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Abstract

Dementia with Lewy Bodies (DLB) is the most common neurodegenerative dementia af-
ter Alzheimer’s disease (AD), but it remains challenging to diagnose due to overlapping
symptoms and mixed pathologies. This pilot study tested whether DLB has different
metabolic blood proteomic profiles compared to AD and controls. Serum was analysed
from people with DLB (1 = 20), a group with AD (either with Alzheimer’s disease dementia
or Mild Cognitive Impairment with a positive amyloid positron emission tomography scan
(MCI+/AD) (n = 15), and similarly aged controls (n = 15) using the Olink Metabolism panel
encompassing 92 proteins. Six proteins (PILRB, LRIG1, NECTIN2, TINAGL1, SSC4D, and
FKBP4) were significantly different in DLB compared with the controls, and one protein
(SERPINBS) was differentially expressed when compared with MCI+/AD. Receiver operat-
ing characteristic curves for biologically relevant proteins that have previously established
roles in neurodegenerative and cognitive properties showed that RNASE3 levels could
differentiate DLB from MCI+/AD (area under the curve (AUC) = 0.717, sensitivity = 0.850,
and specificity = 0.600). A multimarker model incorporating RNASE3 with phosphorylated
tau 217 (pTau217) and polygenic risk scores for LBD achieved improved accuracy in dis-
criminating DLB from MCI+/AD (AUC = 0.963, sensitivity = 1.000, and specificity = 0.900).
Pathway analyses revealed dysregulation in cortisol signalling, inflammation resolution,
and ErbB4-mediated neuroplasticity, which point towards peripheral protein alterations
related to the adaptation to stress, immune regulation, and synaptic integrity in DLB. The
present exploratory study highlights potential pathophysiological mechanisms implicated
in DLB, suggesting that a multimodal biomarker panel may perform better compared to
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single proteins. Considering the small sample sizes, the findings will need to be replicated
in larger cohorts.

Keywords: Dementia with Lewy Bodies (DLB); protein blood biomarkers; proteomics;
Alzheimer’s disease

1. Introduction

Dementia with Lewy bodies (DLB) is a common cause of dementia in older people,
accounting for up to 15-20% of all dementia cases [1]. DLB is underdiagnosed and has
higher care costs than Alzheimer’s disease (AD) [2]. It is associated with a poorer outcome
than AD, with both more rapid progression and higher mortality [3,4]. In line with progress
in AD fluid biomarkers that help improve diagnosis, there is an urgent need for clinically
accessible, accurate blood biomarkers that can support DLB diagnosis and monitoring of
disease progression, while also shedding light on the underlying pathophysiology.

In recent years, the measurement of AD-related neuropathology markers, such as
amyloid beta and phosphorylated tau in cerebrospinal fluid and blood, has reached clinical
practice for diagnostic purposes [5]. Nevertheless, findings on blood biomarkers for
synucleopathies have not yet reached the standards required in order to be implemented in
clinical practice [6-9]. Seed amplification assays (SAA) for x-synuclein in cerebrospinal
fluid (CSF) have been developed as a biomarker to help establish a diagnosis and are
on the path for implementation in routine clinical care [10]. Attempting to translate this
for blood has been more difficult as there is, overall, less protein in blood, especially
in plasma [7]. Dopa decarboxylase (DDC) has been demonstrated to potentially be a
biomarker for DLB in CSF [11]. DDC levels in blood, however, are strongly influenced
by dopaminergic medications that many patients with Parkinsonism are prescribed [12].
Currently, there is not a single widely adopted blood biomarker that directly and robustly
captures x-synuclein pathology with the same maturity as CSF SAA, and blood-based
approaches face matrix effects (e.g., inhibitory plasma proteins) and remain an active area
of optimization/validation rather than the standard care [13].

Due to individuals varying substantially in presentation, co-pathology, and rates
of progression, high-throughput proteomics has become a practical way to move be-
yond single-analyte biomarkers and instead capture pathway-level dysregulation (e.g.,
synaptic biology, myelination, complement/innate immunity, and vascular signalling)
that cuts across clinical neurodegenerative syndromes. Across the broader literature, pro-
teomics approaches in AD and DLB generally fall into two complementary categories:
(1) antibody/affinity-based multiplex platforms (e.g., proximity extension assays) that
offer scalable, sensitive profiling across hundreds to thousands of analytes, and (2) mass
spectrometry (LC-MS/MS) workflows that are less constrained by predefined targets and
can provide orthogonal validation/discovery [14-16].

A major driver of this shift has been the Olink’s Proximity Extension Assay (PEA) plat-
form, which uses paired antibody recognition coupled to DNA tags to generate a quantitative
sequencing/qPCR readout with high multiplexing at a low sample volume [15,17]. Given that
DLB is linked to systemic disturbances in energy, lipid, and glucose metabolism that can be
detected in peripheral blood [18,19], a targeted Olink Metabolism panel provides a sensitive
way to screen a broad range of metabolism-related proteins. Previous studies on CSF using
the Olink Metabolism Panel have identified Dopa Decarboxylase (DDC) as a potential fluid
marker of synucleopathies like DLB [20,21]. Olink assays are commonly deployed either as
targeted panels (e.g., Target 96 focused panels), and they will be the focus of this study, aiming
to expand on previous studies using this panel or discovery-scale platforms (e.g., Explore),
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both of which provide outputs as NPX (Normalised Protein Expression)—relative, log2-scaled
values designed for cross-sample comparability after normalisation and QC [17]. The UK
Biobank Pharma Proteomics Project (UKB-PPP) illustrates the population-scale value of these
panels for discovery and translation. In the pilot release, plasma proteomics were generated
in ~54,000 UK Biobank participants using Olink Explore 3072, quantifying ~2941 analytes
(~2923 unique proteins) and enabling large-scale analyses connecting protein levels to geno-
types, disease phenotypes, and drug-target biology [5,22]. Studies using the UK Biobank
data highlighted a key point that brain-derived plasma proteins not only were indicative
of brain age but also driven by proteins such as NEFL, MOG, GFAP, BCAN, and PTPRR,
mapping mainly to oligodendrocyte-lineage, neuronal, and astrocytic genes and enriched for
perineuronal net and white-matter-related pathways [23,24].

A key gap in the field is how to integrate biomarker approaches so that panels can be
used not only to distinguish dementia subtypes but also to classify the stage of disease in
individual patients. Building on previous data in the field, in this pilot study, the primary
aim was to identify potential blood serum biomarkers for DLB compared to controls and
AD using the Olink Target Metabolism panel. The secondary aim was to test whether a
combination of markers including proteomic markers along with more established markers,
such as phosphorylated tau in plasma and polygenic risk scores, can improve outcomes
compared to single markers alone.

2. Results
2.1. Differential Protein Expression in DLB vs. Control and DLB vs. MCI+/AD

The volcano plot was processed using quantile normalization across samples from
the Olink data. There was a covariate adjustment for age, sex, levodopa-equivalent dose,
sample storage days, nonlinear (Age?) term, and low-variance filtering, and an empirical
Bayes shrinkage was applied. We reported the p-values from the Limma pipeline to
encapsulate the biologically small differences. From the thresholds of log2FC > 10.251
and p < 0.05, there were two downregulated proteins and four upregulated proteins in
the DLB group when compared to the control group. The two downregulated proteins
were SSC4D (log2FC = —1.25, p = 0.034) and FKBP4 (log2FC = —0.42, p = 0.041) while the
four upregulated proteins were PILRB (1og2FC = 0.56, p = 0.0074), LRIG1 (log2FC = 0.41,
p = 0.020), NECTIN2 (log2FC = 0.31, p = 0.038), and TINAGL1 (log2FC = 0.26, p = 0.047)
(Figure 1A). When we compared DLB to AD, based on the thresholds of 1og2FC > 10.251
and p < 0.05, SERPINBS (log,FC = —0.71, p = 0.039) was the only protein significantly
dysregulated, and interestingly, DDC did not pass the DE-protein threshold (Figure 1B).

B Differential protein expression of DLB vs MCI+/AD
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Figure 1. The Y-axis is —logjo(p-value) and the x-axis demonstrates the logy(fold-change). The yellow
markers are p-adjusted significant values, and the purple circles are not significant based on the set
thresholds of p < 0.05 and |logy(fold-change) | > 1.25. (A) Volcano plot of Lewy Body Dementia vs.
control contrasted. (B) Volcano plot of Lewy Body Dementia vs. MCI+/AD.
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2.2. Classification Analysis Using Receiver Operating Characteristic Curves for Differentiating
DLB from MCI+/AD

As reported previously [25], p-tau217 had the strongest performance for differ-
entiating DLB from MCI+/AD [AUC = 0.758 (95% CI 0.569-0.947), threshold = 0.695,
sensitivity = 0.706, and specificity = 0.846], while PRSy gp no ApoE, alone demonstrated
different results [AUC = 0.709 (95% CI 0.449-0.969), threshold = 0.32, sensitivity = 0.700,
and specificity = 0.818]. To expand beyond proteins identified through differential ex-
pression alone, we selected a small set of biologically informed candidate markers based
on predefined criteria. Proteins were prioritised if they met at least one of the follow-
ing conditions: (i) previous association with cognitive decline or neurodegeneration in
human proteomic studies, (ii) evidence of involvement in synaptic function, neuroinflam-
mation, or Lewy body disease biology, or (iii) prior reporting as a biomarker candidate in
DLB, Parkinson’s disease, or Alzheimer’s disease. Using these criteria, RNASE3, NPTXR,
LRIG1, SERPINBS, and DDC were selected for an exploratory ROC analysis. RNASE3
and NPTXR have been linked to cognitive performance and neurodegenerative processes,
and LRIG1 emerged as one of the strongest differentially expressed proteins in the present
dataset. SERPINBS8 was the only protein significantly different between DLB and MCI+/AD,
and DDC was included because previous CSF proteomic studies have identified it as a
promising marker of Lewy body disorders, despite not reaching significance in the present
serum cohort. Looking at the single protein markers, RNASE3 showed an AUC = 0.717
(95% CI 0.526-0.908, threshold = 3.222, sensitivity = 0.850, and specificity = 0.600),
NPTXR an AUC = 0.677 (95% CI 0.488-0.865, threshold = 3.349, sensitivity = 0.800, and
specificity = 0.600), and LRIG1 an AUC = 0.667 (95% CI 0.471-0.863, threshold = 3.644,
sensitivity = 0.900, and specificity = 0.467) (Figure 2).

ROC Curves DLB vs MCI+/AD

1.00
T |

— [] |

0.75 I

Sensitivity
o
3

_I combined (PRS_Chia + RNASES + ptau217) (AUC = 0.963)
combined (PRS_Chia + DDC + ptau217) (AUC = 0.950)
0.25 ] e == ptau217 (AUC = 0.758)
= RNASE3 (AUC = 0.717)
== PRS_Chia (AUC = 0.709)
== NPTXR (AUC = 0.677)
== LRIG1 (AUC = 0.667)
SERPINBS (AUC = 0.603)
e DDC (AUC = 0.553)
0.00
0.00 0.25 0.50 0.75 1.00
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Figure 2. The ROC plot shows the top protein markers with the highest/of interest AUCs, polygenic
risk score (PRS), and combinations of markers. The plot demonstrates the classification performance
of individual protein biomarkers and polygenic risk scores (PRS) in differentiating Lewy Body
Dementia (DLB) from MCI+/AD with and without APOE. Individual markers including pTau217
(AUC = 0.76), RNASE3 (AUC = 0.72), NPTXR (AUC = 0.68), and LRIG1 (AUC = 0.67) showed
moderate diagnostic power.
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Additional markers performed less optimally, including SERPINBS (AUC = 0.603, 95%
CI 0.407-0.799, threshold = 2.316, sensitivity = 0.750, and specificity = 0.533), which was
demonstrated to be significantly dysregulated in a previous analysis (Figure 2) and DDC
(AUC =0.553, 95% CI 0.357-0.750, threshold = 5.297, sensitivity = 0.500, and specificity = 0.733)
was reported to be a differentiator of DLB in cerebrospinal fluid when upregulated [12].

Multimarker models markedly improved discrimination, with PRS;gpno aApoE +
RNASE3 + p-tau217 achieving the highest accuracy (AUC = 0.963, 95% CI 0.881-1.000,
threshold = 0.338, sensitivity = 1.000, and specificity = 0.900) (Figure 2).

2.3. Serum Proteins Associated with Survival in the DLB and MCI+/AD Group

Protein expression data in combination with survival data, with the greatest difference
between the DLB and MCI+/AD groups and therefore the strongest association with
survival, include METRNLI1 (log(hazard ratio) difference = 2.21), ROR1 (log(hazard ratio)
difference = 2.07), and GFAP (log(hazard ratio) difference = 1.97), and these are more

elucidated in Figure 3.

A Canonical Pathway Enrichment
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Figure 3. (A) Network of common proteins based on three Limma pipeline differential expression
analyses—comparisons of DLB vs. MCI+/AD, DLB vs. control, and MCI+/AD vs. control. The
blue lines are indicative of upregulation and the red lines are downregulated. The thresholds of the
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molecules—all p-values of <0.05—were used to identify common/unique markers between the
different groups. The absolute log2FC can be determined by the increasing sizes of circles. Using
all available human gene datasets, the canonical pathways are represented for the six dysregulated
proteins, with p < 0.05 and log2FC > abs.0.25. There are pathways of dementia core, cortisol signalling,
neurofibrillary tangles, and more listed through the graph. (B) A network using Konnect2prot 2.0,
where the blue lines indicate downregulation and the red lines indicate upregulation. The arrows
demonstrate the direct effect relationship and the perpendicular lines indicate inhibition. The red
circles are proteins input into the online software and the black circles are established interacting
proteins between the proteins of interest.

2.4. Network and Pathway Analysis of Differentially Expressed Proteins in Controls, MCI+/AD,
and DLB

Identifying which pathways are most enriched using the differentially expressed
proteins and retrieving significant pathways from all gene and protein databases through
ShinyGo 0.85.1 provides insight into the coordinated biological processes that may be
disrupted due to DLB (Figure 3A). For example, seeing enrichment in immune, metabolic,
and neuronal signalling pathways suggests that the observed protein changes are part of
a larger, regulated system responding to disease pathology mechanistic functions. The
protein network comparison generated using the Konnect2Prot 2.0 platform demonstrates
how there are 12 interacting proteins, with 4 of the 6 DE proteins of interest, with an
exploratory possibility of being related to proteins that may not have been assessed through
the panel (Figure 3B). Mechanistic explanations for protein dysregulation can elucidate
how protein expression levels are associated andprovide an avenue for exploring how a
panel of proteins may profile DLB.

3. Discussion

This study has shown that, using a panel of blood biomarkers, DLB has a different
peripheral blood proteomic signature compared to both healthy controls and people with
MCI+/AD. It also showed specific proteins associated with survival rates in DLB that
could serve as prognostic markers and could be used to identify protein pathways that are
dysregulated in DLB.

LRIG1 appeared among the top upregulated signals, and additional immune/glial-
associated proteins (e.g., PILRB and TINAGL1) were elevated when comparing DLB to
controls (Figure 1A). The LRIG1 gene has literature connecting it to dementias [10,26-28],
immune mechanisms [29], and neurogenesis [30-32]. LRIG1 appears to be a multifunctional
player in neural structure and immune regulation within the context of neurodegenerative
disorders, especially as it may mediate synaptic reorganisation with neuroinflammatory re-
sponses pertaining to DLB and AD. Recent evidence suggests that LRIG1 can be functionally
modulated peripherally (e.g., anti-LRIG1, aka GTC 310-01 monoclonal antibody that targets
LRIG1 without crossing the blood-brain barrier), functionally regulates T regulatory (Treg)
cells, and provides a novel immunotherapeutic target in addressing AD-like pathology [27].
In the central nervous system, LRIG1 is an intrinsic regulator of the dendritic structure of
hippocampal neurons, where LRIG1 loss increases dendritic branching in a BDNF-TrkB
hyperactivation process [26], while LRIG1 overexpression decreases dendritic complexity at
synapses. In addition, LRIG1 loss supports the proliferation of GABAergic for glutamater-
gic neural precursor cells through FGF2/1L6/JAK2/STATS3 signalling [33], thus impacting
cortical cell infrastructure and neuronal subtype. Taken together, this work indicates that
LRIG1 loss or dysregulation may dysregulate neuronal connectivity and the neuroimmune
response, which may underlie cognitive decline and neural vulnerability in DLB. Both
PILRB and TINAGL1 were elevated in DLB in comparison to the control groups (Figure 1A),
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suggesting that neuroinflammation and neurodegenerative pathways are implicated in
DLB pathophysiology. PILRB is an immunoregulatory receptor that has been previously
genetically associated with Alzheimer’s disease (AD) risk loci (ZCWPW1-PILRB) and was
found to be elevated in cerebrospinal fluid in patients with AD and dementia, linking it
to microglia regulation and immune activation [34]. The upregulation of PILRB seen in
DLB may also reflect neuroinflammation and increases in immune signalling and/or a
decrease in the clearance of pathologic aggregates. Additionally, TINAGL1 is a secreted
matricellular protein that is predominantly expressed by reactive astrocytes and has been
shown to mediate the degeneration of dopaminergic neurons via mitochondrial ROS sig-
nalling in biological systems involving mice [35]. TINAGLI levels are also increased in
the cerebrospinal fluid and tissues of individuals with AD and inflammatory conditions,
supporting its link to astrocyte-mediated neurotoxicity and chronic activation of the ERK
pathway [36]. Together, the increase in both PILRB and TINAGL1 implicates both immune
responses and glial stress, which represents a pathological signature in DLB and may reflect
the role of both PILRB and TINAGL1 as potential markers of neuroimmune dysregulation
and neuronal vulnerability across a spectrum of neurodegenerative diseases.

The proteins FKBP4, SSC4D, and NECTIN?2 also resulted from the DLB vs. control
comparison, and these proteins are suggestive of stress adaptation, immune modulation,
and synapse integrity. FKBP4 is a chaperone involved with the regulation of glucocorticoid
and oestrogen receptors that likely play a role in neuroendocrine stress response and
protein quality control processes related to Lewy body pathology [37]. SSC4D, a scavenger
receptor family member, aligns well with evolving evidence of immune dysregulation and
activation of microglia within DLB and has been reported to be associated with all-cause
dementia [38]. NECTIN2 is an adhesion molecule that is linked to synaptic connectivity as
well as dementia [39], and it indicates possible changes to cell—cell signalling.

DLB compared to AD produced modest differences, suggesting some proteins
(e.g., SERPINBS8) may reflect shared neurodegenerative stress/proteostasis rather than
DLB-specific biology (Figure 1B). Pathway/network analyses converged on stress-
hormone/immune signalling and receptor-tyrosine-kinase axes (including EGFR/ERBB-
related regulation) that were consistent with a model where systemic immune regulation
and synaptic maintenance programs diverge across DLB and AD.

The only protein that was altered in both DLB and MCI+/AD (compared to the
controls) was SERPINBS (Figure 1B), indicating that it may not be a disorder-specific
protein but rather a common protein across neurodegenerative processes [40] and possibly
as a more generalised neurodegenerative process compared to others [41]. SERPINBS is
part of the serine protease inhibitor family and is involved in the temporal regulation of
proteolytic activity in the event of neuroinflammation and cellular stress, which is necessary
for the maintenance of proteostasis; however, the consistency in expression between DLB
and AD suggests that serpins may reflect a common burden of neuroinflammation and not
unique molecular signatures that indicate novel diseases.

Taken together, these profiles reveal that while DLB and AD share core pathways of
inflammation, oxidative stress, and proteostasis, they likely diverge in how these processes
interact with synaptic and receptor-mediated signalling networks.

In terms of available literature in the field looking at other available proteomic panels,
Durcan et al. implemented Alamar’s ultra-sensitive NULISA CNS (~120) + inflammation
(250) panels across AD, DLB, frontotemporal dementia, and progressive supranuclear
palsy, and they found both disease-specific signals and transdiagnostic prognostic markers
(e.g., NfL) [42]. Many of the differentially expressed proteins in our study, like LRIG1,
PILRB, TINAGL1, SERPINBS, FKBP4, SSC4D, and NECTIN2, are not included on the
Alamar panel and therefore direct comparisons cannot be implemented (Supplementary

https://doi.org/10.3390/ijms27156875


https://doi.org/10.3390/ijms27156875

Int. J. Mol. Sci. 2026, 27, 6875

8 of 16

File S1, NULISA Target Panels). In a recent CSF proteomics study, Del Campo et al.
measured ~665 proteins, identified DLB-associated alterations enriched in myelination-
related pathways, and derived protein panels that distinguish DLB from AD with high
accuracy [20]. Of the chosen profiled proteins in the Olink metabolic panel, only DDC,
ENTPDS5, FAM3C, KLK10, NPDC1, RTN4R, and SDC4 were the same as the DE-proteins in
the Del Campo study. DDC was the only common one between the datasets, but it suggests
a future direction of identifying neuroinflammatory metabolic proteins for further assay
studies on similar cohorts.

Regarding the multimarker combination models incorporating established PRS and
ptau biomarkers, McKeever et al. showed that combining PRS for AD (including APOE risk
score and AD PRS excluding APOE) with plasma p-taul81 modestly improves diagnostic
classification across controls, DLB, and MCI+/AD (with AUCs in the ~0.71-0.82 range
depending on contrast/model). We extended these findings by examining the combination
of p-tau217 with the LBD PRS, both with and without APOE for DLB-relevant proteomic
features, to test whether multi-marker models better separate DLB from AD and stratify
co-pathology [43]. Interestingly, the LBD PRS without APOE demonstrated the strongest
AUC, but both combined models fared well through this analysis.

Using age as the underlying time scale, Kaplan-Meier curves showed broadly overlap-
ping survival in the LBD and MCI+/AD groups over the available follow-up. Consistent
with this, Cox models adjusting for sex did not identify a significant overall effect of diag-
nostic group on mortality risk (Figure 1). Exploratory protein-wise Cox models revealed a
small subset of analytes (e.g., METRNL, ROR1, GFAP, APLP1, ANGPT2, and LRP11) with
larger positive log hazard ratios in the LBD group than in MCI+/AD (Figure 4), suggesting
potential group-specific mortality signatures.

In terms of pathway analyses, the enrichment of canonical pathways related to cortisol
signalling, glucocorticoid receptor regulation, and ErbB4 signalling underscores the com-
plex interaction between stress response, neuroinflammation, and synaptic maintenance
in DLB (Figure 3A). Cortisol and its downstream glucocorticoid receptor (GR) network
normally act to resolve inflammation; however, chronic activation of the hypothalamic—
pituitary—adrenal (HPA) axis can lead to GR resistance, sustained inflammatory signalling,
and neuronal vulnerability. The detection of Dementia Core Alzheimer’s Disease Neu-
ropathologic Changes and Neurofibrillary Tangles pathways further supports overlap
between DLB and AD pathology, where stress-mediated dysregulation contributes to
amyloid processing, tau phosphorylation, and impaired clearance mechanisms. ErbB4 sig-
nalling, critical for dendritic maintenance and cortical connectivity, may act in parallel with
glucocorticoid pathways to influence neuronal plasticity and degeneration. Peripheral and
systemic processes, such as infertility-related signalling and grade 3 peripheral neuropathy,
point to broader neuroendocrine and inflammatory disturbances that extend beyond the
central nervous system. Collectively, these findings suggest that chronic stress and receptor
signalling dysregulation converge on pathways that bridge neuroimmune dysfunction,
synaptic loss, and systemic inflammation, offering insight into shared mechanisms of
neurodegeneration across dementia subtypes.

The interaction network in Figure 3B shows that multiple identified proteins converge
on the EGFR/ERBB signalling axis, a pathway that has previously only been examined in
the context of oncogenesis but is beginning to be touched on regarding neurodegenerative
processes. EGFR and its dimerisation partners, ERBB2-4, regulate cellular stress response,
survival, and maintenance of synapses, but when dysregulated, they may contribute to
the loss of autophagic clearance and accelerate the aggregation of x-synuclein, which is
a hallmark of DLB [44]. Frost regulatory proteins such as CBL/CBLC and LRIG3, which
modify the turnover of EGFR/ERBB receptors, provide another of many examples of
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how feedback control is disrupted to sustain aberrant signalling and widespread chronic
neuroinflammation [45-47]. In addition to these proteins, peripheral modulators (e.g., EGF
and immune-related proteins (e.g., CD226 and LRBA)) support the notion of crosstalk
and the support of ongoing neuroinflammatory processes. Direct experimental testing
to corroborate this in DLB remains limited; however, protein—protein interactions in the
network provide a key resource to support cellular vulnerability commonalities between
disrupted receptor signalling, proteostasis support, and cell repair mechanisms [48]. Col-
lectively, these factors lend support for EGFR-ERBB pathway components to be included
in future multiplex protein panels, specifically as these factors may improve biomarker
sensitivity due to their involvement in measuring coordinated dysregulation between
growth factor and immune signalling in DLB. These findings may support translational
approaches by identifying protein signatures that could improve DLB diagnosis, subtype
classification, and patient stratification for clinical trials. The Olink Metabolism panel can
further be developed for clinical testing, as any candidate biomarker signature would still
require validation in larger independent cohorts. In the future, combining Olink proteomic
data with genetic and DNA methylation profiles may provide a more accurate multi-omic
approach to distinguish DLB from related neurodegenerative disorders.

Proteins with largest differences in
log(hazard ratio from Kaplan-Meier Survival probability results)

Group [l teo [l mci+/AD

ROR1 4 |
GFAPA 1
CHRDL2 1
APLP1 |

10
log(Hazard Ratio)

o
o
-
o
N
o
N
3]

Figure 4. Hazard ratios were implemented from the Kaplan-Meier Survival probability results and
analysed in relation to each protein for the disease conditions for the DLB and MCI+/AD groups, and
those with the highest log;g(Hazard Ratio) were plotted. Protein markers with the greatest difference
in hazard ratio between DLB and MCI+/AD are first in descending order. Proteins associated with a
higher risk of DLB compared to MCI+/AD include DDC, LRIG1, GFAP, and others.
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Limitations

This pilot study had a limited cohort size, and group imbalances in sex distribution
may have diminished the possibility of determining sex differences, but it may also be
an intrinsic signature in DLB cohorts. Levodopa-equivalent dosage was controlled in the
analyses, but due to the small sample size and uneven numbers between sexes, the skew of
diseased populations, which coincide with the drug-dosed populations, could confound
protein expression profiles in the DLB group. Additionally, the available dataset did not
permit stratification of DLB cases by amyloid status (amyloid-positive versus amyloid-
negative), precluding the assessment of intra-diagnostic heterogeneity. Currently, there are
many databases on AD-associated pathways, though DLB has been under-investigated.
Future studies with larger, demographically balanced cohorts and standardised medication
data will be essential to validate and extend these preliminary observations.

4. Materials and Methods
4.1. Participants and Clinical Data

All participant-collected data were derived from the NIMROD study cohort, whose full
inclusion and exclusion criteria are outlined in the published study protocol [49]. Healthy
controls and participants with MCI, AD, or DLB were included based on the relevant
clinical diagnostic criteria (National Institute on Aging-Alzheimer’s Association Criteria,
2005/2017 McKeith consensus criteria for DLB) as previously described [50]. MCI PET-Af3-
positive participants were defined by the presence of a clinical diagnosis of MCI (subjective
memory reports supported by objective evidence of impairments, but no impairment in
activities of daily living) and amyloid positivity using Pittsburgh Compound B (PIB) PET
using a cut-off point of 19 in the centiloid scale.

4.2. Clinical Assessments

As reported in our group’s prior studies, at enrolment, all participants received a
detailed clinical evaluation that included cognitive and neuropsychiatric testing. Follow-up
assessments were then carried out annually for up to 3 years as part of the NIMROD
study [49]. Cognitive performance was quantified using the Addenbrooke’s Cognitive
Examination—Revised (ACE-R) [50]. Survival data were obtained from linked electronic
patient care records that were available for the MCI+/AD and the DLB groups. There was
a total of 22 deceased patients based on records across groups. Details of the demographics,
cognitive scores, and survival rates of participants are presented in Table 1.

Table 1. Subject demographics and summary of ANCOVA stats for DLB vs. MCI+/AD vs. control.
Baseline characteristics and survival outcomes. Control (1 = 15), MCI+/AD (n = 15), and DLB (n = 20)
groups were comparable in age (p = 0.205) and sex distribution (p = 0.0896). Cognitive performance
differed significantly across the groups, with progressively lower MMSE (p = 2.89 x 10°) and ACE-R
scores (p = 3.67 x 10~8) observed in MCI+/AD and DLB compared to the controls. Mean survival
time was 6.42 years for MCI+/AD and 3.89 years for DLB, with a significant log p-rank of <0.0001.

Control MCI+/AD DLB

Variable (1 = 15) (1 = 15) (1 = 20) p-Value
Age 68.8 £5.5 725+£9.2 728 £6.0 0.20423887
Sex M7/F8 M11/F4 M17/F3 0.089576085
MMSE 289 £1.1 257 +24 224445 2.8803 x 10~°
ACE-R 921+5.6 79.8 £ 8.1 672 +134 3.6652x 108
Survival in years 6.42 3.89
(mean) ) (n =15, 5 deaths) (n =20, 17 deaths) <0.0001
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4.3. Sample Preparation & Molecular Analyses

Venous blood (=80 mL) was collected via venipuncture. The samples were centrifuged
to generate serum and plasma, aliquoted, and stored at —70 °C for later batch testing.

4.4. Assays

Blood serum samples from people with DLB (n = 20), people with MCI+/AD
(n =15), and controls (n = 15) were analysed with the Olink Target 96 Biological Process—
Metabolism panel (Olink Proteomics AB, Uppsala, Sweden) containing 92 different target
proteins (the list and details of the proteins can be found in Supplementary File S1, Olink
Metabolism Panel). The proteomic analysis was carried out at the UK Dementia Research
Institute (DRI) Biomarker Factory at University College London (UCL). Plasma pTau217
was quantified at the Clinical Neurochemistry Laboratory in Mélndal (Sweden) with the
ALZpath ptau217 assay [51]. Biomarker values were log-transformed to improve normality
and standardised (using the whole-sample mean and SD) for modelling [43]. Genetic data
were generated using the Illumina OmniExpress-24 v1.3 microarray and quality controlled
as previously described [43]. Summary statistics from a published LBD genome-wide asso-
ciation study [52] were used as the discovery dataset, and genetic risk scores (PRS) were
computed in our independent cohort as a weighted sum of risk alleles, with SNP weights
given by the GWAS effect sizes. Five SNPs (in APOE, GBA, SNCA, BIN1, and TMEM175)
meeting genome-wide significance in the discovery GWAS were included in PRS; gp as
reported in Table 1 by Chia et al. [52]. Additional scores excluding APOE variants were
calculated to evaluate non-APOE genetic risk (PRSypp no ApoE) (Supplementary File S1).
Genetic risk scores were standardized within-sample.

4.5. Statistical & Bioinformatics Analyses

All analyses were conducted in R (v4.3). Protein NPX values were first quantile-
normalised and residualised to account for relevant covariates, including age [53], sex [54],
sample storage days [55], and Levodopa-equivalent dose [56], using linear modelling
because of their possible effect on protein levels [57]. These residualised NPX values were
used for downstream group comparisons and visualisation.

The Limma package was applied to identify significantly dysregulated proteins be-
tween diagnostic contrasts (DLB vs. control, MCI+/AD vs. control, DLB vs. MCI+/AD).
Models were adjusted for age, age2 [58], sex [54], Levodopa-dose [59], and storage days [55],
and empirical a Bayes moderation was used to stabilize the variance estimates. Vol-
cano plots were generated to visualise the fold changes and significance thresholds
(IlogeFC1 > 0.25, FDR < 0.05). We evaluated whether a nonlinear age term was war-
ranted by comparing a linear-age model to a quadratic-age model. The age? term showed
evidence of association across proteins (n_FDR < 0.05 = 1, minimum FDR = 0.0498, mini-
mum p = 5.41 x 10~%), and its inclusion modestly altered diagnosis-associated coefficients
(absolute AlogFC: median 0.0224, mean 0.0259, IQR 0.0125-0.0349, max 0.1417; correlation
of Diagnosis logFC estimates between models r = 0.9937). Accordingly, age? was retained
in the final adjustment model.

For the ROC analyses, NPX values were first residualised for age, sex, storage days,
and Levodopa-equivalent dose using linear regression, and these covariate-adjusted resid-
uals were used as predictors of diagnostic group. Receiver operating characteristic (ROC)
curves were computed using the pROC package to evaluate the discriminative performance
of the greatest AUC value biomarkers between DLB and MCI+/AD. Individual and com-
bined models (including pTau217 [49,51], biologically relevant protein markers, and PRS)
were tested using logistic regression through a multi-parametric model. Candidate proteins
for exploratory ROC analyses were selected a priori based on differential-expression results
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and evidence from the literature supporting associations with cognitive decline, neurode-
generation, synaptic biology, or Lewy Body Disease pathology. Differences between ROC
curves were assessed using DeLong’s test for correlated ROC curves implemented in the
pROC package. Comparisons were performed between the best-performing single-marker
model and the corresponding multimarker models to determine whether the addition of
biomarkers significantly improved classification performance.

ShinyGO was used for pathway enrichment across human gene/protein databases, re-
vealing canonical pathways relevant to neurodegeneration, inflammation, and synaptic sig-
nalling [60]. Konnect2Prot 2.0 was employed to generate exploratory protein-interaction net-
works, highlighting direct and indirect molecular relationships among significant proteins [61].

Survival analysis using the Kaplan-Meier model was generated and combined with
protein expression levels between the MCI+/AD and DLB groups for comparison (Figure 4).

5. Conclusions

From employing exploratory blood proteomics methods, we found that individuals
having DLB displayed a distinct peripheral protein pattern that differentiated them from
the controls and the MCI+/AD group, where LRIG1 turned out to be the most consistent
upregulated signal. The pathway and network patterns indicated a combined disturbance
in neuroendocrine stress signalling and immune regulation, which might be indicative of
disease-specific inflammatory and synaptic-sustaining programs. However, these initial
findings need to be confirmed in larger, well-paired cohorts with uniform biomarker and
drug annotation before any conclusion regarding their clinical usefulness can be drawn.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms27156875/s1.

Author Contributions: Conceptualisation, L.C. and J.T.O.; methodology, L.C., P.S.,, M.P-S., A M.,
AH., NJ.A,HZ,LS. and ].T.O.; software, AN.P. and A.M.; formal analysis, A.N.P. and A.M.;
investigation, A.N.P. and L.C.; resources, L.C., PS.,, M.P-S.,, AM., AH, NJ.A, HZ, LS, ].BR.
and J.T.O.; data curation, A.N.P. and P.S.; writing—original draft preparation, AN.P. and L.C.;
writing—review and editing, L.C., PS,, M.P-S,, AM.,, AH, NJ.A, HZ., LS., MM, ].B.R. and
J.T.O.; visualisation, A.N.P,; supervision, L.C.; project administration, AN.P,, L.C. and ].B.R.; funding
acquisition, J.T.O. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Cambridge Centre for Parkinson-Plus, the National Institute
for Health Research (NIHR) Biomedical Research Centre at Cambridge University Hospitals NHS
Foundation Trust, and the University of Cambridge [NIHR203312] and the Medical Research Council
directly and via the Dementias Platform UK [MC_UU_00030/14; MR /T033371/1], and Race Against
Dementia Alzheimer’s Research UK [ARUK-RADF2021A-010]. The views expressed are those of the
authors and not necessarily those of the NIHR or the Department of Health and Social Care. The
UK Dementia Research Institute receives its funding from the UK DRI, funded by the UK Medical
Research Council, Alzheimer’s Society, and Alzheimer’s Research UK. L.C. is supported by the Lewy
Body Society.

Institutional Review Board Statement: The study protocol was approved by the local ethics commit-
tee, East of England—Cambridge Central Research Ethics Committee (reference: 13/EE/0104). The
study is also Administration of Radioactive Substances Advisory Committee (ARSAC)-approved as
part of this process. Ethics approved since: 9 January 2013.

Informed Consent Statement: All participants provided written informed consent. Ethics ap-
proval for the study protocol was obtained from the National Research Ethics Service—East of
England Committee.

https://doi.org/10.3390/ijms27156875


https://www.mdpi.com/article/10.3390/ijms27156875/s1
https://www.mdpi.com/article/10.3390/ijms27156875/s1
https://doi.org/10.3390/ijms27156875

Int. J. Mol. Sci. 2026, 27, 6875 13 of 16

Data Availability Statement: The scripts utilised for analysis and presented in this study are available
on request from the corresponding author and data are available in the Supplementary File S1 provided.

Acknowledgments: This study was supported by a pump-priming grant from the Alzheimer’s
Research UK Eastern Network. The NIMROD study is supported by the NIHR Cambridge Biomedical
Research Centre. The authors thank the participants for their generous participation in this study.
The authors thank our participants for volunteering to take part in this study, the Cambridge
Centre for Parkinson-plus for support with data acquisition, and the East Anglia Dementias and
Neurodegenerative Diseases Research Network (DeNDRoN) for assistance with recruitment. During
the preparation of this work, Grammarly (https://www.grammarly.com/) was used to improve
language and readability. Perplexity’s deep research (https://www.perplexity.ai/) was used to
identify manuals for code troubleshooting. All final content, references, and interpretations are the
original work of the authors.

Conflicts of Interest: Unrelated to this work, John O’Brien has acted as a consultant for TauRx, Novo
Nordisk, Biogen, Roche, Lilly, GE Healthcare, and Okwin and received grants or academic in-kind
support from Avid/Lilly, Merck, UCB, and Alliance Medical. Unrelated to this work, Maura Malpetti
has acted as a consultant for Astex Pharmaceuticals.

References

1.

10.

11.

12.

13.

Boland, E.; Fitzpatrick, R.; Ryan, D.; Kane, J.; Betzhold, S.; Leroi, I; Kinchin, I. The High Cost of Care and Limited Evidence
on Cost-Effective Strategies for Lewy Body Dementia: Systematic Review of Evidence. BJPsych Open 2024, 10, e20. [CrossRef]
[PubMed]

Chen, Y.; Wilson, L.; Kornak, J.; Dudley, R.A.; Merrilees, J.; Bonasera, S.J.; Byrne, C.M.; Lee, K.; Chiong, W.; Miller, B.L.; et al.
The Costs of Dementia Subtypes to California Medicare Fee-for-service, 2015. Alzheimers Dement. 2019, 15, 899-906. [CrossRef]
[PubMed]

Mueller, C.; Soysal, P.; Rongve, A.; Isik, A.T.; Thompson, T.; Maggi, S.; Smith, L.; Basso, C.; Stewart, R.; Ballard, C.; et al. Survival
Time and Differences between Dementia with Lewy Bodies and Alzheimer’s Disease Following Diagnosis: A Meta-Analysis of
Longitudinal Studies. Ageing Res. Rev. 2019, 50, 72-80. [CrossRef] [PubMed]

Williams, M.M.; Xiong, C.; Morris, ].C.; Galvin, ].E. Survival and Mortality Differences between Dementia with Lewy Bodies vs
Alzheimer Disease. Neurology 2006, 67, 1935-1941. [CrossRef] [PubMed]

Hansson, O.; Blennow, K.; Zetterberg, H.; Dage, ]. Blood Biomarkers for Alzheimer’s Disease in Clinical Practice and Trials. Nat.
Aging 2023, 3, 506-519. [CrossRef] [PubMed]

Schade, S.; Mollenhauer, B. Biomarkers in Biological Fluids for Dementia with Lewy Bodies. Alzheimers Res. Ther. 2014, 6, 72.
[CrossRef] [PubMed]

Liang, J.; Li, R.; Wong, G.; Huang, X. Lewy Body Dementia: Exploring Biomarkers and Pathogenic Interactions of Amyloid f3,
Tau, and «-Synuclein. Mol. Neurodegener. 2025, 20, 90, Correction in Mol. Neurodegener. 2025, 20, 106. [CrossRef] [PubMed]
Diaz-Galvan, P.; Przybelski, S.A.; Algeciras-Schimnich, A.; Figdore, D.J.; Lesnick, T.G.; Schwarz, C.G.; Senjem, M.L.; Gunter, J.L.;
Jack, C.R,, Jr.; Min, PH,; et al. Plasma Biomarkers of Alzheimer’s Disease in the Continuum of Dementia with Lewy Bodies.
Alzheimer’s Dement. 2024, 20, 2485-2496. [CrossRef] [PubMed]

Delaby, C.; Hirtz, C.; Lehmann, S. Overview of the Blood Biomarkers in Alzheimer’s Disease: Promises and Challenges. Rev.
Neurol. 2023, 179, 161-172. [CrossRef] [PubMed]

Kang, S.; Gim, J.; Lee, ].; Gunasekaran, T.I.; Choi, K.Y,; Lee, ].].; Seo, E.H.; Ko, P-W.; Chung, ].Y.; Choi, S.-M.; et al. Potential Novel
Genes for Late-Onset Alzheimer’s Disease in East-Asian Descent Identified by APOE-Stratified Genome-Wide Association Study.
J. Alzheimers Dis. 2021, 82, 1451-1460. [CrossRef] [PubMed]

Bolsewig, K.; Bellomo, G.; Hok-A-Hin, Y.S.; Al Idrissi, I.; Vermunt, L.; Lleo, A.; Alcolea, D.; Sieben, A.; Engelborghs, S.; Simonsen,
AH.; et al. A Quantitative DOPA Decarboxylase Biomarker for Diagnosis in Lewy Body Disorders. Nat. Med. 2026, 32, 1073-1084.
[CrossRef] [PubMed]

Bolsewig, K.; Willemse, E.A.].; Sdnchez-Juan, P.; Rdbano, A.; Martinez, M.; Doecke, ].D.; Bellomo, G.; Vermunt, L.; Alcolea, D.;
Halbgebauer, S.; et al. Increased Plasma DOPA Decarboxylase Levels in Lewy Body Disorders Are Driven by Dopaminergic
Treatment. Nat. Commun. 2025, 16, 1139. [CrossRef] [PubMed]

Bregendahl, M.; Kaya, Z.B.; Singer, W.; McLean, P.J. Alpha-Synuclein Seeding Amplification Assays in Lewy Body Dementia: A
Brief Review. Mol. Neurodegener. 2025, 20, 77. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156875


https://www.grammarly.com/
https://www.perplexity.ai/
https://doi.org/10.1192/bjo.2023.626
https://www.ncbi.nlm.nih.gov/pubmed/38179602
https://doi.org/10.1016/j.jalz.2019.03.015
https://www.ncbi.nlm.nih.gov/pubmed/31175026
https://doi.org/10.1016/j.arr.2019.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30625375
https://doi.org/10.1212/01.wnl.0000247041.63081.98
https://www.ncbi.nlm.nih.gov/pubmed/17159097
https://doi.org/10.1038/s43587-023-00403-3
https://www.ncbi.nlm.nih.gov/pubmed/37202517
https://doi.org/10.1186/s13195-014-0072-3
https://www.ncbi.nlm.nih.gov/pubmed/25478030
https://doi.org/10.1186/s13024-025-00879-0
https://www.ncbi.nlm.nih.gov/pubmed/40797227
https://doi.org/10.1002/alz.13653
https://www.ncbi.nlm.nih.gov/pubmed/38329197
https://doi.org/10.1016/j.neurol.2022.09.003
https://www.ncbi.nlm.nih.gov/pubmed/36371265
https://doi.org/10.3233/JAD-210145
https://www.ncbi.nlm.nih.gov/pubmed/34151794
https://doi.org/10.1038/s41591-026-04212-0
https://www.ncbi.nlm.nih.gov/pubmed/41699128
https://doi.org/10.1038/s41467-025-56293-z
https://www.ncbi.nlm.nih.gov/pubmed/39881147
https://doi.org/10.1186/s13024-025-00868-3
https://www.ncbi.nlm.nih.gov/pubmed/40598304
https://doi.org/10.3390/ijms27156875

Int. J. Mol. Sci. 2026, 27, 6875 14 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Adegboye, H.A,; Patterson, K.L.; Libby, J.; Sun, Y.; Zhang, P.; Liu, D.; Robb, W.H.; Peterson, A.].; Cole, K.R.; Arul, A.B.; et al.
LC-MS/MS Proteomics Identifies Plasma Proteins Related to Cognition over 9-year Follow-up. Alzheimers Dement. 2025, 21,
€70276. [CrossRef] [PubMed]

Carlyle, B.C,; Kitchen, R.R.; Mattingly, Z.; Celia, A.M.; Trombetta, B.A.; Das, S.; Hyman, B.T.; Kivisdkk, P.; Arnold, S.E. Technical
Performance Evaluation of Olink Proximity Extension Assay for Blood-Based Biomarker Discovery in Longitudinal Studies of
Alzheimer’s Disease. Front. Neurol. 2022, 13, 889647. [CrossRef] [PubMed]

Tsamourgelis, A.; Swann, P.; Chouliaras, L.; O’Brien, J.T. From Protein Biomarkers to Proteomics in Dementia with Lewy Bodies.
Ageing Res. Rev. 2023, 83,101771. [CrossRef] [PubMed]

Wik, L.; Nordberg, N.; Broberg, J.; Bjorkesten, J.; Assarsson, E.; Henriksson, S.; Grundberg, I.; Pettersson, E.; Westerberg,
C.; Liljeroth, E.; et al. Proximity Extension Assay in Combination with Next-Generation Sequencing for High-Throughput
Proteome-Wide Analysis. Mol. Cell. Proteom. 2021, 20, 100168. [CrossRef] [PubMed]

Cheng, C.-K,; Tsao, Y.-C.; Su, Y.-C.; Sung, F.-C.; Tai, H.-C.; Kung, W.-M. Metabolic Risk Factors of Alzheimer’s Disease, Dementia
with Lewy Bodies, and Normal Elderly: A Population-Based Study. Behav. Neurol. 2018, 2018, 8312346. [CrossRef] [PubMed]
Perovnik, M.; Simon¢i¢, U.; Jamsek, J.; Gregori¢ Kramberger, M.; Brumberg, J.; Meyer, P.T.; Perani, D.; Caminiti, S.P.; Brendel, M.;
Stockbauer, A.C.; et al. Metabolic Brain Networks in Dementia with Lewy Bodies: From Prodromal to Manifest Disease Stages. J.
Neurol. Neurosurg. Psychiatry 2025, 97, 316-324. [CrossRef] [PubMed]

Del Campo, M.; Vermunt, L.; Peeters, C.EW.; Sieben, A.; Hok-A-Hin, Y.S,; Lle6, A.; Alcolea, D.; Van Nee, M.; Engelborghs, S.; Van
Alphen, J.L,; et al. CSF Proteome Profiling Reveals Biomarkers to Discriminate Dementia with Lewy Bodies from Alzheimer’s
Disease. Nat. Commun. 2023, 14, 5635. [CrossRef] [PubMed]

Pereira, ].B.; Kumar, A.; Hall, S.; Palmqvist, S.; Stomrud, E.; Bali, D.; Parchi, P.; Mattsson-Carlgren, N.; Janelidze, S.; Hansson, O.
DOPA Decarboxylase Is an Emerging Biomarker for Parkinsonian Disorders Including Preclinical Lewy Body Disease. Nat. Aging
2023, 3, 1201-1209. [CrossRef] [PubMed]

Sun, B.B.; Chiou, J.; Traylor, M.; Benner, C.; Hsu, Y.-H.; Richardson, T.G.; Surendran, P.; Mahajan, A.; Robins, C.; Vasquez-Grinnell,
S.G.; et al. Plasma Proteomic Associations with Genetics and Health in the UK Biobank. Nature 2023, 622, 329-338. [CrossRef]
[PubMed]

Oh, H.S.-H,; Le Guen, Y.,; Rappoport, N.; Urey, D.Y,; Farinas, A.; Rutledge, J.; Channappa, D.; Wagner, A.D.; Mormino, E.; Brunet,
A.; et al. Plasma Proteomics Links Brain and Immune System Aging with Healthspan and Longevity. Nat. Med. 2025, 31,
2703-2711. [CrossRef] [PubMed]

Gadd, D.A ; Hillary, R.E; Kuncheva, Z.; Mangelis, T.; Cheng, Y.; Dissanayake, M.; Admanit, R.; Gagnon, J.; Lin, T.; Ferber, K.L.;
et al. Blood Protein Assessment of Leading Incident Diseases and Mortality in the UK Biobank. Nat. Aging 2024, 4, 939-948.
[CrossRef] [PubMed]

Malpetti, M.; Chouliaras, L.; Murley, A.G.; Swann, P.; Coyle-Gilchrist, I.; Bevan-Jones, W.R.; Savulich, G.; Perquin, M.N.; Wiggins,
J.; Bowns, L.; et al. Clinicopathological and Prognostic Correlations of Plasma Biomarkers in Neurodegenerative Diseases.
medRxiv 2025. [CrossRef]

Alsina, FC.; Hita, FJ.; Fontanet, P.A,; Irala, D.; Hedman, H.; Ledda, F.; Paratcha, G. Lrigl Is a Cell-intrinsic Modulator of
Hippocampal Dendrite Complexity and BDNF Signaling. EMBO Rep. 2016, 17, 601-616. [CrossRef] [PubMed]

Lee, S. Targeting Lrigl on the Surface of Treg Cell in the Periphery Alleviates the Symptoms of Alzheimer’s Disease in Vivo.
Alzheimers Dement. 2024, 20, €091984. [CrossRef]

Seto, M.; Weiner, R.L.; Dumitrescu, L.; Hohman, T.J. Protective Genes and Pathways in Alzheimer’s Disease: Moving towards
Precision Interventions. Mol. Neurodegener. 2021, 16, 29. [CrossRef] [PubMed]

Moon, J.-S.; Ho, C.-C,; Park, J.-H.; Park, K,; Shin, B.-Y.; Lee, S.-H.; Sequeira, I.; Mun, C.H.; Shin, J.-S.; Kim, J.-H.; et al. Lrigl-
Expression Confers Suppressive Function to CD4+ Cells and Is Essential for Averting Autoimmunity via the Smad2/3/Foxp3
Axis. Nat. Commun. 2023, 14, 5382. [CrossRef] [PubMed]

De Vincenti, A.P,; Ledda, F.; Paratcha, G. New Insights into the Homeostatic Role of Lrigl in Different Neurogenic Niches:
Implications for Neuronal Regeneration. Neural Regen. Res. 2026, 21, 1544-1545. [CrossRef] [PubMed]

Jeong, D.; Lozano Casasbuenas, D.; Gengatharan, A.; Edwards, K.; Saghatelyan, A.; Kaplan, D.R.; Miller, ED.; Yuzwa, S.A.
LRIG1-Mediated Inhibition of EGF Receptor Signaling Regulates Neural Precursor Cell Proliferation in the Neocortex. Cell Rep.
2020, 33, 108257. [CrossRef] [PubMed]

Ouzikov, S.; Edwards, K.M.; Anandampillai, T.; Watanabe, S.; Lozano Casasbuenas, D.; Siu, K K.; Harkins, D.; Dou, A.; Jeong, D.;
Lee, J.E.; et al. LRIG1 Controls Proliferation of Adult Neural Stem Cells by Facilitating TGFf3 and BMP Signalling Pathways.
Commun. Biol. 2024, 7, 845. [CrossRef] [PubMed]

De Vincenti, A.P; Bonafina, A.; Ledda, F.; Paratcha, G. Lrigl Regulates Cell Fate Specification of Glutamatergic Neurons via
FGF-Driven Jak2/Stat3 Signaling in Cortical Progenitors. Development 2024, 151, dev202879. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156875


https://doi.org/10.1002/alz.70276
https://www.ncbi.nlm.nih.gov/pubmed/40469059
https://doi.org/10.3389/fneur.2022.889647
https://www.ncbi.nlm.nih.gov/pubmed/35734478
https://doi.org/10.1016/j.arr.2022.101771
https://www.ncbi.nlm.nih.gov/pubmed/36328346
https://doi.org/10.1016/j.mcpro.2021.100168
https://www.ncbi.nlm.nih.gov/pubmed/34715355
https://doi.org/10.1155/2018/8312346
https://www.ncbi.nlm.nih.gov/pubmed/29971140
https://doi.org/10.1136/jnnp-2025-336935
https://www.ncbi.nlm.nih.gov/pubmed/41344886
https://doi.org/10.1038/s41467-023-41122-y
https://www.ncbi.nlm.nih.gov/pubmed/37704597
https://doi.org/10.1038/s43587-023-00478-y
https://www.ncbi.nlm.nih.gov/pubmed/37723208
https://doi.org/10.1038/s41586-023-06592-6
https://www.ncbi.nlm.nih.gov/pubmed/37794186
https://doi.org/10.1038/s41591-025-03798-1
https://www.ncbi.nlm.nih.gov/pubmed/40634782
https://doi.org/10.1038/s43587-024-00655-7
https://www.ncbi.nlm.nih.gov/pubmed/38987645
https://doi.org/10.64898/2025.12.07.25341788
https://doi.org/10.15252/embr.201541218
https://www.ncbi.nlm.nih.gov/pubmed/26935556
https://doi.org/10.1002/alz.091984
https://doi.org/10.1186/s13024-021-00452-5
https://www.ncbi.nlm.nih.gov/pubmed/33926499
https://doi.org/10.1038/s41467-023-40986-4
https://www.ncbi.nlm.nih.gov/pubmed/37666819
https://doi.org/10.4103/NRR.NRR-D-24-01333
https://www.ncbi.nlm.nih.gov/pubmed/40587239
https://doi.org/10.1016/j.celrep.2020.108257
https://www.ncbi.nlm.nih.gov/pubmed/33053360
https://doi.org/10.1038/s42003-024-06524-8
https://www.ncbi.nlm.nih.gov/pubmed/38987622
https://doi.org/10.1242/dev.202879
https://www.ncbi.nlm.nih.gov/pubmed/39250533
https://doi.org/10.3390/ijms27156875

Int. J. Mol. Sci. 2026, 27, 6875 15 of 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Reus, L.M.; Jansen, LE.; Tijms, B.M.; Visser, PJ.; Tesi, N.; Van Der Lee, S.].; Vermunt, L.; Peeters, C.EW.; De Groot, L.A.; Hok-A-Hin,
Y.S.; et al. Connecting Dementia Risk Loci to the CSF Proteome Identifies Pathophysiological Leads for Dementia. Brain 2024, 147,
3522-3533. [CrossRef] [PubMed]

Ogura, M.; Onotsuka, S.; Yamaki, J.; Wada, I.; Homma, M.K. Glial-Derived Secreted Protein Tinagll Regulates Neuronal Survival.
Proc. Annu. Meet. Jpn. Pharmacol. Soc. 2022, 96, 4-B-P-288. [CrossRef]

Sato, Y.; Kawashima, K.; Fukui, E.; Matsumoto, H.; Yoshizawa, F; Sato, Y. Functional Analysis Reveals That Tinagll Is Required
for Normal Muscle Development in Mice through the Activation of ERK Signaling. Biochim. Biophys. Acta BBA-Mol. Cell Res.
2022, 1869, 119294. [CrossRef] [PubMed]

Chambraud, B.; Daguinot, C.; Guillemeau, K.; Genet, M.; Dounane, O.; Meduri, G.; Potis, C.; Baulieu, E.E.; Giustiniani, ]. Decrease
of Neuronal FKBP4/FKBP52 Modulates Perinuclear Lysosomal Positioning and MAPT/Tau Behavior during MAPT/Tau-Induced
Proteotoxic Stress. Autophagy 2021, 17, 3491-3510. [CrossRef] [PubMed]

Yu, X.; Xue, Q.; Li, J.; Zhang, P.; Ouyang, Q.; Luo, X.; He, Q.; Wang, Y.; Zhao, Y.; He, X,; et al. Association Between Low Birth
Weight and Dementia Risk: A Large-Scale Prospective Study. Sichuan Da Xue Xue Bao Yi Xue Ban 2025, 56, 697-710. [CrossRef]
[PubMed]

Driscoll, I; Snively, B.M.; Espeland, M.A.; Shumaker, S.A.; Rapp, S.R.; Goveas, ].S.; Casanova, R.L.; Wactawski-Wende, ]J.; Manson,
J.E.; Rossom, R.; et al. A Candidate Gene Study of Risk for Dementia in Older, Postmenopausal Women: Results from the
Women'’s Health Initiative Memory Study. Int. ]. Geriatr. Psychiatry 2019, 34, 692-699. [CrossRef] [PubMed]

Canal-Garcia, A.; Branca, R.M.; Francis, P.T.; Ballard, C.; Winblad, B.; Lehtig, J.; Nilsson, P.; Aarsland, D.; Pereira, J.B.; Bereczki, E.
Proteomic Signatures of Alzheimer’s Disease and Lewy Body Dementias: A Comparative Analysis. Alzheimers Dement. 2025, 21,
€14375. [CrossRef] [PubMed]

Higgins, N.R.; Greenslade, ].E.; Wu, ].J.; Miranda, E.; Galliciotti, G.; Monteiro, M.]. Serpin Neuropathology in the P497S UBQLN2
Mouse Model of ALS/FTD. Brain Pathol. 2021, 31, €12948. [CrossRef] [PubMed]

Durcan, R.; Heslegrave, A.; Swann, P.; Goddard, J.; Chouliaras, L.; Murley, A.G.; Savulich, G.; Bevan-Jones, W.R.; Swann, O.;
Ashton, N.J.; et al. Novel Blood-based Proteomic Signatures across Multiple Neurodegenerative Diseases. Alzheimers Dement.
2025, 21, €70116. [CrossRef] [PubMed]

McKeever, A.; Swann, P.; Malpetti, M.; Donaghy, P.C.; Thomas, A.; Mak, E.; Carter, S.F; Tan, ] HK,; Hong, Y.T.; Fryer, T.D.; et al.
Polygenic Risk Discriminates Lewy Body Dementia from Alzheimer’s Disease. Alzheimers Dement. 2025, 21, €14381. [CrossRef]
[PubMed]

Jayaswamy, PK.; Vijaykrishnaraj, M.; Patil, P.; Alexander, L.M.; Kellarai, A.; Shetty, P. Implicative Role of Epidermal Growth
Factor Receptor and Its Associated Signaling Partners in the Pathogenesis of Alzheimer’s Disease. Ageing Res. Rev. 2023, 83,
101791. [CrossRef] [PubMed]

Choi, H.-J.; Jeong, Y.J.; Kim, J.; Hoe, H.-S. EGFR Is a Potential Dual Molecular Target for Cancer and Alzheimer’s Disease. Front.
Pharmacol. 2023, 14, 1238639. [CrossRef] [PubMed]

Sengupta, P; Das, R.; Majumder, P.; Mukhopadhyay, D. Connecting the Ends: Signaling via Receptor Tyrosine Kinases and
Cytoskeletal Degradation in Neurodegeneration. Explor. Neurosci. 2024, 3, 1-26. [CrossRef]

Wu, X,; Yang, Z.; Zou, ].; Gao, H.; Shao, Z.; Li, C.; Lei, P. Protein Kinases in Neurodegenerative Diseases: Current Understandings
and Implications for Drug Discovery. Signal Transduct. Target. Ther. 2025, 10, 146. [CrossRef] [PubMed]

Zhou, X; Liu, Z,; Bai, G.; Dazhang, B.; Zhao, P; Wang, X.; Jiang, G. Bioinformatics Analysis of the Potential Receptor and
Therapeutic Drugs for Alzheimer’s Disease with Comorbid Parkinson’s Disease. Front. Aging Neurosci. 2024, 16, 1411320.
[CrossRef] [PubMed]

Bevan-Jones, W.R.; Surendranathan, A.; Passamonti, L.; Vazquez Rodriguez, P.; Arnold, R.; Mak, E; Su, L.; Coles, ].P.; Fryer, T.D.;
Hong, Y.T.; et al. Neuroimaging of Inflammation in Memory and Related Other Disorders (NIMROD) Study Protocol: A Deep
Phenotyping Cohort Study of the Role of Brain Inflammation in Dementia, Depression and Other Neurological Illnesses. BM]
Open 2017, 7, €013187. [CrossRef] [PubMed]

Chouliaras, L.; Thomas, A.; Malpetti, M.; Donaghy, P.; Kane, J.; Mak, E.; Savulich, G.; Prats-Sedano, M.A.; Heslegrave, A.J;
Zetterberg, H.; et al. Differential Levels of Plasma Biomarkers of Neurodegeneration in Lewy Body Dementia, Alzheimer’s
Disease, Frontotemporal Dementia and Progressive Supranuclear Palsy. J. Neurol. Neurosurg. Psychiatry 2022, 93, 651-658.
[CrossRef] [PubMed]

Malpetti, M.; Swann, P; Tsvetanov, K.A.; Chouliaras, L.; Strauss, A.; Chikaura, T.; Murley, A.G.; Ashton, N.J.; Barker, P; Jones, P.S.;
et al. Blood Inflammation Relates to Neuroinflammation and Survival in Frontotemporal Lobar Degeneration. Brain 2025, 148,
493-505. [CrossRef] [PubMed]

Chia, R.; Sabir, M.S.; Bandres-Ciga, S.; Saez-Atienzar, S.; Reynolds, R.H.; Gustavsson, E.; Walton, R.L.; Ahmed, S.; Viollet, C.;
Ding, J.; et al. Genome Sequencing Analysis Identifies New Loci Associated with Lewy Body Dementia and Provides Insights
into Its Genetic Architecture. Nat. Genet. 2021, 53, 294-303. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27156875


https://doi.org/10.1093/brain/awae090
https://www.ncbi.nlm.nih.gov/pubmed/38527854
https://doi.org/10.1254/jpssuppl.96.0_4-B-P-288
https://doi.org/10.1016/j.bbamcr.2022.119294
https://www.ncbi.nlm.nih.gov/pubmed/35597451
https://doi.org/10.1080/15548627.2021.1875611
https://www.ncbi.nlm.nih.gov/pubmed/33459145
https://doi.org/10.12182/20250560503
https://www.ncbi.nlm.nih.gov/pubmed/40964122
https://doi.org/10.1002/gps.5068
https://www.ncbi.nlm.nih.gov/pubmed/30706571
https://doi.org/10.1002/alz.14375
https://www.ncbi.nlm.nih.gov/pubmed/39711511
https://doi.org/10.1111/bpa.12948
https://www.ncbi.nlm.nih.gov/pubmed/33780087
https://doi.org/10.1002/alz.70116
https://www.ncbi.nlm.nih.gov/pubmed/40145305
https://doi.org/10.1002/alz.14381
https://www.ncbi.nlm.nih.gov/pubmed/39853853
https://doi.org/10.1016/j.arr.2022.101791
https://www.ncbi.nlm.nih.gov/pubmed/36403890
https://doi.org/10.3389/fphar.2023.1238639
https://www.ncbi.nlm.nih.gov/pubmed/37601068
https://doi.org/10.37349/en.2024.00033
https://doi.org/10.1038/s41392-025-02179-x
https://www.ncbi.nlm.nih.gov/pubmed/40328798
https://doi.org/10.3389/fnagi.2024.1411320
https://www.ncbi.nlm.nih.gov/pubmed/38894850
https://doi.org/10.1136/bmjopen-2016-013187
https://www.ncbi.nlm.nih.gov/pubmed/28064175
https://doi.org/10.1136/jnnp-2021-327788
https://www.ncbi.nlm.nih.gov/pubmed/35078917
https://doi.org/10.1093/brain/awae269
https://www.ncbi.nlm.nih.gov/pubmed/39155063
https://doi.org/10.1038/s41588-021-00785-3
https://www.ncbi.nlm.nih.gov/pubmed/33589841
https://doi.org/10.3390/ijms27156875

Int. J. Mol. Sci. 2026, 27, 6875 16 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bayram, E. Sex and Gender Differences in Lewy Body Dementia: A Narrative Review. Equity Neurosci. 2025, 1, 100009. [CrossRef]
[PubMed]

Wyman-Chick, K.A.; Ferman, T.J.; Armstrong, M.]J.; Chrenka, E.A.B.; Chiu, S.Y,; Patel, B.; Barrett, M.].; Bayram, E. Sex Differences
in Prodromal Dementia with Lewy Bodies Using the National Alzheimer’s Coordinating Center Data. Alzheimers Dement. 2025,
21, €70275. [CrossRef] [PubMed]

Enroth, S.; Hallmans, G.; Grankvist, K.; Gyllensten, U. Effects of Long-Term Storage Time and Original Sampling Month on
Biobank Plasma Protein Concentrations. EBioMedicine 2016, 12, 309-314. [CrossRef] [PubMed]

Jost, S.T.; Kaldenbach, M.; Antonini, A.; Martinez-Martin, P.; Timmermann, L.; Odin, P; Katzenschlager, R.; Borgohain, R.; Fasano,
A,; Stocchi, F; et al. Levodopa Dose Equivalency in Parkinson’s Disease: Updated Systematic Review and Proposals. Mov. Disord.
2023, 38, 1236-1252. [CrossRef] [PubMed]

Pietzner, M.; Beuchel, C.; Demircan, K.; Hoffmann Anton, J.; Zeng, W.; Romisch-Margl, W.; Yasmeen, S.; Uluvar, B.; Zoodsma,
M.; Koprulu, M.; et al. Machine Learning-Guided Deconvolution of Plasma Protein Levels. Mol. Syst. Biol. 2025, 21, 1822-1844.
[CrossRef] [PubMed]

Law, C.W.; Zeglinski, K.; Dong, X.; Alhamdoosh, M.; Smyth, G.K,; Ritchie, M.E. A Guide to Creating Design Matrices for Gene
Expression Experiments. F1000Research 2020, 9, 1444. [CrossRef] [PubMed]

John Turner. Parkinson’s Disease Measurement: PwP, Surveys, Trials, Analysis. PwP for PwP. Available online: https://www.
parkinsonsmeasurement.org/ (accessed on 5 December 2025).

Ge, S.X,; Jung, D.; Yao, R. ShinyGO: A Graphical Gene-Set Enrichment Tool for Animals and Plants. Bioinformatics 2020, 36,
2628-2629. [CrossRef] [PubMed]

Kumar, S.; Agarwal, A.; Sarmah, D.T.; Chatterjee, S. Konnect2prot 2.0: Integrating Advanced Analytical Tools for Deeper
Understanding of Protein Properties in a Functional Protein-Protein Interaction Network. Comput. Struct. Biotechnol. J. 2025, 27,
3036-3044. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27156875


https://doi.org/10.1016/j.neuros.2025.100009
https://www.ncbi.nlm.nih.gov/pubmed/41262225
https://doi.org/10.1002/alz.70275
https://www.ncbi.nlm.nih.gov/pubmed/40390234
https://doi.org/10.1016/j.ebiom.2016.08.038
https://www.ncbi.nlm.nih.gov/pubmed/27596149
https://doi.org/10.1002/mds.29410
https://www.ncbi.nlm.nih.gov/pubmed/37147135
https://doi.org/10.1038/s44320-025-00158-6
https://www.ncbi.nlm.nih.gov/pubmed/41068475
https://doi.org/10.12688/f1000research.27893.1
https://www.ncbi.nlm.nih.gov/pubmed/33604029
https://www.parkinsonsmeasurement.org/
https://www.parkinsonsmeasurement.org/
https://doi.org/10.1093/bioinformatics/btz931
https://www.ncbi.nlm.nih.gov/pubmed/31882993
https://doi.org/10.1016/j.csbj.2025.07.006
https://www.ncbi.nlm.nih.gov/pubmed/40687990
https://doi.org/10.3390/ijms27156875

	Introduction 
	Results 
	Differential Protein Expression in DLB vs. Control and DLB vs. MCI+/AD 
	Classification Analysis Using Receiver Operating Characteristic Curves for Differentiating DLB from MCI+/AD 
	Serum Proteins Associated with Survival in the DLB and MCI+/AD Group 
	Network and Pathway Analysis of Differentially Expressed Proteins in Controls, MCI+/AD, and DLB 

	Discussion 
	Materials and Methods 
	Participants and Clinical Data 
	Clinical Assessments 
	Sample Preparation & Molecular Analyses 
	Assays 
	Statistical & Bioinformatics Analyses 

	Conclusions 
	References

