported decreased
a-synuclein levels in CSF EVs in Parkinson’s disease, an intriguing
finding in light of the reported elevations in a-synuclein levels in
plasma EVs by the same group.* In the present study, conducted
blindly, we found lower NEV levels of a-synuclein in Parkinson’s
disease individuals compared to controls and a convincing step-
wise decrease with cognitive impairment among Parkinson’s dis-
ease individuals. In terms of biological plausibility, a-synuclein’s
progressive aggregation in neurons to form Lewy bodies or smaller
aggregates could lead to decreased efflux of a-synuclein in EVs from
neurons, and this decrease would be expected to become more
prominent with progressive disease. Recent studies provide mech-
anistic proof of principle for the possibility that accumulation of
intracellular a-synuclein may be reflected by decreased
a-synuclein in secreted EVs. For instance, reduced ATP13A2 (an
ATPase transporter highly expressed in the substantia nigra pars
compacta®®) levels result in >3-fold decrease in EV-associated
a-synuclein, possibly due to impaired biogenesis of
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a-synuclein-positive EVs,* while increasing intracellular
a-synuclein.*® The biological plausibility, agreement with recent re-
ports utilizing advanced techniques*' and the fact that all assess-
ments were conducted blindly collectively inspire confidence in
the validity of our findings concerning a-synuclein.

As is common for neurodegenerative diseases,*” Parkinson’s dis-
ease often involves mixed pathologies that may relate to symptom
variability, ranging from pure motor symptoms to motor impair-
ment with overt dementia. It is hypothesized that a synergistic re-
lationship occurs between aggregation-prone proteins A, tau and
a-synuclein.*® A clinicopathological study in Parkinson’s disease
and PDD cases found that a combination of a-synuclein, Ap and
tau was a better predictor of dementia than the severity of any sin-
gle pathology, while cortical Ap and Braak tau staging were better
predictors of worse ante-mortem cognition than a-synuclein path-
ology.**° Importantly, pathologically confirmed cases of
Alzheimer’s disease, dementia with Lewy bodies and PDD show
distinct patterns of cognitive impairment including different rates
of decline across memory and executive function domains.** CSF
studies have generally found decreased levels of AB42 and in-
creased levels of pTau and tTau in Parkinson’s disease compared
to controls and associations with disease severity.”®>* PET studies
have explored baseline and longitudinal changes in the levels of ag-
gregating proteins across the Parkinson’s disease spectrum yield-
ing mixed results for the role of these proteins, especially when
considered individually.>>*® One study revealed that, among
PD-N and PD-MCl individuals, tau PET binding was significantly ele-
vated in AB-positive individuals, but, surprisingly, cognitive deficits
were not associated with advanced Ap or tau pathology.®® In gen-
eral, AR PET studies have not demonstrated robust associations be-
tween AP PET ligand binding and cognitive impairment in
Parkinson’s disease. For instance, Florbetaben PET was unable to
distinguish between PDD, PD-MCI and PD-N, although increased
baseline amyloid burden may be associated with higher risk for fu-
ture cognitive impairment.”®° Therefore, the literature at large is
in agreement with our finding that NEV Ap42 levels were not asso-
ciated cross-sectionally with Parkinson’s disease and cognitive im-
pairment, whereas pTaul81 levels were robustly associated with
both. In the field of Alzheimer’s disease, it is now widely accepted
that pTaul81 is a marker of tauopathy, whereas tTau is a rather
non-specific marker of neurodegeneration.®":*> Moreover, we have
repeatedly found that pTaul81 in NEVs is a much better biomarker
for clinical and preclinical AD than tTau,'*'® a pattern that was also
observed by the present study in the setting of Parkinson’s disease.
Altogether, our findings suggest that multiple underlying patholo-
gies may act additively or, perhaps, synergistically to produce cog-
nitive impairment in Parkinson’s disease.

An interesting aspect of our findings is that NEV a-synuclein le-
vels were lower, but pTau181 levels were higher in Parkinson’s dis-
ease individuals compared to controls, while their respective
directions of association with motor disease severity were oppos-
ite. In vitro examination of Tau and a-synuclein have demonstrated
that a-synuclein and tau monomers facilitate each other’s fibrilla-
tion and co-aggregation.®®> One recent study suggested that
a-synuclein phosphorylation triggers pathogenic tau in neurons,
but pTau had more severe pathology spread in post-mortem
Parkinson’s disease brains.®® However, the sorting of tau and
a-synuclein into EVs may be governed by different mechanisms
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and their changes with cognitive impairment in Parkinson’s dis-
ease require further study. The ratio of a-synuclein to pTaul81 in
our study was significantly different in all models for group com-
parisons (Models 1, 2, and 3; Supplementary Fig. 8). This ratio is a
metric that merits further exploration in Parkinson’s disease,
with the potential for biomarker use similar to the protein ratio of
Ap/pTau in Alzheimer’s disease. In our study, the a-synuclein to
pTaul8l ratio accentuates the association of cognition with patho-
genic protein concentrations and highlights the synergistic rela-
tionship between these proteins in Parkinson’s disease individuals.

Insulin resistance and Parkinson’s disease have long been linked to
each other, but the mechanisms explaining their relationship re-
main only partially understood.®>*® Peripheral insulin resistance
and glucose metabolism abnormalities are more prevalent in
Parkinson’s disease and PDD individuals compared to healthy con-
trols, with insulin resistance being present in 35% of Parkinson’s
disease individuals, but 62% of PDD individuals.®” Another recent
study reported that about 60% of Parkinson’s disease individuals
show insulin resistance by HOMA-IR, despite normal blood sugar
levels.®® In addition, insulin resistance has been observed in nigral
neurons in post-mortem brain tissue of Parkinson’s disease pa-
tients.® At the molecular level, IRS-1 phosphorylations determine
the efficiency of insulin signalling and the emergence of insulin re-
sistance.®® Generally, increased serine and decreased tyrosine
phosphorylations result in decreased IRS-1 binding and activation
of downstream substrates phosphatidylinositol 3-kinase and Akt
(protein kinase B).**”° Decreased levels of tyrosine-phosphorylated
IRS-1 has also been linked with neurodegenerative diseases like
Alzheimer’s disease and Parkinson’s disease.’®’>’2 In the present
study, we evaluated both tyrosine and serine IRS-1 phosphoryla-
tions in NEVSs, to respectively assess both forward signalling along
the cascade and insulin resistance (as pSer312-IRS-1 levels are de-
termined by various kinases involved in feedback loops aiming to
restrict excessive insulin signalling). Our finding of decreased
pY-IRS-1 NEV levels in Parkinson’s disease individuals compared
to controls, and lower levels in PD-CI compared to PD-N individuals
suggest deficient neuronal forward insulin signalling in Parkinson’s
disease, while similar pSer312 levels across groups perhaps indi-
cate a lesser problem with insulin resistance. These results are in
agreement with our earlier findings on NEV biomarkers from the
exenatide Parkinson’s disease trial; we found a substantial increase
in NEV pY-IRS-1 in exenatide-treated compared to placebo-treated
participants after 48 weeks of treatment, which persisted even after
a 12-week washout period, and was associated with motor symp-
tom improvement, while pSer312-IRS-1 levels remained un-
changed with exenatide.” Our finding that lower NEV pY-IRS-1
levels are associated with higher motor symptom severity in
Parkinson'’s disease suggest that decreasing pY-IRS-1 is contribut-
ing to worsening Parkinson'’s disease and that elevating it (such
as by exenatide) may offer disease-modifying benefits.

The canonical insulin signalling cascade induces mTOR phos-
phorylation and activation, a known neuroprotective mechan-
ism.”>’* Therefore, we explored whether decreased insulin
signalling would also lead to decreased mTOR phosphorylation, al-
though the effect would be expected to be ‘diluted’ by the effects of
many unaccounted cascades influencing mTOR. This may explain
why, in this study, group differences between Parkinson’s disease
and controls were modest and only significant for the comparison
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between PD-MCI and PD-N,** whereas, in the exenatide Parkinson’s
disease study, NEV pmTOR levels showed modest elevations with
exenatide treatment.

Limitations of the study include a significant difference in age be-
tween control and Parkinson’s disease groups, where the specific
recruitment strategy resulted in PDD being age-matched to con-
trols, although this was addressed by including age as a covariate
in all analyses. Reported results have not been corrected for mul-
tiple comparisons, although some key results would have even sur-
vived Bonferroni correction (i.e. group differences for pTaul81 and
a-synuclein would have even met a significance level of 0.00625, ap-
propriate when measuring and comparing 8 individual analytes). In
addition, besides the main comparison between controls, PD-N and
PD-CI groups, which represents the main focus of the study, we also
performed comparisons for additional subgroupings: between con-
trols and PD groups, which is likely of interest to most readers, as
well as between controls, PD-N, PD-MCI and PD-D groups, as ex-
ploratory. These results derived from a single cohort require valid-
ation and replication in larger multicentre cohorts and further
evaluation of their biological plausibility. The strengths of this
study include a well-characterized cohort, which allowed us to
examine associations of NEV biomarkers with diverse clinical mea-
sures. Moreover, NEV isolations and biomarker determinations
were conducted blindly regarding group membership.

Conclusions

Taken together, our results hint at a potential synergistic relationship
between pTau and a-synuclein in producing cognitive impairment in
Parkinson’s disease, which warrants further inquiry. Future studies
examining longitudinal changes in NEV biomarkers of Parkinson’s
disease individuals who convert from PD-N to PD-MCI or PDD are
needed to establish the relative timeline of biomarker changes in
Parkinson’s disease. Additionally, group differences for IRS-1 phos-
phoproteins reflect deficient forward insulin signalling in neurons
and offer a mechanistic explanation to earlier findings of the effects
of exenatide in Parkinson’s disease. It would be interesting to examine
how NEV IRS-1 phosphoproteins are related to brain glucose metabol-
ism measured by FDG PET. Furthermore, this study confirms that
NEVs are a valuable new tool for studying in parallel multiple patho-
genic processes involved in the pathogenesis of neurodegenerative
diseases. The identification of the underlying biology at the individual
level (fingerprint) carries a tremendous potential for patient selection
and stratification in disease-modification trials and for personalized
medicine once specific treatments for the involved biological pro-
cesses become available.
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