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Abstract

Diagnosing Atypical Parkinsonian Syndromes (APS) may be challenging due to overlapping clinical features of Parkinson’s
disease (PD), and the lack of pathognomonic diagnostic tests. Fluid biomarkers can be useful tools that make it easier to
identify and track different APS. Objectives: this narrative review aim to update the current state of fluid biomarker research
in APS and their potential implications in clinical practice. A comprehensive literature search was conducted in PubMed
and Scopus using the following terms: “Ap42 amyloid beta with 42 amino acids’’, “ alpha-synuclein’’, “Atypical Parkinso-
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nian Syndromes’’, “corticobasaldegeneration’’, “C reactive protein’’, “cerebrospinal fluid’’, “dementia with Lewy bodies’’,

XIS LERNT3

“multiple system atrophy’’, “neurofilament light, oligomericasyn, phosphorylated o —syn’’, “tau phosphorylated at threonine
1817, “progressive supranuclear palsy’’, “Seeding Amplification Assay’’, “t-tau; total tau”. The lack of high-affinity a-syn
antibodies and ligands may contribute to a-syn’s low efficacy as a diagnostic biomarker of APS. Cerebrospinal fluid (CSF)
biomarkers reflecting Alzheimer pathology, axonal damage (neurofilament light chain) add valuable diagnostic and prog-
nostic information in the neurochemical characterization of APS. Inflammatoryand microRNAs markers need to be further
validated before their clinical use. Seeding Amplification Assays (SAA), despite their high sensitivity and specificity, are at
this point used only as a research tool, and they are not quantitative or reflective of disease severity. Biomarker research for
early identification and prognosis of APS patients requires multicenter collaboration, validation, and Al-based diagnostics,
despite immature biological classification systems.
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Introduction

Atypical Parkinsonian Syndromes (APS) are a group of
proteinopathies, characterized by the degeneration of
the dopaminergic system and other brain neurotransmit-
ter systems (McFarland 2016). Multiple system atrophy
(MSA) is characterized by alpha-synuclein (a-syn) aggre-
gates of glial cytoplasmic inclusions (GClIs) affecting the
striatonigral, olivopontocerebellar, and central autonom-
icsystems (Wenning et al. 2022). Progressive supranuclear
palsy (PSP) is associated with a 4R-tau protein deposi-
tion, predominantly in the basal ganglia, brainstem, and
cortical regions (Hoglinger et al. 2017). Corticobasal
degeneration (CBD) also involves 4R- tau pathology, pre-
dominantly in the cortex and basal ganglia (Armstrong
et al. 2013). Dementia with Lewy bodies (DLB) is char-
acterized by a-syn pathology, mainly affecting the limbic
areas (Colom-Cadena et al. 2013). Although tau pathology
has been observed in DLB, the interplay between tau and
a-syn is poorly understood at a molecular level. However,
the classification of patients according to phenotype does
not always allow a precisealignment with pathological
diagnosis (Respondek et al. 2019). Disease-specific diag-
nostic biomarkers are therefore vital in order to enable
the early identification of abnormal protein buildup and
disease progression.

The “perfect” biomarker would be affordable, non-inva-
sive, highly correlated with the disease process or pharma-
cological responses to a therapeutic intervention, sensitive,
and repeatable (Biomarkers 2001). Cerebrospinal fluid
(CSF) may be an appropriate source of biomarkers for the
identification and tracking of the pathophysiological pro-
cesses of APS, but repeated lumbar puncture makes CSF
inappropriate for drug monitoring. Blood samples pro-
vide OMICS with less invasive biomarkers, that capture
complex biological processes (Pasqualotto et al. 2024).
However, the use of OMICS in thesebiofluids is gener-
ally problematic because of the generalized influence of
comorbidities in the properties of these matrices the fact
that these biofluids are isolated from the brain.

Current CSF and blood protein biomarkers like a-syn,
neurofilament light chains (NFL), amyloid beta with
42 amino acids (AP42), total tau(t-tau) protein, and tau
phosphorylated at threonine 181(p-Tau 181), lack suf-
ficientspecificity to diagnose MSA and PSPdefinitively
(Schirinzi et al. 2018; Laurens et al. 2015; Angelopoulou
et al. 2021). Speculative central nervous system (CNS)-
enriched extracellular vesicles (EVs), as biological car-
gos of several cell types, may offer a unique perspective
on biological procedures of the brain because of their
capacity to cross the blood—brain barrier and enter the
peripheral circulation. This would allow the detection of
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potential biomarkers, but currently with poor diagnostic
accuracy (Taha and Bogoniewski 2024). MicroRNAs are
stable, tissue-specific molecules that are easier to test with
standard laboratory procedures than protein biomarkers,
such asreal-time quaking-induced conversion (RT-qPCR).
The newly developed Seed Amplification Assay (SAA) for
CSF a-syn may be useful for distinguishing between iPD
and PSP, but the ability to distinguish MSA from iPD and
PSP is still under discussion (Svenningsson 2019; Goolla
et al. 2023).

The use of the BIOMARKAPD/ABSI and AT(N) systems
for biomarker profiling in cohorts of patients with typical
(amnestic) and atypical (non-amnestic) anti-drug resistant
disease, including CBD, is of major importance (Molinuevo
et al. 2014; Simonsen et al. 2017). Recently, a proposal of
biological definition of neuronal a-syn disease through the
Neuronal a-synuclein Integrated Staging System (NSD-ISS)
relies on biomarkers of synucleinopathy and dopaminergic
dysfunction (Simuni et al. 2024). The debate on biological
definition of APS and the biomarkers available has sparked
further research, even though the clinical definition of APS
remains valid.

This comprehensive review explores the potential of fluid
biomarker-based systems for APS, focusing on established
AD proteins, a-syn, inflammatory cytokines, NFL and
microRNAs. We also discuss challenges, limitations, and
future directions in APS biomarker research.

Methods

We systematically reviewed articles published during the
2000-2024 period, focusing on fluid biomarker data in
APS patients. The PRISMA guidelines for reporting sys-
temic reviews were not adhered to because this is a nar-
rative review rather than a systematic one. We searched
PUBMED, SCOPUS and EMBASE from 2000 to 1/1/2024
using the following terms: “Ap42 amyloid beta with 42
amino acids’’, “alpha-synuclein”, “Atypical Parkinsonian
Syndromes”, “corticobasal degeneration”, “C reactive pro-
tein”, “cerebrospinal fluid”, “dementia with Lewy bodies”,
“glial cytoplasmic inclusions”, “glial fibrillary acidic pro-
tein”, “haemoglobin-binding a-syn”, “multiple system atro-
phy”, “neurofilament light, oligomericasyn, phosphorylated
a —syn”, “tau phosphorylated at threonine 181, “protein
misfolding cyclic amplification”, “progressive supranuclear
palsy”, “Seeding Amplification Assay”, “t-tau; total tau”.
Including criteria were original research papers, reviews,
and meta-analyses that have been published in peer-reviewed
publications in English language. Abstracts and titles were
screened as part of the review process following by a full-
text evaluation of pertinent research. Data extraction focused

on biological fluids, measurement techniques, relevant
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conclusions and proposed mechanisms related to fluid bio-
markers and APS.

Results
Established AD CSF biomarker profile for APS

Researchers are developing biomarker classification systems
forAlzheimer’s disease (AD) to create APS biochemical pro-
files, including CSF biomarkers ratios, such as t-tau/Ap42,
p-tau/Ap42 and p-tau/t-tau, as to address the lack of a single
specific biomarker (Table 1). Figure 1 shows how these stud-
ies can be in distinguishing these syndromes.

Patients with unusual features may be identified by
abnormal values in the profile of the AD CSF (e.g. CBS),
which is essential for individualized symptom manage-
ment and accurate stratification of patients in clinical
trials (Mitani et al. 1998). However, there are missing
data on AT status in several studies(Mitani et al. 1998;
Urakami et al. 2001; Siissmuth et al. 2010; Aerts et al.
2011; Nutu et al. 2013; Wagshal et al. 2015; Constan-
tinides et al. 2017; Bougea et al. 2020) (Table 1). Few
studies included data on CSF AD biomarker profiling in
the PSP. In a large cohort of various neurodegenerative
disorders, 10% of patients with PSP had a CSF-AD profile,
as measured by an index that included CSF Ap42 and p-tau
values (Schoonenboom et al. 2012). However, the CSF
AP42 level is not useful to distinguish MSA from other

Table 1 Summary of selected studies of AB42, total tau protein and tau, 5, in CSF and plasma of patients with APS providing information

about AT(N) status

References Biological liquid Sample Method CSF or plasmaAf,, CSF or plasma t-tau CSF or plasma
ttau, g
Mitani et al. (1998) CSF 9 CBD, 12 NC (missing data on AT ELISA NR 1t CBD NR
status)
Urakami et al. CSF 10 CBD, 12PSP, 36 C(missing data ELISA NR 1 CBD vs PSP NR
(2001) on AT status)
Stissmuth et al. CSF 20RS,7PSP-P,25MSA,23PD,20 ELISA 1t MSA vs RS,PD,C 1 MSA vs RS,PD,C
(2010) C(missing data on AT status)
Aerts et al. (2011) CSF 21PSP,12 CBS, 28PD(missing data ELISA 1 CBS vs PSP, C 1 CBS vs PSP, C
on AT status)
Bech et al. (2012) CSF 10 MSA, 10 PSP, 11 DLB,22PD,3  ELISA | in DLB vs all NS A
PDD,3 CBD(missing data on AT
status)
Hall et al. (2012) CSF PD 90, PDD 33, DLB 70, PSP Luminex And 1AD vs DLB tAD vs DLB +PDD
45,CBD 12, MSA 48, AD48, +PDD
NC107(missing data on AT status)
Schoonenboom CSF 512 AD, 16 CBD, 6CJD, 52DLB, ELISA | in DLB vs other 1 DLB t DLB
etal. (2012) 20PSP,144 FTLD, 34 VaD, 410 groups
C(missing data on AT status)
Nutu et al. (2013) CSF 90 PD, 32 PDD, 68 DLB, 48 AD, 45  Luminex | in DLB vs other > NR
PSP, 46 MSA, 12 CBD(missing groups
data on AT status)
Wagshal et al. CSF 37 AD, 24PSP,26 NC(missing data on ELISA NR TAD vs PSP, NC TADvs PSP, NC
(2015) AT status)
Constantinides et al. CSF 19 PSP, 15 MSA, 17 CBD, 17 PD, 18 In house 1 CBD vs all 1 CBD vs all
(2017) C(missing data on AT status) ELISA Tt-tau/Apy, ratio
MSA vs PD
Schirinzi et al. CSF 423PD, 64SWEDD, 196HC(missing R |PD vs SWEDD,HC | PD vs SWEDD,
(2018) data on AT status) HC
Bougea et al. (2020) CSF 30PD,18PDD,29DLB,30HC(missing  In house | DLB vs > 1 DLB vs PD
data on AT status) ELISA PD,PDD,HC
Chouliaras et al. Plasma 63 AD, 117 PDD/DLB (29 A—, 30 Simoa digital <> PDD/DLB vs NR <> PDD/DLB vs C
(2022) A+, 58 missing data on AT status), ELISA C nor A + versus nor A + versus A —
28 FTLD, 19 PSP, 73 C A — LBD cases LBD cases
Baiardi et al. (2022) CSF +plasma 59 FTLD, 31PSP, 29 CBS, 49 DLB CSF: CLEIA NR NR CSF: 1 in DLB and
(B1A-,18A+),97 AD, 67 C Plasma: Simoa CBS A+ vs A-
digital ELISA) Plasma: 1 in A+

versus A— DLB
cases

A+ amyloid, AD Alzheimer’s disease, CBD corticobasal degeneration, CJD Creutzfeldt-Jakob disease, CLEIA chemiluminescent enzyme
immunoassays, CSF cerebrospinal fluid, DLB dementia with Lewy bodies, FTLD frontotemporal dementia, HC healthy controls, MSA multiple
system atrophy, NC normal control, NR Non reported, PD Parkinson’s disease, PDD Parkinson’s disease dementia, PSP progressive supranu-
clear palsy, SWEDD Scans without evidence of dopaminergic deficit, VaD vascular dementia
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Fig.1 Synopsis of fluid biomarkers in APSs that can be detected in
CSF and blood (plasma/serum/erythrocytes/extracellular vesicles)
and which of them has proven potent in distinguishing these syn-
dromes. Experimental design and the multi-analysis workflow of RT-
qPCR, including the sample collection and preparation, multiplatform
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parkinsonian disorders or to control. Higher t-tau/Ap42
ratio may distinguish MSA from PD with high specificity
but suboptimal sensitivity (Constantinides et al. 2017).
A percentage of 20% of CBS patients harbored a CSF
AD profile. One study by Aerts et al. (2012) reported an
higher t-tau/AP42 ratio in CBS compared to PD patients
and controls, and a lower p-tau/t-tau ratio compared to
control subjects. In CBS, most research failed to reveal a
discernible difference between CBS and MSA patients or
controls with regards to CSF p-tau levels (Noguchi et al.
2005; Hall et al. 2012). The third study concluded that a
typical CSF-AD profile was observed in approximately 30
percent of CBS patients, with increased t-tau and reduced
Ap42 in the CBS group (Constantinides et al. 2017). When
the CBS patients with a CSF profilein AD were excluded,
these differences disappeared, suggesting that the admix-
ture of AD patients was responsible for these differences
(Paraskevas et al. 2019).

Unlike CBD without these biomarkers, CSF with
MTBR-tau275/t-tau or MTBR-tau282/t-tau can identify
CBD patients with up to 83 percent accuracy, regardless
of clinical syndromes (such as CBS, bvFTD, and PSP-RS)
(Horie et al. 2022). Although classified as a 4R tauopa-
thies, CSF MTBR-tau275/t-tau and MTBR-tau282/t-tau
were specifically reduced in CBD and FTLD-MAPT but
not in PSP. This might be because PSP patients may show
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|
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RT-QuiCinterpretation results

analysis of, and data interpretation. APS atypical Parkinsonian syn-
dromes, EV extracellular vesicles, MSA multiple system atrophy, PSP
progressive supranuclear palsy, CBD corticobasal degeneration, DLB
dementia with Lewy bodies, RT-gPCR real-time quaking-induced
conversion

a greater variation in the level of pathology burden in
the neocortex than CBD patients and most patients with
FTLD-MAPT.

AD blood biomarker profile for APS

Importantly, the recent validation of ultrasensitive biomarker
quantification techniques (e.g. digital immunoassays) for
AD have made it possible to assess AD core biomarkers in
the blood, with very encouraging results for possible future
blood-based diagnostics (Table 1). Conversely, blood Af
and tau protein levels showed relatively small or no changes
in LBD studies (Chouliaras et al. 2022; Baiardi et al. 2022)
(Table 1). In fact, blood Ap42/40 levels in LBD were found
to be unaffected. The lower levels of Ap42 or AB40 in APS
compared to PD and HCs may help differentiate APS from
PD and HCs, supporting their earlier identification (Chen
et al. 2024; Li et al. 2022). The pathophysiology of AD in
APS may be associated with a decreased in plasma or serum
Ap42 levels (Robinson et al. 2018). However, a recent meta-
analysis suggested that AB42 does not distinguish between
APS, PD, and healthy controls (Cong et al. 2021). Exist-
ence of AB-positive controls in a healthy control group,
where approximately onethird of the Af-positive pathology
has been documented in some earlier studies (Huang et al.
2023), may help to explain these results.
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In the PSP group, the plasma EV 3R/4R tau ratios were
correlated with clinical, neurological and cognitive signs
severity; low plasma ratios indicated increased severity of
the disease (Chatterjee et al. 2024) and could potentially
be used as a marker of progression and as a surrogate for
clinical trials. EV 3R/4R tau ratios also can additionally
discriminate patients with ALS and PSP from healthy con-
trols and patients with neurodegenerative diseases with high
diagnostic accuracy (AUC >0.91).

Alpha-synuclein as biomarker in APS

Several studies have examined on total CSF «-syn as a
potential MSA biomarker. Researchers initially focused
on total CSF a-syn as a candidate biomarker for synucle-
inopathies. However, the focus has shifted over time to the
phosphorylated (p) and oligomeric (o) forms of a-syn, as
post-translational alterations in a-syn seem to be driving
neurodegeneration (Beyer and Ariza 2013). The following
section provides an overview of the CSF a-syn studies in
APS (Table 2).

Total CSF a-syn in APS

Several studies measured total CSF a-syn in MSA, most
of which reported a slight decrease in total a-syn levels
compared with control subjects (Mollenhauer et al. 2011).
However, there is significant overlap between MSA and
healthy subjects in the levels of a-syn, which makes CSF
alpha-syn not a clinically useful biomarker for the detec-
tion of MSA (Aerts et al. 2012). No significant differences
were reported when MSA was compared with other synu-
cleinopathies, CBS and PSP (Shi et al. 2011). A compara-
tive study reported that CSF a-syn showed that high posi-
tive predictive value for PD, MSA, and DLB, indicating
that clinical studies stratified patients (Mollenhauer et al.
2011). Another approach is measure panels of multiple
biomarkers for the identification of composite biomarkers
(Magdalinou et al. 2015; Tateno et al. 2012; Spies et al.
2009; Mollenhauer et al. 2008). In these cohorts,the total
a-syn was significantly decreased in all synucleinopathies,
but no independent distinction between the different synu-
cleinopathies could be made.

Phosphorylated and oligomeric CSF a-syn in APS

Wang et al. (2012) found that the total and phosphorylated
levels of CSF a-syn were decreased in MSA, PD, PSP,
AD, and control subjects compared to controls. The PD
group had increased phosphorylated a-syn levels whereas
MSA patients had decreased phosphorylated a-syn levels
(Brudek et al. 2017; Li et al. 2020). The phosphorylated/

total a-syn ratio was significantly increased in both groups.
However, these a-syn forms were not useful in differentiat-
ing PD from MSA or MSA and PD from CBD and PSP
(Constantinides et al. 2021; Tokuda et al. 2010) (Table 2).
Another study found a lower total a-syn and higher phos-
phorylated to total ratio of a-syn in MSA compared to
tauopathy (Yamasaki et al. 2019). Foulds et al. (2012)
found that MSA had higher mean values for total, oligo-
meric and phosphorylated a-syn levels, suggesting that
this a-syn form of MSA may be a candidate biomarker.

Plasma/seruma-syn in APS

Studies of plasma t-a-syn in patients with MSA show non-
significant increases compared with control groups and
significant differences between groups (Lee et al. 2006;
Seino et al. 2019). A significant increase was observed
only in MSA-P patients (Sun et al. 2014). However, there
is considerable variability within the MSA group. Plasma
or serum t- a- syn was not useful distinguishing between
MSA, DLB, PSP, CBD or both groups of patients in the
control group (Seino et al. 2019; Schulz et al. 2021; Wang
et al. 2019; Singh et al. 2019), whereas the levels of
autoantibodies against t-a—syn should be taken in account
for interpretation of these results (Maetzler et al. 2011;
Folke et al. 2021). Table 2. summarized selected studies of
a-syn in serum and plasma in patients with APS and Fig. 1
showed how powerfulthese studies may be in discriminat-
ing these syndromes .

A-syn in erythrocytes, exosomes in APS

Extracellular vesicles (EVs) with a-synhave been investi-
gated as potential peripheral biomarkers in APS. A meta-
analysis suggested that the combined concentration of a-syn
in speculative neuronal and oligodendroglial EVs may be
higher in patients with PD than healthy controls (Taha and
Bogoniewski 2024). Plasma levels of Neuronal derived
exosomes (NDE) were higher in PD than in MSA or con-
trol.NDE ratio significantly correlated with UPDRS part IIT
scores for MSA-P (Ohmichi et al. 2019).0ligodendrocyte-
derived exosomes (ODE) did not correlate with disease
duration or severity in MSA-C but did correlate in MSA-P
(Ohmichi et al. 2019). However, more evidence is needed to
confirm the role of NDEs in APS.

Zhang et al. (2022) measured haemoglobin-binding
a-syn (Hb-a-syn) in erythrocytes in a large cohort of MSA
patients, demonstrating that Hb-a-syn could be a good sur-
rogate marker of brain a-syn accumulation. Dutta et al.
(2021) measured the total amount of a-syn in neuronal and
oligodendroglial exosomes showed that patients with MSA
had a significantly elevated amount of a-syn, especially in

@ Springer
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Table 2 Summary of selected a-syn CSF and plasma/serum studies of patients with atypical parkinsonism

References Biofluid Sample Method A-Syn type Main outcomes
Mollenhauer et al. CSF PD8, DLB38, AD13, ELISA t-a-syn |DLB +PD vs AD,
(2008) CJD8,13 C CJD,C
Spies et al. (2009) CSF 40DLB, 131 AD, 28  ELISA t-o-syn <
VaD,39 FTD
Tokuda et al. (2010)  CSF 1o cohort (all ana- ELISA t-o-syn lt-a-syn: trend PD
lytes): 0-0-Syn to-a-syn +ratio in PD
32PD, 28 C 0-0-8yn:
20 cohort (0-asyn): t-a-syn ratio
25PD, 35 AD, 18PSP,
43C
Mollenhauer et al. CSF 51PD, 55DLB, ELISA t-a-syn |AD >DLB >MSA
(2011) 29MSA, 62 AD, >PD vs NC
76 NC
Shi et al. (2011) CSF Discovery cohort: Luminex t-o-syn IPD, vs AD +C
126PD, 32MSA, 50
AD, 137C
Validation cohort:
83 PD
Hall et al. (2012) CSF PD90, PDD33, Luminex t-a-syn |AD >DLB +PDD
DLB70, >PD
PSP45,CBD12, + MSA vs C, AD and
MSA48, AD48, PSP
NC107
Aerts et al. (2012) CSF PD58, MSA47, ELISA(Ab 211/ t-o-syn >
DLB3, VaD22, PSP FL-140)
10, CBD2
Foulds et al. (2012) CSF 38PD, 16DLB, ELISA t-a-syn >
8MSA, 20HC
Tateno et al. (2012) CSF 11PD, 6DLB, ELISA t-o-syn |PD, DLB, MSA vs
11MSA,9AD, 11 C AD +C
Wang et al. (2012) CSF Discovery cohort: Luminex t-a-syn lt-a-syn oe PD + MSA
83PD, 14MSA, p-a-syn vs C
30PSD, 25 p-a-syn: t-a-syn ratio 1 a-Syn ratio o€ PD vs
AD,51HC C, PSP
Validation cohort:
109PD, 20MSA,
22PSP, 50 AD, 71
HC
Wennstrom et al. CSF 38PD, 22PDD, ELISA t-a-syn |PDD >PD >DLB vs
(2013) 33DLB, 46 AD, AD +HC
52HC
Magdalinou et al. CSF 31PD, 33PSP,14 ELISA t-o-syn MSA <HC
(2015) CBS,31MSA,26
AD,16 FTD, 30HC
Constantinides et al. CSF 19 PSP, 15 MSA, 17  In house t-a-syn
(2017) CBD, 17PD, 18 C  ELISA
Bougea et al. (2020) CSF 30 PD, 19 PDD, In house ELISA t-o-syn DLB >HC >PDD
29DLB, 30HC >PD
Constantinides et al. CSF 13PD, 9MSA, ELISA t-o-syn 0-a-syn, pS129-a-syn:
(2021) 13PSP,9 CBD,51 pS129-a-syn Ee
AD, 26 FTD, 14 VD pS129-a-syn to t-o- pS129-a-syn/a-syn
syn ratio ratio:PD, MSA
0-0t-Syn > other groups
Lee et al. (2006) Plasma 105PD, 38MSA, ELISA t- o -syn 1PD, vs MSA, HC
S1IHC
Maetzler et al. (2011)  Serum 14DLB +31HC t- o -syn Tserum autoantibody

levels against t- o
-syn in DLB

@ Springer
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Table 2 (continued)
References Biofluid Sample Method A-Syn type Main outcomes
Sun et al. (2014) Plasma 74MSA, 90HC ELISA t- o -syn TMSA, vs HC
Wang et al. (2015) Oligomer 100PD, 22MSA,102 C ELISA RBC t- o -syn TRBC a-syn oligomer/
total protein MSA
vs C
Brudeck et al. (2017)  Plasma 18MSA, 41HC ELISA +MSD pS-a-syn | MSA
Folke et al. (2019) Plasma 34MSA +59HC In house ELISA t- o -syn R
Seino et al. (2019) 22PD,15MSA, 8CBD, ELISA t- o -syn >
14PSP
Singh et al. (2019) Serum 34MSA +PSP SPR t- o -syn TMSA, PSP vs HC
+68HC
Liu et al. (2019) Oligomeric TTMSA, 133HC ELISA t- o -syn TMSA, vs HC
Bougea et. (2020) Serum + plasma 29DLB + 18PDD ELISA t- o -syn TDLB vs HC
+30HC
Wang et al. (2019) Serum 20MSA + 19PSP IMR t- o -syn >
+60HC
Li et al. (2019) RBC 33PD +114MSA ELISA RBC t- o -syn oli- <> MSA vs PD
+334C gomer
Li et al. (2020) RBC 107MSA, 220HC ELISA pS- o -syn-RBC | MSA vs C
Folke et al. (2021) Plasma 28MSA, 43PD, 15C  ELISA t- o -syn I MSAvsC
Dutta et al. (2021) Plasma, serum, 51PD, 30MSA, 50 HC IMR Exosomal, t- o -syn 1 a-syn serum/a-
oligodendroglial syn plasma MSA,
exosomes neuronal a-syn PD
vs MSA, oligoden-
droglial exosomal
a-synMSAvsPD, HC
Schulz et al. (2021) Serum 151PD + 17 MSA ELISA t- ot —syn <> PSP vs HC
+38PSP +16 CBS
+45DLB +20HC
Stuend] et al. (2021)  Plasma 50PSP +50DLB MSD t-o—syn, EVa-syn <> PSPvs HC
+41HC
Jiang et al. (2021) Serum 88 CBD + 116PSP MSD Exosomal o —syn <> PSP, CBD vs HC
+191HC
Zhang et al. (2022) 149MSA, 149HC ELISA Hb-t- o -syn 1 MSA vs HC (71.8%
sensitivity, 80.5%
specificity)
Cristiani et al. (2024) RBC 8PSP +19PD + 18HC ELISA Total, oligomeric, and RBC total a-syn 1 PSP

p129-a-syn

vs PD, HC

AD Alzheimer’s disease, CBD corticobasal degeneration, CJ/D Creutzfeldt-Jakob disease, CSF cerebrospinal fluid, DLB dementia with Lewy
bodies, EV extravesicular, /MR ultra-sensitiveimmunoassayutilizingimmunomagneticreduction, HC healthy controls, FTD frontotempo-
ral dementia, MSA multiple system atrophy, PSP progressive supranuclear palsy, p-a-Syn phosphorylated-a-Synuclein, SNCA t-a-Syn total
-a-Synuclein, SPR Real-time label-free surface plasmon resonance VaD, <> without statistically significant differences between groups

oligodendroglial exosomes. Liu et al. (2019) quantified total
and oligomerica-syn in erythrocyte membranes and cyto-
plasm, and found that MSA patients had increased total and
oligomerica-syn compared to controls, while no differences
were observed in other study (Li et al. 2019). Li et al. (2020)
focused on erythrocyte phosphorylated-a-syn as a candidate
biomarker for MSA, resulting in 70% sensitivity and 90%
specificity for diagnosis of MSA. Wang et al. (2015) focused
on oligomerica-syn quantification in red blood cells (RBC),
but this ratio did not provide sufficient diagnostic precision
for distinguishing MSA from PD or control groups. So
far, exosomala- syn cannot distinguish PSP or CBS from

controls (Jiang et al. 2020).For the first time, Cristiani et al.
(2024) observed increased levels of total a-syn in erythro-
cytes in patients with PSP patients compared to both patients
with PD and HC. This suggests that a significant part of
the protein buildup may be the normal form resulting from
neuronal transmission.

Seeding assays as promising tool in APS
CSF a-syn SAA was studied as a possible alternative to tra-

ditional CSF analysis. The main strengths of this biomarker
are: (i) the possibility of distinguishing between different
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synucleinopathies, as the assay can distinguish between the
neuronal a-synuclein pathology characteristic of Lewy bod-
ies disorders (PD and DLB) and the pathology associated
with the predominantly glial inclusions of MSA; (ii) may be
able to discriminate between synucleinopathies and tauopa-
thies, although further optimization is warranted; (iii) it may
be possible to use the test for quantitative purposespossibly
providing prognostic information, taking into account the
SAA Kkinetics.

Shahnawaz et al. (2020) implemented a seeding assay
(protein misfolding cyclic amplification—PMCA) in CSF of
MSA and PD patients. Using different amyloid-conformity-
specific dyes, the detection of a-syn PMCA in CSF samples
is easily distinguished from PD and MSA (95% sensitivity),
by differences in the conformations of the a-syn strains in
these disorders. Similarly, Rossi et al. (2020)applied RT-
QulC in 172 CSF samples of MSA, DLB, PD, iRBD, and
PAF. Only two of 31 MSA patients exhibited seeding activ-
ity in this assay, supporting the current view that are intrin-
sic differences between the conformational strains MSA and
LBD. SAA had a sensitivity of 95.3% and specificity of 98%
for detecting the presence of the a-syn in different LBDs.
RT-QuIC assay for MSA was moderate sensitive (75%), with
differences in reaction kinetics compared to PD (longer TS50
and lower Vmax) (Poggiolini et al. 2022). Reaction kinetics
predicted progression of disease only in the MSA group.

Another approach to biomarker identification is to use
composite markers including > 1 biomarker. This dual
approach of the a-syn PMCA and CSF NFL differentiated
MSA from controls (NFL) andPD/DLB (PMCA) (Singer
et al. 2020). It is noteworthy that almost all MSA were reac-
tive to the alpha-syn PMCA but with different kinetics of
reaction (MSA showed an earlier but significantly lower
fluorescence compared to LBD).

The same approach was followed by another study group,
combining a-syn RT-QulC with CSF and plasma NFL
(Quadalti et al. 2021). RT-QulC produced a positive seeding
reaction in 3/65 MSA patients. The RT-QulC kinetic curves
in MSA patients differed significantly from the correspond-
ing PD curves (significantly lower relative fluorescent units).
The combined use of the a-syn RT-QulC and NFL further
optimized the MSA-PD differentiation.

However, promising results were obtained by combin-
ing the seeding activity and immunoprecipitation assays for
concentrate o-syn seeds. Okuzumi et al. (2023) combined
immunoprecipitation (IP), in an attempt to concentrate a-syn
seeds from serum, followed by real-time quaking-induced
conversion (RT-QulC) assay (IP/RT-QulC), in a cohort of
MSA, PSP/CBD, DLB. The serum aS-SAA can accurately
distinguish patients with PD and DLB from those without
PD or DLB. Interestingly, the assay was less successful in
MSA, probably due to the lower concentrations of a-syn
seeds in the blood of MSA patients (Fig. 1).

@ Springer

In PSP, Vaughan et al. (2024) confirmed the high fre-
quency of primary 4RT pathology at post-mortem and diag-
nostic consistency time, as previously shown (Respondek
et al. 2017); therefore, a positive SAA of PD type is very
unlikely to reflect cases with major PD pathology. A high
incidence of Lewy body co-pathology was observed in post-
mortem PSP investigations (Jecmenica Lukic et al. 2020).
On the other hand, a recent study found that that 4 out of
16 (25%) PSP CSF samples were positive for PD-type SAA
comparable to the proportion of Lewy body co-pathology
(22%) in a smaller postmortem PSP cohort. Interestingly,
older patients with PSP may have a higher prevalence of
PD co-pathology, suggesting that age-related proteostatic
dysfunction contributes to the accumulation of multiple co-
pathologies (Robinson et al. 2018). The rate of Lewy body
co-pathology observed in CBD in previous neuropathologi-
cal studies (10%) was lower than the positive rate in SAA.
This suggests that the CBS group may include a mix of
patients with primary 4-repeat tau pathology (PSP or CBD)
and co-pathology with Lewy body, as well as patients with
clinically misdiagnosed primary PD pathology, which may
explain the higher rate of positive SAA. On the other hand,
it might suggest that the specificity of a-synSAAin CBD
patients is insufficient. The positivity of the a-synSAA in
PSP and CBS is of relevance because it provides an early
indication that co-pathology with PD may worsen the sever-
ity and rate of disease progression, which differs from the
earlier clinicopathological studies.

The novel Amprion’s SAAmplify-aSYN Biomarker Test
provides a breakthrough, by consistently and reproducibly
distinguishing MSA from other synucleinopathies (Ma et al.
2024). This study classifies synuclein seeds based on fluo-
rescence levels: Type 1 seeds, linked to PD, DLB, and idi-
opathic REM sleep behavior disorder (iRBD), exhibit high
fluorescence, while Type 2 seeds, associated with MSA,
display intermediate fluorescence. Conducted across seven
medical institutions in four countries, the study achieved
100% agreement with the gold standard of pathology for
brain tissue and pathology-confirmed CSF samples, the
diagnosis of these participants is probably very accurate,
and the novel synSAA reached 95% sensitivity for PD and
IRBD, and 95% specificity for healthy controls, confirming
the clear detection of the disease-associated biomarker. In
line with their anticipated underlying Lewy body pathology,
type la-syn seeds were found in all samples from synSAA-
positive patients with PD and IRBD. Research showed
higher specificity for type 2 seeds in people with MSA than
in real-life cohorts, most likely because follow-up subjects
showed better concordance between clinical diagnosis and
neuropathology.These results underscore synSAA’s potential
for high-accuracy patient stratification, differential diagno-
sis, and early detection of MSA.
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Neurofilament light chain (NFL)

Neurofilament light chain (NFL) is a non-specific marker
of neuroaxonal damage, but there are only a few studies
in APS. CSF NFL levels were significantly elevated in
the MSA and PSP groups compared to PD patients (Bech
et al. 2012), with some overlap between PSP/MSA and PD
(Holmberg et al. 1998). NFL levels correlated with disease
progression in APS. A later study involving a CBS group
confirmed these results and further established NFL as a
useful marker for distinguishing PD from APS. Moreover,
NFL remained unaltered in subsequent analyses, suggesting
a stable axonal injury rate in APSs (Constantinescu et al.
2010). These results have been replicated in the follow-up
studies comparing MSA with PD (Chelban et al. 2022) and
PSP with synucleinopathies (Oliveira Hauer et al. 2023).
CSF NFL levels in PSP and MSA patients are significantly
higher than in controls, suggesting that this may be a bio-
marker for monitoring of APS progression, to be used in
trials of new disease-modifying therapies (Angelopoulou
et al. 2021).

When neurons are damaged or degenerated, NfL are
released into the CSF can be detected in the blood, which
makes them a potential biomarker for APS. Our recent
meta-analysis reported higher CSF and blood NfL levels
in APS patients compared to PD patients, with a high diag-
nostic accuracy in discriminating between the two groups
(Angelopoulou et al. 2021). These results suggest that NfL,
may be a useful biomarker to help distinguish APS from
other parkinsonian disorders. The Parchi's group developed
assays using plasma NfL with a sensitivity and specificity of
nearly 90 percent that can distinguish between individuals
with PD and those with MSA, PSP, and APS. These results
were similar to those obtained with CSF NfL (Quadalti et al.
2021). The longitudinal study by Donker et al. (2018) found
that higher levels of serum NfL were associated with a more
rapid decline in gait and postural instability in patients with
PSP, suggesting that NfL. may be predictive of future mobil-
ity disorders in these patients. By stratifying patients based
on NfL levels, clinicians could potentially better tailor treat-
ment strategies and provide patients and their families with
more accurate prognostic information.

Supine plasma norepinephrine as biomarker in MSA

In addition to increased plasma or CSF NfL, the updated
MDS criteria also suggested supine norepinephrine as sup-
portive MSA biomarker but not a requirement for MSA
diagnosis (Wenning et al. 2022). To distinguish between
MSA and PD, supine plasma norepinephrine levels have
been employed. In MSA, supine norepinephrine levels are
relatively unaffected, whereas in PD, decreased levels are
reported. Notwithstanding this, it is noteworthy that the test

has high specificity but low sensitivity. The most sensitive
and specific indicator in predicting phenoconversion to MSA
in individuals with isolated autonomic failure is supine nor-
epinephrine > 100 pg/mL (Singer et al. 2017). More evi-
dence is needed to demonstrate their utility as biomarkers
to formally qualify for the MDS criteria.

General inflammatory markers

Although the time relationship between neuroinflamma-
tion and neurodegeneration is complex, it is now clear that
neuroinflammation is involved in APS pathogenesis (Balis-
treri and Monastero 2023). Elevated levels of inflammatory
markers were found in MSA patients compared to healthy
controls, including tumor necrosis factor-alpha (TNF-alpha),
interleukin-6 (IL-6), and interleukin-1beta (IL-1p) (Brodacki
et al. 2008; Kaufman et al. 2013; Starhof et al. 2018; Compta
et al. 2019), suggesting a role for neuroinflammation in dis-
ease pathogenesis. Kim et al. (2019) reported no difference
between MSA and controls in serum levels of IL-1f, IL-2,
IL-6, IL-10, TNF-a, or high-sensitivity C reactive protein
(CRP). Inflammatory processes contribute to the progres-
sion of disease and clinical symptoms in PSP (Starhof et al.
2018). Increased CRP, TNF-alpha, IL-1-beta, IL-4, and IL-6
wereobserved in the comparison of the PSP and PD (Starhof
et al. 2018). CSF analysis revealed a significant increase in
microglialderived cytokines in PSP (Hall et al. 2018).

Neuroinflammatory protein YKL-40 is increased in neu-
rodegenerative diseases such as AD, and frontotemporal
lobar degeneration (Llorens et al. 2017; Wennstrom et al.
2015). Individuals with PD and MSA had considerably
lower CSF YKL-40 levels than those with PSP and CBD
(Olsson et al. 2013). In addition, this study did not show any
increase in YKL-40 in CSF during the prodromal phase of
DLB compared to cognitively normal controls (Morenas-
Rodriguez et al. 2019). Despite not recommended as a CSF
biomarker for DLB, it may be useful for the evaluation of the
concurrent AD pathology in DLB patients. The discovery of
generic inflammation markers is sensitive and non-specific,
but it is hoped that they can be used in combination to create
a model that can be used.

Glial fibrillary acidic protein (GFAP) in APS

Astrocytes, the main cell type in the CNS, contain a
medium- sized protein called glial fibrillary acidic pro-
tein (GFAP). When astrocytes are damaged, they release
the products of the GFAP and GFAP breakdown into the
CSF and serum. Its presence highly specific to the source of
intracranial insult (Lotankar et al. 2017). Therefore, higher
levels in MSA compared to controls and its breakdown
products indicate astrocytic damage but are not statistically
significant (Brouillette et al. 2015; Santaella et al. 2020).
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Although non-significant, the increase in GFAP in CSF in
PSP patients indicates abnormal disease progression, astro-
gliosis is only one of the steps in the pathogenesis of APS
(Siissmuth et al. 2010).

MicroRNAsin APS

Non-coding RNAs, such as microRNAs, long non-coding
RNAs, and circular RNAs (circRNAs), are gaining emphasis
in addition to messenger RNAs (mRNAs), which make up
1-2% of the human transcriptome. This is because these
RNAs are stable in biological liquids and play regulatory
roles in transcription, splicing, and translation, which makes
them potential APS transcription biomarkers (Bougea 2022).

MicroRNAs in MSA

Ubhi et al. (2014) studied the microRNA profiles in trans-
genic MSA muscle models and MSA patients and showed
significant miRNA dysregulation. They found that miR-
96 complex has been modified and that increased miR-96
expression was observed. These findings are consistent with
a recent study conducted by Vallelunga et al. (2021). The
same authors found (Vallelunga et al. 2014) that the tar-
get genes for SLC1 Al and SLC6 A6 mRNA and protein
levels were decreased, while the miR-96 expression was
increased. Vallelungaet al. (2014) found 12 novel miRNAs
in the serum of MSA, PD, and healthy controls, nine of
which showedincreased MSArelated expression compared
to healthy controls. Functional analysis revealed associa-
tions with fatty acid metabolism, prion disease, and NOTCH
signaling which are thought to be involved in demyelination
of oligodendrocytes.

Uwatoko et al. (2019) reported conflicting findings,
with miR-671-5p, miR-19b-3p, and miR-24-3p being DE
in MSA and PD, but miR-24-3p was downregulated in
MSA. Marques et al. (2017)demonstrated that the cerebel-
lar striatum is a good source of miRNAs in PD, MSA, and
healthy controls. An intriguing discovery was the correla-
tion between cerebellar ataxia and miR-24 and miR-148b in
MSA patients, indicating a potential role for these miRNAs
in the cerebellar degeneration observed in MSA patients.
Valera et al. (2017) showed showed a significant increase in
let-7b and miR-101, a decrease in miR34c, and a tendency
to increase miR-30a, miR-96, and miR-183 in the striatum
of an MSA-P patient. In vitro studies have confirmed this
theory by showing that a-Syn accumulation and the lack
of autophagy were caused by overexpression miR-101 in
CG-4 oligodendroglial cells. Conversely, anti-miR-10
reduced the accumulation of a-syn in oligodendroglial cells
and increased autophagy in cell and mouse models (Bai
et al. 2017). Increased miR-96 levels agree with Ubhi et al.

@ Springer

findings and RABS A plays a role in the classification of
intracellular vesicles in autophagy (Table 3).

MicroRNAs in PSP

Only three studies are available on microRNAs and PSP.
Using the TargetScan method, Smith et al. (2011) have
shown that miRNAs can control tau protein splicing, affect-
ing the tau 4R:3R ratio. In PSP patients, miR-132, miR-
132*, and miR-212 were downregulated, while miR-9, miR-
124, miR-137, and miR-132 reduced tau protein levels. In
conclusion, alterations in the miR 132/PTBP2 pathway might
be a factor in the aberrant tau protein exon 10 attachment to
these patients'brains. Further analysis of PTBP2 and miR-
132 in iPSC neural cells derived from patients with PSP
may provide insight into the role of miRNAs in the patho-
physiology of PSP (Table 4). Tatura et al. (2016) found that
PSP represses target genes for miR-147a and miR-518e.
The results of Smith et al., showed that themiR-132 expres-
sion was significantly lower in the temporal, parietal, and
prefrontal regions of the brains of eight patients with PSP
as compared to eight healthy controls; however, due to the
smalle sample size, this difference was not statistically sig-
nificant. These findings imply that miRNAs regulate the
overexpression of neurotoxic proteins, which plays a role in
the pathogenesis of PSP. Nonaka et al. (2022) assessed CSF
miRNA expression levels in 11 PSP patients and eight age-
matched healthy controls. The most significantly elevated
or downregulated miRNAs in the early-onset of PSP were
miR-204-3p, miR-873-3p, and miR-6840-5p. These findings
suggest that miRNAs regulate the overexpression of neuro-
toxic proteins that contribute to the pathogenesis of PSP.

Research suggests miRNA transcriptomics could be a
useful biomarker for APS, but lacks standardized detection
and multi-center initiative. Future studies may require large-
cohort research including CBD patients.

Challenges and limitations

Hypothesis-free proteomic methods, also referred to as
“omics,” (such as genomics, proteomics, and metabolomics)
begin by looking for patterns in typically large-scale data
analytics and attempting to link those patterns with biologi-
cal states in combination with predictive modeling (Kras-
sowski et al. 2020). Attempts to understand the pattern
begin when it is, to identify the patterns of up-regulation and
down-regulation of genes that arelinked to specific cellular
physiological pathways not begin until the pattern has been
identified (Tables 4 and 5). This type of methodology has
been made feasible by the technical capacity to gather and
analyze vast amounts of data, but it has also produced a large



931

Fluid biomarkers in atypical Parkinsonism: current state and future perspectives

opg-gIu
(dg-t
-6z 1-y1w pue dg-1-67 I
‘dg-z-eprz-yiu dg-gz -y
‘LO6E- I LGS ‘dg-$81 €
S Oy ‘dg-g99gyru
‘deg-ze1-ygiw “dg -ge-yru
Pgp-qru ‘dg -ge -y ‘dg-y¢ |
Y ‘gpeyru ‘dg-gzzryiw
‘dg-97Lp-yIu ‘gL p-yrw) wny
-3@800 uy .An—m.aoﬁmmﬂe pue
‘dg-pL -y ‘dg-gg -y
‘dg-Lz1ygru ‘dg-£89p-ygrw ‘dg
-0Tc-giw ‘dg-epg-yru ‘de-$7 |
ez - Ope-giw ‘dg
~zeopyIw ‘g gy ‘dg-og ey
‘dg-6T 11w ‘dg -6061-Yru
‘Obpr-giu ‘ggLp-yiu ‘dg
gLy ‘dg-¢99¢-yru ‘dgeg|g
Y ‘pegT-g ‘dg-¢/ [
‘de-gezrygiw ‘dg-g [ -yrw
‘dg -gL9-yrw ‘dg-0 161 -y
‘dg-pgs-yrw ‘coz g
‘dg-z—6z1-grw ‘dg-6161
-y “de-gzeeru ‘dg-qrLe

Y ‘dg-gz1-yrw) suod uf

SN

YL
- pue ‘7e9-yru ‘dg-6ge-yru

10]-yru pue q/,
RL96- Y1 BOC-YIU ‘€T -Jru

(dg-gzLpymu ‘dg-619¢-yru
‘06TI-giu ‘dg-ze/ pyIu ‘§Thy
<Y 1w) WAYeqarss uf “(dg-egg
“Ju ‘gzyp-Jrw ‘dg-qogyrw
‘G-z ‘ez -yiw) Suog Uy

€81-JIW puE ZG[-YJIW ‘96~
opgynu

PUE ‘p7-JIW ‘G4 [-YIW ‘B [-Jr
1621-4MWpUE gH/T1
Y Y LTy ‘dg-¢8h
Y ‘de-pTe-yIu ‘£z

Q8T YTW “067-YIW “pr-Jrut

YDdb-Ld

Ke1ry YN'T AYNOYW

Y0db-Ld

Jodb-Lyd

Keare Kyisuap mof uejybeg,

wnyerns

ordures ySIA poppaq
-wouyjered paXyuI[ewWIO]

X91100
[2IUOIJ 9OTW + UBWNY

480

wnIeg

DHL'VSINLI ‘Te 10 BIO[EA
OHET'VSINET  TE 10 1yseAequyepm
OH¥'dSd€
‘adod ¢'d1dag
‘av €' VSINE siuaned ‘e 19 Iyqn

DHSTVSINLT ‘Ad8T ‘e 10 sonbrey

DHSTVSINST ‘AdSt ‘Te 10 eSunfeyeA

SYNYIW pare[n3arumoq

SYNYTw pajengaxdn

POURIN

ansst/pmbiy eorSojorg

qrdureg oyiny

syuaned YSIA UT SYNYOIOIW JO MIIAIAQ € d|qel

pringer

As



A.Bougea et al.

932

dg-6ee-y1ur :DH "sA VSN

dd sa
D-VSIN Ut ¢ de-pz-Jiw {d-VSIN
SA dd ut g dS-129-Y1N DH'sA
VSIN SN SYNY!W 35 TONEPIEA
SYN
1w G/ :DH ‘SA VSN S ApmS
dg-60py 1w
puE ‘9OZ-YIuW ‘O HYIW ‘T¢-Jrw
‘cep-yru ‘oge-yrw ‘de-/e¢
-y “dg-gz g ‘dg-6g -y

€81€-JIWU ZgpSyrut

‘Q9TSATW SO ‘6E6E-YIU

ISLEYIW ‘GEFH-IW ‘qL [ I

‘dg-065-JIW ‘SSTEYM ‘SSHY

Yy ‘dg-GoLpymw ‘dg-199p-yru
‘TI6CYIW OQE-YIW ‘STEP-Jru

dg-6ce-yIu 'YSIN sA dd
dg-96-y1 :DH "SA VSN

de-¢/ 8-y 1w pue

‘dg-opgyrw ‘dg-161-yrw ‘dg
-pLSYIW ‘dG-g - sewse[d

dg-ep6-yrwu pue

‘dg-/ -y ‘dg-opg-yrw ‘dg-Te¢

Y ‘dg-g1z-yIw pg1-yIw
‘dgqoo -y ‘dg-q/-191 :ASD
dnors Juwaned TV

adnlae
dg-q61-y!w TS UOTEPIEA
(eg9o-y1w pue ‘9¢/ 4
Y ‘dg-g0Lp-yrw ‘dg-qTLg
i DY "sA VSN TS ApmS

dg-e66 1YW pur ZOz-Jru
61T ‘dg-Bzzocymu
‘Q00S- YW ‘€O TYIW ‘97|
Y1 ‘9 [YIW ‘G69p-Y I
‘LLEY ‘qOT-YIu ‘qe Ty ‘dg
“BQ I GYIW ‘BOZ-JIW ‘BLTYIW
e/ ‘T-81TYIW GYT-YIw
TEIIW TTZ-JIW I ‘866
Y ‘dg-£99¢-yIw ‘eg( [ yIw
ISTH-JIW ‘pEppIu ‘P Og-YIu
‘dg-609¢-y1 ‘q/I9] ‘B9z-JIut
TTEAW “T6Lp-d1W ‘b8
‘127391 ‘P L3931 ‘BOE-giw ‘dg
€69 ‘£ [-dIW 0L -19]
‘QT6-JIW ‘YHTHYIW ‘BTE-JIW
‘6EEYTW “GYT-YIW ‘G Yru
‘QeETE- I ‘ST “L01
Sy ‘dg -9gp-yIw ‘gz

“BCOT-JIW ‘[SHYIW ‘g[-yru

0d-1yb

(SYNYrw

9%) walsks YO Jb LY yreworg
wSipimy{ *APS TONEPITEA

(SYNYmw

TLE) A UOISIOA | [oURd YDd
AMNOY 1w uobrxg TXPMIS IOTY

(SYNMIW 0ZLT) O0°LT oA d1go
03110 YNIW UBWnH @3U9D-(¢

KeIIBOIOTIA

Ke1IBOIOTIN

wnieg DHYS'VSIN 26°dd 1S

DH €T ‘'dSd ¢¢ ‘ad
LE ‘VSIN 6T :TI070D TONBPIeA
dsSd 01 ‘OH
ewseld ‘VIAd ‘ASO 01 ‘Ad 01 “VSIN 01 HOY03 JOTd

DH 8T ‘dd 8T ‘d-VSIN
0€ “D-VSIN [€ T3S UOTBPIEA
OH 9 ‘VSIN 11 T5SApmg

ewise[d

wopow-jsodwn[[9qa1a) DHY 'VSIAY

wmeg DHOT'd-VSINS'd-VSINS

‘Te 30 e3un[o[eA

‘Te 10 Joyrels

‘Te 32 oyolem)

Te 10 99T

‘Te 30 wmny|

SYNYIW pare[ngarumoq

SYNYTw pajenSaxdn

POyIOIN

anssty/pinbiy feor3ojorg qrdureg

oyny

(ponunuoo) ¢ 3jqey

-
[
80
=]
k=
o
n
Gll



Fluid biomarkers in atypical Parkinsonism:

current state and future perspectives 933

Table 3 (continued)

Downregulated miRNAs

Upregulated miRNAs

Method

Biological liquid/tissue

Sample

Author

hsa-mir-6797-3p, hsa-mir-940,

hsa-mir-16-5p, hsa-mir-191-5p,

GeneChip miRNA 4.0 array

t: TMSA-C,13MSA-  Serum

T

Dis

Perez-Soriano

hsa-mir-6796-3p, hsa-mir-3648,
hsa-mir-1225-5p, hsa-mir-3197

hsa-mir-24-3p, hsa-mir-7641,

(2,025 miRNA). FC >11.51

p<0.05

et al.

P, 19PD,40HC

hsa-let-7b-5p, hsa-mir-425-5p,

: SMSA-C,12MSA-

=
—

hsa-mir-23a-3p, hsa-mir-93-5p,

hsa-mir-122-5p, hsa-mir-

O
T
=
X
a
Ay
=
Al

103a-3p, hsa-mir-4530, hsa-
mir-17-5p, hsa-mir-140-3p,

hsa-mir-106a-5p, hsa-mir-107,
hsa-mir-25-3p, hsa-mir-7704,

hsa-mir-181a-5p, hsa-mir-4487

CSF cerebrospinal liquid, EDTA ethylenediaminetetraacetic acid, HC Healthy control, MSA Multiple system atrophy, NS non significant, PD Parkinson’s disease, P-MSA Parkinsonian variant of

Multiple system atrophy, C-MSA Cerebellar variant of Multiple system atrophy, SN Substantia nigra, PSP Progressive supranuclear palsy, gRT-PCR Real-Time Quantitative Reverse Transcrip-

tion

number of false positives; seemingly solid findings with
great statistical significance are typically not reproducible.
The lack of clinically used “omics” markers might be due
to the fact that these technologies are still in their infancy
and the lengthy period of time it takes for a biomarker to be
validated and clinically established hasn’t passed yet (Oldoni
et al. 2022). Howeyver, it’s possible that this study methodol-
ogy is just ineffective as a firstpass strategy and will need
significant additional refinement.

Longitudinal studies on fluid biomarkers, particularly
for CSF, are limited, particularly for patient stratification in
future APS drug trials (Magdalinou et al. 2015). Conflicting
results from different techniques, such as isolating RNA and
exosomes, and downstream miRNA detection, quantifica-
tion, and normalization, make it difficult to accurately dis-
tinguish patients with RBD from MSA from healthy controls
(Taha and Bogoniewski 2024). Blood contamination during
lumbar puncture and hemolysis during sample collection and
processing also pose challenges (Simonsen et al. 2017).The
a-syn RT-QulIC is a rather robust SAA regarding the effect
of preanalytical variables since only blood contamination
and adding detergentmay significantly influence the out-
come (Mammana et al. 2024). Therefore, blood contamina-
tion should be excluded by cytological routine testing and,
as previously recommended for biomarker studies, the first
2 mL of CSF collected should not be used where contamina-
tion is most likely to occur, as contamination in the blood
that impacts the assay kinetics is not always visible by vis-
ual inspection. The number of positivereplicates in serially
diluted CSF samples improved the discrimination between
samples with high and low seedingactivity, and the time to
threshold (LAG) was the most reliablekinetic parameter in
multiple- test conditions (Mammana et al. 2024).

The lack of antibodies and ligands with high affinity for
a-syn contributes to the poor efficacy of the a-syn as a diag-
nostic marker for APS. Innovative methods such as strain-
specific assays (SSAs) have been developed for the detection
of strain-specific a-syn in CSF and tissue samples. However,
SAAs in MSA lack specificity in detecting a-syn aggregates,
and there is a lack of standardization in experimental proto-
cols and techniques (van Rumund et al. 2019). Additionally,
the limited availability of post-mortem brain tissue in MSA
may further limit research on a-syn aggregates in MSA
(Magalhdes and Lashuel 2022). In the same line, the con-
nection between CSF and brain MTBR-tau antemortem was
hampered by the absence of complementary techniques to
detect brain tau pathology in living individuals (such as tau
PET imaging with a tracer unique to primary tauopathies).

Future directions

APSs area rare fatal neurodegenerative disorders without
cure. The difficulty in effectively managing these diseasesis
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Table 4 Overview of microRNAs in PSP patients

Authors Sample Biological fluid/tissue Method Upregulated miRNAs Downregulated miRNAs
Smithetal. 8PSP,8HC  Human temporal, parietal =~ RT-PCR ns miR-132 (and their cluster
and prefrontal lobes miR-132, miR132* and
miR-212)
Taturaetal. 40PSP,40HC Human inferior frontal gyri qRTPCR miR-147 (miR-147a) and miR- miR-132

Nonaka et al. 11PSP, 8HC CSF

array

3D-Gene 3000
miRNA micro-

518e

hsa-miR-204-3p, hsa-miR-4476,
hsa-miR-6132, hsa-miR-4638-5p,
hsa-miR-7110-5p, hsa-miR-
3679-5p, hsa-miR-1236-5p, hsa-
miR-6867-3p, hsa-miR-6761-3p,
hsa-miR-423-5p, hsa-miR-
7111-3p, hsa-miR-3156-3p, hsa-
miR-12114, hsa-miR-6889-5p,
hsa-miR-6740-3p, hsa-miR-
885-5p, hsa-miR-6894-3p, hsa-
miR-487b-5p, hsa-miR-6820-5p,
hsa-miR-873-3p, hsa-miR-
7109-3p, hsa-miR-5193, hsa-miR
4648, hsa-miR-10398-5p,hsa-
miR-1825,hsa-miR-6870-5p,hsa-
miR-6825-5p, hsa-miR-4700-3p,
hsa-miR-3622a-3p, hsa-miR-
5001-5p, hsa-miR-6510-5p,
hsa-miR-4505, hsa-miR-4665-5p,
hsa-miR-8485, hsa-miR-7110-3p,
hsa-miR-6862-3p, hsa-miR-
6886-3p, hsa-miR-328-5p

hsa-miR-6840-5p

CSF cerebrospinal liquid, HC healthy control, MSA multiple system atrophy, ns non significant, PSP Progressivesupranuclear palsy

not only attributed to the incomplete knowledge of neu-
ropathogenesis, but the lack of diagnostic methods such as
specific biomarkers. Recent advances in fluid biomarkers
offer promising possibilities for detecting MSA at earlier
stages, allowing for timely intervention and treatment. For
example, CSF biomarkers such as a-syn and NfL have the
potential to distinguish MSA from other neurodegenerative
diseases with higher accuracy. Although these biomarkers
have great promise to improve diagnosis and treatment, their
implementation in clinical practice requires overcoming a
number of challenges. First, standardised protocols and
guidelines for the collection and analysis of biomarker data
should be established to ensure their reliability and consist-
ency across different health care settings.In addition, health
professionals will need adequate training and resources to
accurately interpret biomarker results and to integrate them
effectively into patient care plans. Collaborative efforts
between researchers, clinicians and industry partners will
also be essential to develop and validate biomarker tests for
diagnosis and monitoring of APSs. Despite these challenges,
the integration of fluid and imaging biomarkers into clinical
practice may ultimately improve the accuracy and effective-
ness of MSA diagnosis and treatment, leading to improved
outcomes and quality of life for patients.

@ Springer

Promising novel molecules are in mid-stage develop-
ment. ATH434, an alpha-synuclein inhibitor, is expected to
secure approximately 30% of the total MSA market across
the 7 major markets (United States, Germany, France,
Italy, Spain, the United Kingdom, and Japan), by 2034.
Insights from ongoing assessments, like those involving
ATH434, underscore the potential of these markers to
detect iron accumulation in specific brain regions, advanc-
ing both early diagnosis and the development of targeted
therapeutic approaches.In an observational research, total
free and oligomerica-synucleinwere evaluated to see if
MSA patients had higher levels of oligomerica-synuclein
than controls (NCT01485549). Furthermore, TRACK-
MSA, an observational research, is being conducted in
MSA patients to identify alterations in CSF and plasma
biomarkers, such as a-synuclein, aggregated a-synuclein,
Nfl, Tau/phosphorylated Tau in CSF, and plasma Nfl
(NCT04450992). When combined, the aforementioned
biomarkers have the potential to be both diagnostic and
prognostic, provided that the clinical studies yield some
trustworthy profiles. Although significant progress has
been made on biomarker discovery for MSA, three recent
observational clinical studies are underway to demon-
strate the biomarker profiles across the synucleinopathies
(NCT05453058, NCT05638815, NCT05699460). These
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advancements aim to enhance the precision and efficacy
of MSA clinical research and management strategies.
Moreover, advancements in omics technologies, such as
proteomics and metabolomics, offer the opportunity to
identify novel biomarkers and pathways involved in MSA
pathogenesis, paving the way for personalized medicine
approaches and targeted therapies.

Research on biomarkers for APS has made significant
progress, but more needs to be done to ensure consistency
and effectiveness. Standardization and validation studies are
needed to verify the diagnostic and prognostic effectiveness
of biomarkers in various patient populations. Longitudinal
studies are required to identify inflammatory biomarkers that
reflect specific neuropathological processes in MSA, PSP,
CBD, and DLB. Fluid biomarkers could aid in differential
diagnosis, predicting disease progression, identifying ther-
apeutic targets, and assessing disease-modifying therapies
efficacy. In vivo biomarkers, such as CSF SAAs, can help
distinguish atypical parkinsonism and advance our under-
standing of the disease (Coughlin et al. 2022). By addressing
the technical challenges and limitations of SAAs in MSA,
researchers can improve the sensitivity and specificity of
these assays, enhance the reproducibility of results, and
establish a standardized protocol for studying a-syn aggre-
gates in MSA. To evaluate the positive and negative predic-
tive values of both assays, it will be crucial to integrate the
testing of a-syn and 4-repeat tau SAAs across the APSs.
Assessing fluid biomarker and neuropathological correlates
of AD co-pathology, their influence on the course of the ill-
ness, and their correlation with common genetic variations
of interest, such as MAPT and APOE4 status, will also be
crucial.In doing so, SAAs may offer new opportunities for
developing targeted therapies and diagnostic tools for this
devastating neurodegenerative disorder.

Advanced technologies such as next-generation sequenc-
ing (NGS), and liquid biopsies are expected to become
commonplace in normal clinical settings as the diagnos-
tics industry shifts toward more integrated and tailored
approaches over the course of the next five to ten years. Arti-
ficial intelligence (AI) may revolutionizethe conventional
statistical analysis of atypical parkinsonism biomarker data,
allowing a broader number of variables and outcomes. Deep
learning offers benefits like accurate classification, similar
analysis to experts, personalized networks, and improved
performance (Kanatani et al. 2022). More studies are needed
to confirm these results. Regulatory bodies are modifying
their criteria to accommodate cutting-edge methods that
surpass conventional methods as the need for individual-
ized treatments increases. Traditional diagnostic techniques
should pave the avenue for faster more precise, and nonin-
vasive testing alternatives that allow for real-time patient
health monitoring.

Conclusion

Redefining APS based on biology is crucial, but current clas-
sification criteriaare still based mainly on clinical features.
Although they have been confirmed as indicators for AD,
emerging diagnostic techniques including CSF tau, total tau
(t-tau), and phosphorylated tau (p-tau) are not consistently
changed in PSP. Glial fibrillary acid protein (GFAP) and
CSF/serum neurofilament light chain (NfL) are arguably the
most important biomarkers being researched for distinguish-
ing APS from PD and from one another.Translating bio-
marker research into clinical practice of APS requires mul-
ticentercollaboration, validation, and Al based diagnostics.
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