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Diagnosis of dementia with Lewy bodies (DLB) is challenging and specific
biofluid biomarkers are highly needed. We employed proximity extension-
based assays to measure 665 proteins in the cerebrospinal fluid (CSF) from

patients with DLB (n=109), Alzheimer”s disease (AD, n =235) and cognitively
unimpaired controls (n=190). We identified over 50 CSF proteins dysregu-
lated in DLB, enriched in myelination processes among others. The dopamine
biosynthesis enzyme DDC was the strongest dysregulated protein, and could
efficiently discriminate DLB from controls and AD (AUC:0.91 and 0.81
respectively). Classification modeling unveiled a 7-CSF biomarker panel that
better discriminate DLB from AD (AUC:0.93). A custom multiplex panel for six
of these markers (DDC, CRH, MMP-3, ABL1, MMP-10, THOP1) was developed
and validated in independent cohorts, including an AD and DLB autopsy
cohort. This DLB CSF proteome study identifies DLB-specific protein changes
and translates these findings to a practicable biomarker panel that accurately
identifies DLB patients, providing promising diagnostic and clinical trial test-
ing opportunities.

Dementia with Lewy Bodies (DLB) is one of the most common forms of
dementia in the aged population after Alzheimer’s disease (AD)" and is
clinically characterized by cognitive fluctuations, visual hallucinations,
parkinsonism and rapid eye movement sleep behavior disorder. DLB is
pathologically characterized by the intraneuronal accumulation of a-
synuclein (a-syn) in Lewy bodies in the neocortex’. The clinical and
pathological presentation strongly overlap with AD, challenging dif-
ferential diagnosis and leading to a large proportion of miss- or
undiagnosed DLB patients®™.

Limited number of biomarkers have been widely analyzed to date
in DLB. Despite previous studies on a-syn in cerebrospinal fluid (CSF)
showing conflicting results®®, recent developments using seed ampli-
fication assays allow to detect a-syn brain proteinopathy in CSF and
skin’*%. These assays can discriminate DLB from control or AD patients

with high accuracy’ 2. However, a-syn pathology is not unique for DLB
patients and more than 40% of AD cases can present with this comorbid
pathology®. Similarly, previous studies have shown that the core CSF
biomarkers used to support AD diagnosis (amyloid  peptide (AB;.42),
total tau (tTau) and phosphorylated tau (pTau))** provide limited
diagnostic accuracy for discriminating DLB from AD since they are also
abnormal in almost 25-40% of DLB patients due to the presence of
comorbid AD pathology”™®. Additional markers reflecting different,
specific, and unique aspects of DLB pathophysiology are needed, which
could be useful for different contexts of use in both clinical settings
(e.g., prognosis, differential diagnosis, disease monitoring) and trials
(e.g., patient selection, stratification, treatment efficacy).

CSF proteome profiling allows to identify changes covering a wide
range of biological processes in vivo. As observed within the AD field,
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such analysis can help to define the molecular mechanisms involved in
disease pathogenesis and reveal promising biomarker candidates” 2.
The few DLB proteomic studies performed to date did not yield many
biomarker candidates, which could be due to the limited sample size
(30-40 samples per group) relative to DLB heterogeneity**>. We here
employed a high-throughput proteomics method (immune-based
proximity extension assay (PEA)) that allows analysis of large cohorts,
with the additional advantage that custom multiplex immunoassays
including the markers of interest can be smoothly developed for large-
scale validation”*°. We have applied this workflow to (i) define CSF
proteomic changes underlying DLB pathogenesis and (ii) to identify,
develop and validate multiplex biomarker assays that could aid in the
specific diagnosis of DLB.

Results

An overview of the study design is presented in Fig. 1. We included a
total of 534 participants in the discovery cohort, a subset of patients
analyzed in our previous CSF proteomic study?. Custom multiplex
panels were developed and validated in two independent clinical

cohorts (validation cohort 1: n=164; validation cohort 2: n=165) and
one AD/DLB autopsy-confirmed cohort (n=76). The demographic
characteristics and AD CSF biomarkers are described in Table 1. Cog-
nitively unimpaired controls were younger in all the cohorts analyzed.
Cases included in validation cohort 2 and the AD/DLB autopsy cohort
were overall older than the other cohorts. The % of DLB cases with
different clinical core futures was similar across clinical cohorts except
for REM Sleep Behavior Disorder (RBD), which was lower in the clinical
validation cohorts 1 and 2 compared to the discovery cohort. In these
three cohorts, total neuropsychiatry inventory (NPI)** score was
higher in DLB compared to controls. The total NPI score was also
higher in DLB compared to AD in the discovery and clinical validation
cohort 1, but not in the clinical validation cohort 2. The Unified Par-
kinson’s Disease Rating Scale (UPDRS-III)* was similar across the
clinical validation cohorts.

CSF proteins differentially regulated in DLB
CSF proteome profiling revealed a total of 14 proteins differentially
regulated in DLB compared to controls after correcting for multiple
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Fig. 1| Study overview and differential abundance of CSF proteins in DLB.
aProtein levels in CSF from cognitively unimpaired controls (white), DLB (blue) and
AD (red) were measured by antibody-based PEA technology. Differential CSF pro-
tein abundance as well as classification models were investigated. Custom multi-
plex PEA assays containing the markers identified within the classification panels
were developed and validated in three independent validation cohorts. b Volcano
plot shows the CSF proteins that are differentially regulated in DLB vs. controls.
Each dot represents a protein. The beta coefficients (log2 fold-change) are plotted
versus g values (-loglO-transformed). Proteins significantly dysregulated after
adjusting for false discovery rate (FDR, g <0.05) are colored in light green and
those with nominal significance (p < 0.05) are colored in grey. The name of the top
10 significant dysregulated CSF proteins and the top 5 with the strongest effect
sizes are annotated. The total number of proteins that are down-regulated (left) or
up-regulated (right) is indicated. Horizontal dotted line indicates the significance
threshold. Adjusted p values (g < 0.05) were calculated using two-sided nested
linear models**? adjusting for FDR®. ¢ UpSet plot indicates which of the proteins
dysregulated between DLB and controls are also dysregulated between DLB and AD
or AD and controls. d Bar plots depict the direction of changes of the different

-(log10)p value

proteins identified when compared to controls within the subsets defined through
the UpSet plot. Data are presented as median and 95% confidence interval of the
fold changes of all the proteins within each subset in DLB and AD vs. CON. e Bar
graphs depicting the biological pathways enriched in those protein dysregulated in
DLB. Functional enrichment was performed using Metascape selecting Gene
Ontology (GO) Biological Processes as ontology source. Terms with a Pvalue < 0.01,
a minimum count of 3, and an enrichment factor >1.5 were collected and grouped
into clusters based on their membership similarities. P values were calculated based
on the accumulative hypergeometric distribution. Kappa scores are used as the
similarity metric when performing hierarchical clustering on the enriched terms,
and subtrees with a similarity of >0.3 are considered a cluster. The most statistically
significant term within a cluster is chosen to represent the cluster. The corre-
sponding GO number and biological process are defined on the right side. Stronger
colors represent higher significant enrichment. Vertical line represents the sig-
nificant threshold (unadjusted P < 0.01). CON cognitively unimpaired controls, DLB
Dementia with Lewy bodies, AD Alzheimer’s disease. Some images within (a) are
courtesy of Olink® Proteomics AB.
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testing (Fig. 1b, Supplementary Dataset 1, g < 0,05). Six of these pro-
teins were upregulated in DLB (DDC, GH, IDUA, PRCP, KYNU, and
ENTPDS5) and eight proteins were downregulated (CRH, FCER2, MMP1,
COL4A1, WIF1, PAM, VEGFA and CTSC, Fig. 1b, Supplementary Data-
set 1). Of note, up to 90 proteins showed nominal significant differ-
ences between DLB and controls (p<0.05; 27 upregulated and 63
downregulated in DLB Fig. 1b, Supplementary Dataset 1). Three of
these proteins had replicates measured across different panels within
the proteomic platform (see methods), which highly correlated with
each other (r>0.6; Supplementary Fig. 1). The top 5 differentially
regulated proteins (median ¢: 4.37°°*) are involved in the biosynthesis
of dopamine and serotonin (DDC, or so-called AADC), growth control
(GH), corticotropin release from pituitary gland (CRH), immune
function (FCER2) and extracellular remodeling (MMP1). DDC showed
the strongest effects (B = 0.95; fold-change: 1.9; g = 8.08 %) followed by
GH, MMP], FCER2, and CRH (fold-changes >1.5; Fig. 1b and Supple-
mentary Dataset 1).

To understand whether the protein changes identified were
specific to DLB, we next analyzed if the proteins showing nominal
differences in DLB were also differentially changed between DLB
and AD as well as between AD and controls (Supplementary Data-
set 1). UpSet plot indicates that up to 49 proteins (55%) were
uniquely dysregulated in DLB (e.g., FCER2, ENTPDS, MMP], Fig. 1c),
which were mostly downregulated (Fig. 1d). Up to 17 proteins (19%)
did not differ between dementias (e.g., PI3, PRLP, EDAR), which
likely represent general dementia markers. A total of 24 proteins
(27%) were changed between DLB and AD, but also between AD and
controls (e.g., DDC, GH, CRH). When compared to controls, we
observed that most of these markers showed opposite direction of
changes in DLB and AD (e.g., CRH, MMP3), three markers had higher
levels in DLB (e.g., DDC, GH, PRCP) and six markers had higher levels
in AD (e.g., SCD4, TREM]I, Fig. 1d). Functional enrichment analysis
showed that the markers especially associated to DLB pathophy-
siology (i.e., those that were specifically changed in DLB as well as
those that showed opposite direction or higher differences com-
pared to the AD group, n=67) were reflecting different biological
processes including myelination regulation, tooth development,
Notch signaling, steroid metabolism, muscle structure develop-
ment or ovulation cycle (Fig. 1e).

CSF proteins discriminate DLB from controls and AD dementias
DDC, the strongest dysregulated marker that is increased in DLB,
could discriminate DLB from controls with high accuracy (AUC 0.91,
95% Cl: 0.88-0.94, Fig. 2a). DDC could also discriminate DLB from
AD with good but lower performance (AUC 0.81, 95% Cl: 0.76-0.86;
Fig. 2a). To investigate whether a minimal combination of bio-
markers could discriminate DLB from AD patients with higher
accuracies, we next performed classification analysis, followed by
internal cross-validation (CSF panels, Fig. 1a). We identified a panel
of 7 CSF proteins including DDC that discriminated DLB from con-
trols and AD with higher accuracies than DDC alone (DLB vs CN
AUC: 0.95, 95% CI: 0.89-0.99, DelLong"s test p <0.001; DLB vs AD:
AUC: 0.93, 95% CI: 0.86-0.98, DeLong"s test p < 0.0001, Fig. 2b, c).
The model contained proteins that were dysregulated in DLB
compared to both controls and AD (DDC, FCER2, CRH), as men-
tioned above, as well as one with nominal significant differences
(MMP-3; Fig. 2¢). The model also included proteins that were not
changed in DLB but were specifically upregulated in AD (ABLI,
MMP-10 and THOPI; Fig. 2c), as previously reported in our PEA-AD
CSF study?. It is worth noting that similar accuracies were obtained
when DLB patients with a positive or negative AD CSF biomarker
profile (based on tau/AB42 ratio) were analyzed separately, indi-
cating that AD pathology comorbidities did not influence the per-
formance of the model (Supplementary Fig. 2). Sensitivity analysis
using only cases from which parkinsonian medication information

was known (190 Controls (no medication), 73 DLB cases (only 13 had
parkinsonian medication)) showed that CSF FCER2 was decreased
only in those DLB cases undergoing treatment (Supplementary
Fig. 3a). Despite medication moderately influenced the abundance
of CSF DDC and CRH, these markers were still dysregulated in DLB
patients without any parkinsonian treatment (Supplementary
Fig. 3a). Noteworthy, both DDC and the protein panel discriminate
DLB cases with no medication from controls and AD with similar
performance to that obtained with the complete cohort (Supple-
mentary Fig. 3b, c). When compared to the CSF biomarkers used to
support AD diagnosis (i.e., AB4,/tTau), we observed that the per-
formance of the CSF panel could better discriminate DLB from
controls and showed similar AUCs for the discrimination of DLB
from AD (Fig. 2d). We performed correlation analysis in the com-
plete discovery cohort to understand how these markers relate to
cognitive function (MMSE) or classical AD biomarkers (Fig. 2e).
Unfortunately, data on the levels of CSF a-syn in these samples was
not available. For the subset of markers especially dysregulated in
DLB, we observed that DDC and MMP-3 negatively correlated with
MMSE, albeit weakly. Moderate positive correlations were observed
between CSF (p)Tau levels and CRH and MMP-3. Weak negative
correlations were detected between AB4, and DDC levels. As
expected, the strongest correlations with AD CSF biomarkers and
MMSE were observed for those markers that were specifically dys-
regulated in AD (ABL1, MMP10, and THOPI).

The proteins involved in the 7 CSF biomarker panel are related to
different pathways including dopamine biosynthesis (DDC), immune
function (FCER-2), intra and extracellular remodeling (MMP-3 and
MMP-10, ABL1), regulation of the hypothalamic-pituitary-adrenal axis
(CRH) and neuropeptide degradation (THOP1).

Development and validation of custom multiplex PEA CSF pro-
tein panels

To validate the performance of our discovery findings, we developed
custom multiplex PEA panels measuring six out of the seven proteins
from the DLB diagnostic panel, including DDC. Custom assays
showed low coefficients of variation (mean intra- and inter-assay CVs
of 5% and 9% respectively) and >90% detectability (Supplementary
Table 1). We next analyzed three independent CSF cohorts using
these custom assays. We observed that the protein fold changes
between DLB and controls or AD dementia obtained in the three
validation cohorts correlated highly and in the same direction with
those obtained in the discovery cohort (r > 0.70, Fig. 3a). Of note, the
effect size of DDC change in the clinical validation cohort 2 was lower
to the ones obtained with the discovery and clinical validation cohort
1 and the AD/DLB autopsy cohort (Fig. 3a). In the three cohorts, the
DLB CSF panel showed slightly higher accuracies than DDC alone in
discriminating DLB from controls and AD (Fig. 3b). The performance
of both DDC and the panel in the clinical validation cohort 1 were
similar to those observed in the discovery phase (AUCs > 0.86;
Fig. 3b). In the second validation cohort, the accuracies were lower
compared to those obtained in the discovery and the other valida-
tion cohorts, especially when discriminating DLB from AD (AUCppc
DLBvs.CON: 0.81; AUCppc DLBVS.AD: 0.59; AUCcystom panet DLBVS.CN:
0.90; AUC,ystom panel DLBVS.AD: 0.68; Fig. 3b). Sensitivity analysis in
this second validation cohort showed that the classification accura-
cies did not improve when only DLB cases with abnormal DAT scan
were analyzed (Supplementary Fig. 4a). However, analysis including
only DLB cases with RBD showed similar performances to those
detected in the discovery cohort (Supplementary Fig. 4b). Analysis of
the AD/DLB autopsy cohort with these multiplex custom assays
reported similar high accuracies as those of the discovery and clinical
validation cohort 1 (AUCppc aDLBvs.CON: 0.95; AUCppc DLBvs.AD:
0.86; AUC_ ustom panet aDLBVS.CN: 1.00; AUC.ystom panet aDLBvS.aAD:
0.90; Fig. 3b).
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Fig. 2 | CSF biomarker panel for specific diagnosis of DLB. a Receiver operating
characteristic (ROC) curves depict the performance of CSF DDC discriminating DLB
(n=109) from controls (n =190, blue) and AD (n =235, purple). Inset indicate the
total area under the curve (AUC) and shaded areas depict 95% ClI after 100 boot-
strap. b ROC curves depicting the performance of 7 CSF biomarker panel dis-
criminating DLB from controls and AD. Black line is the mean AUC over all re-
samplings (1000 repeats of 5-fold cross-validation, gray lines). Inserts outline cor-
responding AUC and 95% Cl. ¢ Violins represent the abundance (log2 NPX) of the
different CSF within the DLB biomarker panel. Horizontal black and dash lines

indicate median and interquartile range of the protein abundance. d) Forest plot
depicts the mean AUC over all re-samplings and 95% Cl obtained with the CSF DLB
biomarker panel, CSF DDC or CSF tTau/Abeta42 biomarkers in the comparison
between DLB (n=109) and controls (n =190, blue) or AD (n =235, purple).

e Correlation matrix heatmap representing the Spearman’s correlation coefficient
in-between the proteins selected of the CSF DLB panel, the classical AD CSF bio-
markers and ratios and MMSE score. Significant associations are depicted by cir-
cles. *¢<0.05, *¢ < 0.01, **¢ < 0.001. DLB dementia with Lewy Bodies, AD
Alzheimer’s disease, CON cognitively unimpaired controls.

CSF DDC associates with UPDRS-III, a-syn brain pathology and
DLB stages

We next performed an exploratory analysis to investigate potential
associations of CSF DDC and DLB-related markers (FCER2, CRH,
MMP3) with different measures of DLB pathophysiology when avail-
able (i.e., UPDRS-III, post-mortem brain a-syn load, a-syn Braak stage®
and DLB stage™). We observed that CSF DDC positively correlated with
parkinsonism severity as measured by UPDRS-III in the clinical valida-
tion cohort 1 (r=0.76; p<0.001), but not in the clinical validation
cohort 2 (r=0.33, p=21; Fig. 4a), which might be explained by the
moderate changes of CSF DDC in this second validation cohort. In
relation to the neuropathological data available, we observed that CSF
DDC positively correlated with a-syn load in very specific brain areas
(amygdala, substantia nigra, and medulla oblongata) in the autopsy
confirmed cases from the discovery cohort and the AD/DLB autopsy
validation cohort. In the latter, we observed additional associations
with other brain areas, and thus CSF DDC also correlated with the
overall total and neocortical a-syn load (Fig. 4b). In line with these
results, we observed that CSF DDC increased across DLB stages in both
cohorts (Fig. 4¢); and along a-syn Braak stages (data available only for
AD/DLB autopsy validation cohort; Fig. 4d). The levels of CSF FCER2,
CRH and MMP3 also associated to different DLB pathophysiological
features but these were not consistent across different cohorts (Fig. 4b
and Supplementary Fig 5).

CSF proteins within the DLB panel are dysregulated in PD

Considering that some of the DLB markers correlate with a-syn load,
we next analyzed whether these markers were also dysregulated in PD
using the publicly available CSF PEA-proteomic data from the

Parkinson’s Progression Markers Initiative® (Supplementary Table 2)
In the AMP-PD data set, the CSF markers within the panel related to
DLB (i.e., DDC, FCER2, CRH and MMP3) were all significantly dysre-
gulated or showed nominal significance in both the prodromal and
symptomatic phase of PD compared to controls (Fig. 5a). Both DDC
and DLB CSF panel could discriminate proPD or PD from controls with
optimal performance (AUCppc proPD vs. CON: 0.80; AUCppc PD vs.
CN: 0.83; AUCpanel proPD vs. CN: 0.87; AUCpaner PD vs. CN: 0.90;
Fig. 5b). In the second PPMI data set, only CSF DDC was increased in PD
compared to controls and the overall performance of CSF DDC and
panel was slightly reduced (AUCppc PDvs.CN: 0.71, AUCpanel PD vs. CN:
0.84; Fig. 5b). Please note that prodromal PD do not undergo dopa-
minergic medication, further supporting that the changes observed
between groups are not driven by parkinsonian related treatment.

Discussion
The DLB CSF proteome profiling performed in this study identifies
different proteins specifically changed in DLB in the context of neu-
rodegenerative dementias. We translated these findings into a six CSF
protein custom panel that discriminated DLB patients from cognitively
unimpaired controls and AD with high accuracies (AUCs > 0.90), which
was validated in independent external cohorts, including one with
neuropathology confirmation. The DLB-related markers were also
dysregulated in the prodromal and symptomatic phase of patients
with PD, further supporting that the proteins identified reflect known
biological processes associated with DLB pathophysiology such as the
biosynthesis of dopamine or a-synuclein proteopathy.

Biofluid-based biomarkers specifically associated with DLB are
strongly needed not only to improve timely diagnosis and diagnostic
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AD, and 55 CON, clinical validation cohort 2: 55 DLB, 55 AD, and CON and the AD/
DLB autopsy cohort: 17 aDLB, 30 aAD and 29 non-autopsy confirmed controls).
Inserts outline the total AUC and 95% Cl after 100 bootstrap. Forest plots depict the
total AUC and 95%ClI after 100 bootstrap obtained with the CSF DLB biomarker
panel, CSF DDC, or the CSF tTau/Abeta42 ratio in the comparison between DLB and
controls (blue) or AD (purple). DLB dementia with Lewy Bodies, AD Alzheimer’s
disease, aDLB autopsy confirmed DLB, aAD autopsy confirmed AD, CON cognitively
unimpaired controls.

accuracy, but also to monitor the different biological mechanisms
involved in DLB pathophysiology and as surrogate markers for clinical
trials®. To this end, in this large CSF proteome study, we analyzed
more than 100 CSF samples from DLB and cognitively unimpaired
controls, but also samples from patients with AD dementia. We
detected up to 90 proteins dysregulated in the CSF of DLB cases, but
only 14 survived correction for multiple testing. Larger sample sizes
might still be required to detect additional biomarker candidates due
to clinical heterogeneity in DLB. Thanks to the inclusion of the AD
dementia group, we could show that up to 55% of these 90 proteins
were dysregulated in DLB specifically (e.g., FCER2, MMP1, WIF1). We
identified an additional subset of CSF proteins (27%) that were differ-
entially regulated in both DLB and AD patients compared to controls,
but with different protein abundance also between DLB and AD. While
some of these were decreased in DLB and increased in AD (e.g., CRH
and MMP3), some were especially dysregulated in AD as previously
reported (e.g., SDC4, TREM1)?, and some were more prominently
dysregulated in DLB (e.g., DDC, GH). These last shared but different
protein profiles might be explained by the clinicopathological overlap
across these two dementias™?**. Most of the proteins identified were
downregulated in DLB compared to controls, a pattern observed in a
previous proteome study® but also in recent DLB transcriptomic
studies®**. It has been suggested that such a strong downregulated
pattern in DLB could be due to demyelination processes®. In line with

those findings, we observed that the proteins dysregulated in DLB
were especially enriched in processes associated with negative reg-
ulation of myelination. Furthermore, previous research indicates that
a-syn can induce myelin loss in neurons and oligodendroglia (pre-
cursor) cells*™*, Importantly, a-syn-induced myelination deficits are
involved in the development of multiple system atrophy*.. It would be
thus of interest to investigate how the identified proteins relate to
potential magnetic resonance imaging abnormalities and the impor-
tance of myelination processes in the pathophysiology of DLB. Of note,
the three top proteins dysregulated in DLB (i.e., DDC, CRH, and GH)
can regulate the hypothalamic-pituitary-adrenal (HPA) axis****, sug-
gesting that one of the major systems associated with stress response
and behavioral dysfunction might be involved in DLB pathophysiol-
ogy. This is in line with previous studies showing hypothalamic dys-
function in DLB***,

The strongest dysregulated CSF protein in the DLB group was
DDC, an enzyme involved in the biosynthesis of dopamine, which lends
biological support to our biomarker discovery design*c. This marker
was not identified in previous transcriptomics studies. However, these
analyses were performed in the anterior cingulate cortex*~®, an area
with limited DDC expression®’. It should also be noticed that genetic
expression is not per se a proxy reflecting protein abundance*®, which
might be affected by other post-translational factors (e.g., protein
clearance, protein interaction). The use of different technologies (e.g.,
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confirmation in the discovery cohort and in the AD/DLB autopsy validation cohort;
and (d) o-syn Braak stages in the AD/DLB autopsy cohort. Insert indicate p-value of
one-side ANOVA analysis. Data are presented as median, upper and lower quartiles
defining the interquartile range (IQR), and whiskers defining the highest and lower
values without outliers (within 1.5 times IQR). Each dot represents an individual
sample. DLB dementia with Lewy Bodies, AD Alzheimer’s disease, aDLB autopsy
confirmed DLB, aAD autopsy confirmed AD, Hipp (Sub)/(ER) Hippocampus CA/
subiculum and Enthorinal, Anter. Cing. Anterios cingulate, GFS superior frontal
girus, GTS superior temporal girus.

unbiased MS approaches or targeted protein arrays not containing
DDC) together with the limited sample size may also explain why DDC
was not detected in the few CSF proteomics studies performed so
far’>%*, Of note, we have also developed a DDC immunoassay that have
shown similar changes in the clinical validation cohort 1, supporting
the robustness of the findings (Bolsewig et al., in preparation). Pre-
vious studies have shown that serum DDC enzyme activity is elevated
in patients using levodopa with peripheral decarboxylase inhibitors
(PDI), underpinning the effect of dopaminergic treatment on DDC
activity*. It is important to note that the increase of CSF DDC levels
detected in this study are likely not driven by PDI treatment as i) PDIs
do not cross the blood-brain barrier and can thus not influence DDC
activity/levels in the brain and ii) we obtained similar results when only
DLB patients that did not have any parkinsonism medication were
included in the analysis (n=60). Dysfunction of the dopaminergic
system due to nigrostriatal degeneration is a well-established patho-
physiological feature of DLB*. Previous studies have shown that
nigrostriatal degeneration as well as antagonist of dopamine receptors
increase DDC mRNA and activity in different models*. These data do
not only align with our findings but also suggest that the increased
DDC levels might be a response to the nigrostriatal degeneration and
could thus be a very relevant biomarker for DLB diagnosis and disease
monitoring. We could validate the high discriminatory accuracy for
DLB vs controls (AUC: 0.91) in three independent cohorts, including a

neuropathological one (AUCs 0.81-0.95). Considering that current
DLB diagnostic guidelines include supportive imaging biomarkers as
proxy of nigrostriatal degeneration®, it would be of interest to speci-
fically analyze whether CSF DDC measurements could be an alternative
or complementary diagnostic test to classical imaging scans. DDC
measurements have the additional advantage of being quantitative
over the binary classification with a-syn seed amplification assays,
meaning that, DDC measurements might be relevant to track disease
staging and for monitoring treatment responses.

To translate the CSF proteome findings into practical biomarker
tools for routine diagnostics and clinical trials, we applied classification
analysis and identified a panel of seven CSF proteins to discriminate
DLB from controls and AD dementia with high accuracy (AUC of 0.95
and 0.93 respectively). This panel combined proteins associated to
DLB (e.g., DDC, CRH, MMP3, FCER2) but also proteins specifically
related to AD (ABL1, MMP-10, THOP1)*¢, likely explaining the higher
performance to discriminate these two dementias compared to DDC
alone. To validate these findings in independent cohorts, we success-
fully developed custom multiplex assays for six out of the seven
selected markers. The protein effect sizes obtained with these custom
assays in the three validation cohorts correlated well with those
obtained in the discovery cohort (r coefficients ranging between 0.70
and 0.99), and the high discriminative values were mostly validated
(AUCs = 0.80), supporting the relevance and robustness of our
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calculated using two-sided nested linear models*-*? adjusting for FDR®. b Receiver
operating characteristic (ROC) curves depicting the performance of DDC (blue) or
the CSF biomarker panel (purple) discriminating prodromal PD or PD from con-
trols in the two cohorts (AMP-PD: 44proPD, 33 PD and 99 controls; and LONI-PPMI:
36 PD and 37 controls). CSF PEA proteome data is publicly available from Parkin-
son’s Progression Markers Initiative (see method section). Inserts outline corre-
sponding AUC and 95% CI after 100 bootstrap. PD Parkinson”s disease, pro-PD
prodromal PD, CON cognitively unimpaired controls.

findings. In the clinical validation cohort 2 we observed, however,
lower accuracy when discriminating DLB vs. AD (AUC 0.68), which was
not dependent on whether cases were DAT positive or negative. Sen-
sitivity analysis using only RBD-positive DLB cases in the clinical vali-
dation cohort 2 showed a similar performance to that observed in the
discovery cohort. We also observed that the total NPI score, in contrast
to the different scores observed for the discovery or the clinical vali-
dation cohort 1, was similar between DLB and AD cases in clinical
validation cohort 2. Overall, these data suggest that the heterogeneity
of the clinical diagnosis of DLB based on different supportive features
(e.g., DLB cases that do not have specific core clinical features, such as
RBD; or differences in neuropsychiatry symptoms, measured with NPI)
may impact biomarker data; and that the panel is likely most sensitive
and specific in typical DLB. Understanding which factors may influence
CSF DDC levels is of paramount importance for the potential future
implementation of this marker and the corresponding DLB
diagnostic panel.

We could not investigate the association between CSF DDC or the
other DLB markers (CSF CRH, FCER2, and MMP3) and CSF a-syn levels,
as this information was not available in our data sets. Still, the added
value of such information might be limited considering the variable
results on CSF a-syn observed across studies®®. We however explored
the association between the CSF DLB markers identified in this study
and specific DLB pathophysiological features. Even though these
specific results should be interpreted with caution considering the
limited sample size, the positive association of CSF DDC with UPDRS-
I, a-syn load in different brain areas, a-syn Braak stage and DLB stages
supports the potential of this marker to track disease progression
already from very early stages. This is further supported by the data
obtained from the PD cohorts in which CSF DDC was already increased
in the prodromal stage of the disease. The other biomarkers within the
DLB panel (i.e., CRH, FCER2, and MMP3) also associated with some DLB
pathophysiological features, but results were not consistent across
cohorts. This calls for a systematic analysis of all these CSF markers in
cohorts with large associated neuropathological characterization.
These markers were also dysregulated in prodromal PD and showed
nominal significance at the clinical stage. The fact that the DLB markers
identified in this study are also dysregulated in PD is not surprising
considering both disorders are characterized by a-syn pathology and
dopaminergic cell loss in the substantia nigra®’. Thus, despite the fact
that the identified markers are specific for DLB in the context of neu-
rodegenerative dementias, they might be dysregulated in other a-
synucleopathies or disorders characterized by dopamine deficiency.
Overall, all these data support that CSF DDC (and maybe the panel)

could be a useful quantitative tool not only to track nigrostriatal
degeneration and disease stage, but also to select prodromal cases or
monitor treatment effects in clinical trials. Specific follow-up studies
including different Parkinsonian disorders and Lewy bodies dementias
in the same data set are needed to understand the role of these mar-
kers across the different disorders and define their potential con-
text of use.

Despite the large number of samples and proteins analyzed in this
DLB-specific study, there are still relevant limitations. We observed
that Parkinsonian medication moderately influenced the levels of
some CSF proteins. Despite the number of cases that underwent Par-
kinsonian medication was limited (n=13), such data highlights the
importance of including treatment information in biomarker studies.
Additional analyses are needed to confirm the relevance of treatment
effect on CSF FCER2 abundance. Importantly, medication did not drive
the main differences observed between groups for the other DLB-
related proteins (i.e., CSF, CRH). Considering the clinicopathological
overlap with AD**, we cannot exclude that the potential misdiagnosis
of DLB patients may have influenced our discovery results. However,
samples were collected in well-characterized biobanks from specia-
lized memory units, and DLB diagnosis was either autopsy confirmed
or supported by DAT scans in more than one third of the patients.
Moreover, our sensitivity analysis showed similar diagnostic accura-
cies in DLB cases with positive AD CSF biomarker profile, and we fur-
ther validated the biomarker panel in a CSF AD/DLB autopsy confirmed
cohort. The similar differences observed for CSF DDC, FCER2, CRH,
and MMP3 also in the PD data sets call for additional studies that
evaluate the performance of these markers in other a-
synucleinopathies (e.g., multiple system atrophy), other dementia
types with motor dysfunctions (e.g., progressive supranuclear palsy,
corticobasal degeneration) or other conditions with dopamine defi-
ciency (e.g., psychiatry disorders). This DLB study covers already three
phases of the biomarker development workflow*® including the ret-
rospective analysis of four cohorts coming from different memory
clinics with their own intrinsic methodologies and clinical character-
istics, which ultimately supports the reproducibility and robustness of
the findings. Still, future studies are needed to define the clin-
icopathological correlations and trajectories between the biomarker
panel and different measures associated with DLB pathophysiology,
including other relevant markers, such as a-syn seed amplification
assays’'>*°, in longitudinal and prospective studies using independent
large and highly phenotyped cohorts. This will help to define their
potential context of use within different settings in clinical practice
and trials (prognosis, diagnosis, monitoring, etc.). We envision that
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CSF DDC and the panel developed within this study could be relevant
complementary and quantitative diagnostic tests reflecting different
biological aspects associated with DLB pathophysiology in the context
of dementias. This quality may make them suitable to improve diag-
nosis and staging along the DLB continuum but also to monitor
treatment response in clinical trials targeting different
mechanisms®®°’,

Overall, the CSF proteome profile performed in this study
identified CSF biomarkers specifically associated with DLB, pro-
viding an holistic view into the pathophysiology of this dementia.
The protein panels discriminate DLB from controls and AD
dementia with high accuracy, which we have translated into custom
assays and validated in independent cohorts, including one with
AD/DLB autopsy confirmation. These biomarkers and panels are
ready to be employed to define their added value and potential
context of use in clinical settings and trials within the context of
DLB. The use of an antibody-based technology allowed us to over-
come the cross-technology gap often encountered in biomarker
studies®® and efficiently translate our discovery findings into cus-
tomized assays. Current studies are ongoing to validate the CSF
biomarkers using alternative immunoanalytical platforms. The
workflow employed in this study may ultimately facilitate bench-to-
bedside translation of biofluid-based biomarker findings and could
thus be also relevant for other research fields.

Methods

Ethics statement

The studies were approved by the Institutional Ethical Review Boards
of each center (Discovery cohort: VUmc: AD CSF biobank METC
number 00-211; University of Pennsylvania: language and cognitive
impairment in Parkinson’s disease and Parkinson’s disease with
dementia or dementia with Lewy bodies IRB0O69801; SPIN cohort:
COLLECTION 16/2013;). Informed consent was obtained from all sub-
jects or their authorized representatives.

Participants

An overview of the study design is presented in Fig. 1. The total dis-
covery cohort (n = 534) included CSF samples from patients diagnosed
with DLB (n=109), AD (n=235) and 190 cogpnitively unimpaired con-
trols (CON; Table 1). Most of the samples were selected from the
Amsterdam Dementia Cohort (ADC) and DEVELOP®***, To enrich for
DLB dementia cases, additional CSF samples from the Center for
Neurodegenerative Disease Research at the University of Pennsylvania
were included (49 DLB and 18 AD)®. Three additional independent CSF
cohorts were used for validation of the customized panels (see
methods below): clinical validation cohort 1 (from the ADC: 54 DLB, 55
AD, and 55 controls)®, clinical validation cohort 2 (from the Sant Pau
Initiative on Neurodegeneration (SPIN) cohort: 55 DLB, 55 AD, and 55
controls)®® and an AD/DLB autopsy confirmed cohort (from BIODEM
and the neurobiobank of the Institute Born-Bunge (lIB)/UAntwerp: 17
autopsied confirmed DLB (aDLB) and 30 autopsied confirmed AD
(aAD))*"“8, An additional 29 cognitively unimpaired controls from
BIODEM-UAntwerp were included in this cohort but these were not
autopsy confirmed®’%, CSF was collected by lumbar puncture and
processed and stored at all sites in agreement with the JPND-
BIOMARKAPD guidelines, thereby minimizing the influence of poten-
tial pre-analytical factors®.

All participants of every cohort underwent standard neurologi-
cal and cognitive assessments and diagnosis was assigned according
to international consensus criteria for DLB*”° and AD”. The neuro-
pathological validation cohort included cases with a definite diag-
nosis according to international neuropathological examination
guidelines for DLB*7° and AD’>. The control group included indivi-
duals with subjective cognitive decline, in whom objective cognitive
and laboratory investigations were normal (i.e., criteria for MCI,

dementia, or any other neurological or psychiatric disorder not ful-
filled) with additionally negative AD CSF biomarkers in all cases®*”>™7>,
Mini-Mental State Examination (MMSE) was used as a measure of
global cognition. Motor parkinsonism was assessed using section I
of the Unified Parkinson’s Disease Rating Scale (UPDRS)%. Core and
supportive clinical features* were recorded locally in each memory
unit®>¢*¢¢, Evaluation of REM Sleep Behavior Disorder (RBD) includes
an interview with a sleep specialist, a full nocturnal video-poly-
somnography, the Mayo Sleep questionnaire (cutoff >1) or caregivers
reporting that a patient would ‘act out’ their dreams and moves
extensively during their sleep as previously described®**’¢. Sup-
portive neuropsychiatry symptoms (e.g., depression, delusions,
apathy, anxiety) were compiled according to the Neuropsychiatry
Inventory and summarized in one single score (NPI-total)”’*%. Levels
of CSF AB4,, tTau and pTau(181) (‘AD CSF biomarkers’) were used to
support AD diagnoses. These markers were analyzed locally as part
of the diagnostic procedure using commercially available kits (VUmc
and UAntwerp: ELISA INNOTEST Ap(1-42), hTAUAg, phospho-
Tau(181P, Fujirebio, Ghent, Belgium) or VUmc: AB(1-42), t-TAUAg,
phospho-Taul81 Elecsys biomarker assays (Roche Diagnostics
GmbH); Penn: Luminex xMAP INNO-BIA AlzBio3; Luminex Corp,
Austin, TX; SPIN: Lumipulse G600, Fujirebio)®”””’®, Positive CSF AD
biomarker profile was defined locally as increased tTau/Ap,, ratio in
the cohorts from ADC (>0.46) and Pennsylvania (>0.30); and low
AB4z/a0 ratio (<0.062) and high total tau (>456 pg/ml) or p-tau
(>63 pg/ml) in the SPIN cohort®"77%50,

In the discovery cohort, DLB neuropathology was confirmed in 14
DLB patients (13%) by autopsy (Supplementary Table 3). Clinical
diagnosis was supported by FPCIT single-photon emission computed
tomography (DAT scan) in 23 patients (24% of the total DLB patients
with clinical diagnosis, Supplementary Table 3). A total of 48 DLB cases
(44%, Supplementary Table 3) did not have autopsy data or any addi-
tional supporting biomarker information (e.g., electroencephalogram,
EEG)*. Comorbid AD pathology, which is common in DLB patients™ %,
was present in up to 34 DLB patients (32%) as measured by AD CSF
biomarker profile. From all the DLB patients, only 13 DLB patients had
medication for parkinsonian symptoms, 60 did not have such a
treatment and this information was not available for 36 cases.

Inthe clinical validation cohorts 1 and 2, DAT scans supported DLB
diagnoses in 18 and 21 patients respectively (33% and 38% of the total
DLB patients, Supplementary Table 3). A total of 18 and 27 DLB patients
from validation cohorts 1 and 2 respectively (33% and 49%, Supple-
mentary Table 3) did not have autopsy data or any additional sup-
porting biomarker information (e.g. electroencephalogram, EEG).
Comorbid AD pathology was present in up to 26 and 25 DLB patients
from validation cohorts 1 and 2, respectively (50% and 46%,
respectively).

The AD/DLB autopsy validation cohort included cases with a
definite diagnosis according to international neuropathological
examination guidelines for DLB*7° and AD’>. Within the aDLB group
coexisting AD pathological changes (n=7) or cerebrovascular lesions
(n=3) were reported in 10 cases. Coexisting cerebrovascular lesions
(n=8), TDP pathology (n=1) or cerebral amyloid angiopathy (n=1)
were reported within the aAD neuropathological group. The control
group of this cohort was not autopsy confirmed. It consisted of
volunteers, mainly spouses of patients who visited the memory clinic.
The inclusion criteria for these volunteers were: (1) no neurological or
psychiatric antecedents; (2) no organic disease involving the central
nervous system following extensive clinical examination; and (3) nor-
mal neuropsychological exam. Exclusion criteria consisted of brain
tumors, large cerebral infarction/bleeding, strategic infarctions, other
neurodegenerative diseases, severe head trauma, epilepsy, brain
infections, severe depression, unregulated diabetes mellitus,
untreated thyroid disorders, or any severe somatic comorbidity that
interferes with study participation®’,
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Patient demographics and clinical and biochemical values from all
cohorts used in this study are listed in Table 1.

CSF protein profiling

As part of our large-scale discovery project”, CSF proteins (979) were
quantified using the 11 specific and validated multiplex antibody-based
protein panels based on the proximity extension assay (PEA) that were
available at the time in which the analysis was performed as previously
described (Cardiometabolic, Cardiovascular Il and I, cell regulation,
development, immune response, inflammation, metabolism, neurol-
ogy, oncology Il and organ damage; Olink Proteomics, Uppsala, Swe-
den; Supplementary Table 4). Each panel contains reagents to measure
up to 92 unique proteins, though 30 proteins can be measured in
several panels (replicates). Briefly, samples were randomized across
plates containing appropriate intra- and inter-plate quality controls
(QC) from the manufacturer and measured in two different rounds.
Each round included 16 bridging samples covering different clinical
groups, which were used for reference sample normalization to con-
trol for potential batch effects. Each assay has an experimentally
determined lower limit of detection (LOD) estimated as three standard
deviations above the noise level from the negative controls that are
included on every plate. Only proteins with values over the lower limit
of detection (LOD) in at least 85% of the samples were selected for
further statistical analysis, in which remaining raw values under LOD
(2.4% of all measurements) were kept as provided by the manufacturer.
A total of 665 proteins (642 unique proteins) were ultimately included
for statistical analysis of the discovery cohort (Supplementary
Table 4).

Development of custom PEA assays

Custom-designed multiplex-PEA assays were developed by the manu-
facturer following standardized protocols**°. We developed assays to
measure six out of the seven proteins selected upon the classification
analysis described in section 2.4. Besides the corresponding clinical
samples, each plate included four CSF QC samples, a negative control
and three calibrators used for normalization. QC samples and cali-
brators were measured in triplicate. Each custom assay has an
experimentally determined LOD defined as for the discovery panels.
Precision (intra- and inter-assay CV) were calculated using the 4 CSF
QC samples. No cross-reactivity between assays for specific proteins
was detected. Assay parameters including LOD, detectability and CVs
are included in Supplementary Table 1. Samples from validation
cohorts were randomized across plates and normalized for any plate
effects using the built-in inter-plate controls according to manu-
facturers’ recommendations. Protein abundance was reported in NPX
values.

PEA CSF proteome information from Parkinson’s disease (PD)
cohort

We downloaded clinical and PEA proteome data (Olink 1536 explore;
which include the following 384-panels: Cardiometabolic, Inflamma-
tion, Neurology and Oncology) from the Parkinson’s Progressive
Markers Initiative PPMPP? (http://www.ppmi-info.org/data) on March
28", 2023. The PPMI study is registered with ClinicalTrials.gov (num-
ber NCT01141023). The study protocols and the manuals related to
different procedures for clinical assessment, biochemical phenotyping
as well as sample handling, collection and storage is described online
(http://www.ppmi-info.org/study-design). Data from samples col-
lected at baseline were used for the analysis. Two different sets were
available with PEA CSF proteome (Supplementary Table 2): the
Accelerating Medicines Partnership Parkinson’s disease (AMP-PD; 93
controls, 44 prodromal PD and 33 PD patients)) and the PPMI_set (37
controls and 36 PD). The methods and manuals regarding PEA pro-
teome analysis as well as the quality control reports are available
online.

Statistical analysis

All data preprocessing and analyses were conducted using R version
3.5.3 and SPSS version 25. Between-group analyses for the demo-
graphic variables were performed using two-sided one-way analysis of
variance in normally distributed continuous data or Pearson’s chi-
square test for categorical variables. Analysis of covariance was per-
formed when an association between classical AD CSF biomarker and
age and/or sex were detected. Adjustment for multiple testing was
performed using Bonferroni method. Non-Gaussian distributed data
were analyzed using Kruskal-Wallis Test. For the CSF proteome data,
differences in protein abundance between pairs of clinical groups were
evaluated using nested linear models as previously described, in which
for each individual protein feature, we assessed if its addition to a base
model containing age and gender contributed to model fit?**, For each
pairwise comparison, multiplicity was taken into account by control-
ling the False Discovery Rate (FDR)** at g < 0.05 based on the number
of features analyzed. We next evaluated which CSF protein combina-
tion (CSF panels) could best discriminate the groups of interest while
keeping the number of markers to the minimum, so that they can be
ultimately translated into small, practical custom panel®. For this
purpose, binary classification signatures (DLB vs. CON and DLB vs. AD)
were constructed by way of penalized generalized linear modeling
(GLM) with an elastic net penalty (a linear combination of lasso and
ridge penalties) in the discovery CSF cohort using the glmnet package
and including age and sex as covariates™®*%*, This penalty enables
estimation in settings where the feature-to-sample ratio is too high for
standard generalized linear regression. Moreover, it performs auto-
matic feature decorrelation as well as feature selection. For each
classification exercise, we compare multiple models which reflect (a) a
grid of values for the elastic-net mixing parameter, reflecting strong
decorrelation to a pure logistic lasso regression and (b) a grid of values
reflecting the maximum number of proteins that may be selected
under each model (21 markers maximum). The former grid (a) con-
siders that we have little information on the collinearity burden in the
data. The latter grid (b) considers that we want to keep the number of
selected proteins relatively low for the future development of custo-
mized panels. The optimal penalty parameters in the penalized models
were determined based on (balanced) 10-fold cross-validation of the
model likelihood®®2. The cross-validation was performed with
balanced folds, by which each fold has an outcome group ratio close to
the corresponding ratio in the full data set, also referred to as stratified
cross-validation. The predictive performance of all models was asses-
sed by way of (the comparison of) Receiver Operating Characteristic
(ROC) curves and Area Under the ROC Curves (AUCs). The model with
the highest AUC and lowest number of markers for each classification
signature was selected. The fold-based selection proportions for each
marker were assessed to identify and select the most promising mar-
kers within each model (i.e., features that are stably selected across
each individual fold thereby minimizing potential overfitting). To
reflect the manual selection pressure for these final marker sets, each
final logistic signature was subjected to a ridge-regularization with a
penalty parameter of 0.1. The performance (AUC) was evaluated by
internal validation: repeated 5-fold cross-validation with 1000 repeats.
The 95% confidence interval around the resulting AUCs was based on
resampling quantiles (percentile method). External validations asses-
sed the performance of the final models with the markers of interest in
the validation cohorts using ROC analysis.

Non-parametric correlation analysis was performed to under-
stand the associations between the proteins within the CSF panels and
the classical AD CSF biomarkers or cognitive function (MMSE score)
using the complete discovery cohort without stratifying per diagnostic
category and conditioning on age and sex as covariates. Innotest
values generated for the Amsterdam Dementia Cohort were adjusted
for drift over time as previously described®. UPENN values had lower
means for AP, on the Innotest, which were first linearly transformed
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to normalize to the same mean. Passing-Bablock transformation for-
mulas were calculated based on individuals with both Luminex and
Innotest values for APy, (n=32), tTau (n=32) and pTau (n=27) and
used the formulas to estimate the equivalent Innotest values for those
samples measured with Luminex platform only (transformed_
AB4> = (Luminex_ AP4,*4.65) — 36.23; transformed_tTau = (Luminex_t-
Tau*5.28) - 2.03; transformed_ptau = (Luminex_pTau*1.88) +27.36).
The association between the markers of interest with DLB pathophy-
siological features (i.e., UPDRS, a-syn load, a-syn Braak stage® and DLB
stage®) was analyzed by either correlation analysis or ANOVA. Strati-
fication or post-hoc analysis with DLB pathophysiological features
could not be performed due to the limited sample size of some
subgroups.

Functional enrichment analysis was performed using Metascape®
selecting GO Biological Processes as ontology source. All the CSF
proteins optimally analyzed with Olink arrays (n=645 protein gene
products) were included as the enrichment background. Default
parameters were used for the analysis in which terms with a p-
value <0.01, a minimum count of 3, and an enrichment factor > 1.5
were collected and grouped into clusters based on their membership
similarities.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data generated in this study are available within this study
(Supplementary Dataset 1) or have been deposited in the Synapse
database under the accession code https://www.synapse.org/PRIDE_
DLB. The PD data used in the preparation of this article were obtained
from the Parkinson’s Progression Markers Initiative (PPMI) database
(www.ppmi-info.org/access-data-specimens/download-data). For up-
to-date information on the study, visit www.ppmi-info.org.

Code availability

The codes and scripts used in this study have been deposited in the
synapse database under accession code https://www.synapse.org/
PRIDE_DLB. All models were built using publicly available packages and
functions in R.
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