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Abstract
Background  Fluid protein studies in cerebrospinal fluid (CSF) and plasma have provided important insights into 
neurodegenerative dementias; however, there is a limited investigation of sex-related differences and cross-biofluid 
relationships. In Alzheimer’s disease (AD), Lewy body dementia (LBD), and frontotemporal dementia (FTD), large-
scale, sex-stratified analyses of paired CSF and plasma samples remain scarce. Using the multiplex and ultrasensitive 
capabilities of NULISAseq™ technology, this study aims to characterize sex- and disease-specific proteomic alterations 
associated with Central Nervous System (CNS) pathology to explore underlying mechanisms.

Methods  CSF and plasma samples from 359 individuals with AD, LBD, FTD, and cognitively healthy controls were 
analyzed using the NULISAseq™ CNS Disease Panel 120. Differential protein expression analyses were conducted 
across diagnoses and stratified by sex, adjusting for relevant covariates. Spearman’s correlation analyses were 
performed to assess concordance between CSF and plasma protein levels. All statistical analyses were conducted in R 
v4.4.3.

Results  Differential protein expression analyses across diagnoses revealed two potential transdiagnostic biomarkers: 
ICAM1 in CSF and ANXA5 in plasma, showing consistent increases across AD, LBD, and FTD. Sex-stratified analyses in 
CSF showed modest changes, including higher CCL26, ANXA5, and IL10 in females with AD, and higher IL9, PRDX6, 
and CX3CL1 in males with AD. In LBD, females exhibited upregulation of ACHE, SFRP1, POSTN in both CSF and plasma. 
NPTX1 was identified as a potential CSF biomarker for FTD, showing downregulation particularly in males. In contrast, 
analyses stratified by sex in plasma displayed a larger number of proteins across all dementias, with females showing 
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​​Background
Neurodegenerative dementias represent a major global 
health burden, with prevalence expected to rise dramati-
cally as the population ages [1]. Among these, Alzheim-
er’s disease (AD), Lewy body dementia (LBD), and 
frontotemporal dementia (FTD) together account for 
the majority of cases [2], yet the biological mechanisms 
underlying sex differences in disease prevalence remain 
not fully understood. Increasing evidence indicates that 
sex is a critical biological variable influencing disease sus-
ceptibility, progression, and clinical phenotypes, as well 
as response to therapeutic interventions [3]. Recently, a 
review integrated imaging and single-biofluid biomarker 
evidence to summarize sex differences in neurodegenera-
tive dementias [4]. Proteomic analyses can offer a promis-
ing approach to identify sex-specific molecular signatures 
that may contribute to the prevalence differences.

AD is the most common form of dementia, accounting 
for 60–70% of cases worldwide. Its prevalence is consis-
tently higher in females, even after adjusting for longer 
life expectancy and other potential confounders, suggest-
ing that biological factors beyond longevity contribute 
to disease vulnerability [5, 6]. Sex differences have been 
observed in cognitive trajectories, structural and func-
tional neuroimaging measures [7], and in inflammatory 
and synaptic protein profiles [8, 9]. This growing evi-
dence collectively highlight that sex-related mechanisms 
are integral to AD heterogeneity and should be incorpo-
rated into disease modeling, biomarker discovery, and 
therapy development.

LBD, the second most common degenerative dementia 
[10], shows a male predominance [11, 12], and its clinical 
presentation differs between sexes: women are less likely 
to exhibit hallmark motor and behavioral symptoms, 
contributing to higher underdiagnosis rates [12, 13]. 
Men, in turn, tend to show more parkinsonism and REM 
sleep behavior disorder, whereas women often experi-
ence more severe cognitive impairment [14]. However, 
sex-specific fluid biomarker data in LBD are scarce, and 
their implications for pathogenesis and disease heteroge-
neity remain largely unexplored.

FTD comprises a heterogeneous spectrum of clinical 
and pathological entities, typically presenting at younger 
ages and imposing substantial social and economic bur-
den [15]. Epidemiological studies suggest a higher risk 
of certain subtypes – particularly the behavioral vari-
ant (bvFTD) – in men [16, 17]. Moreover, genetic forms 
involving MAPT, GRN, and C9orf72 mutations, may 
exhibit sex-related modulation in penetrance and clinical 
expression [18]. Nevertheless, findings remain inconsis-
tent, and systematic studies of sex-dependent proteomic 
profiles in FTD are lacking.

Despite growing recognition of sex as a determinant 
of neurodegenerative disease biology, few studies have 
assessed sex-specific proteomic alterations across major 
dementias. Most available work has focused on AD brain 
tissue [19–21], while LBD and FTD remain underrepre-
sented in works with sex-stratified analyses. Moreover, 
comparisons between cerebrospinal fluid (CSF) and 
plasma proteomes in relation to sex are largely absent, 
leaving a critical gap in understanding interactions 
between peripheral and central nervous system (CNS) 
processes interact across neurodegenerative diseases.

Recent advances in ultrasensitive proteomic tech-
nologies now enable comprehensive molecular profiling 
of CNS pathology. The Nucleic acid Linked Immuno-
Sandwich Assay with next-generation sequencing 
(NULISAseq™) platform provides high-sensitivity multi-
plex quantification of low-abundance proteins in bioflu-
ids, with superior analytical performance and dynamic 
range compared to conventional immunoassays [22]. 
Previous studies have primarily benchmarked NULISA-
seq™ in AD, demonstrating robust quantification of 
established biomarkers —including phosphorylated tau 
protein at residue 217 (p-Tau217), phosphorylated tau 
protein at residue 181 (p-Tau181), total tau, amyloid-
beta 42 (Aβ42), and glial fibrillary acidic protein (GFAP) 
[23]— showing strong agreement with measurements 
obtained using standard assays, as well as with longitu-
dinal tau- and Aβ-PET changes [24–26]. Other studies 
have included additional dementias such as FTD or LBD; 
however, most have focused on a single biofluid [27–29].

a higher number of upregulated inflammation-related proteins predominantly involved in cytokine signaling. Overall 
cross-fluid correlations were restricted to a small subset of proteins, indicating compartment-specific regulation.

Conclusions  This study represents a large-scale, sex-stratified proteomic analysis of CSF and plasma across major 
neurodegenerative dementias using NULISAseq™ technology. The findings highlight sex-dependent biomarker 
patterns, particularly in plasma, and underscore the importance of incorporating sex as a biological variable in 
dementia research. Future studies should validate candidate proteins in independent cohorts, investigate their 
functional and mechanistic roles, and assess their utility for biomarker development and sex-tailored therapeutic 
strategies.

Keywords  Proteomics, Sex, Neurodegeneration, Cerebrospinal fluid, Plasma, Alzheimer’s disease, Lewy body 
dementia, Frontotemporal dementia, Biomarkers, Inflammation
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We simultaneously profiled CNS-related proteins 
in both CSF and plasma from participants with AD, 
LBD, FTD, and healthy controls (HC). Our goal was to 
characterize sex-specific proteomic alterations across 
these three diseases, with particular emphasis on AD, 
where sex prevalence differences are most evident and 
yet incompletely understood. To our knowledge, this 
represents one of the firsts large-scale, sex-stratified 
NULISAseq™ analyses across three neurodegenerative 
dementias in paired CSF and plasma samples, providing 
novel insight into how sex shapes molecular mechanisms 
in each disease.

Methods
Participants
The study cohort comprised 359 participants classified 
into AD, LBD, FTD and HC groups, recruited from the 
Alzheimer’s Disease and other Cognitive Disorders Unit, 
at Hospital Clínic de Barcelona (N = 313) and the Bio-
medical Research Institute of Lleida (IRBLleida) (N = 46, 
including 26 HC and 20 AD participants).

Only participants aged over 50 years were included to 
homogenize the cohorts. Patients with sporadic amnes-
tic AD were included if they met clinical diagnostic cri-
teria for mild cognitive impairment due to AD or mild 
AD dementia [30], supported by an AD-consistent CSF 
biomarker profile [31]. Individuals with atypical clinical 
presentations (e.g., primary progressive aphasia) or auto-
somal dominant AD were excluded to ensure etiological 
homogeneity. The LBD group fulfilled established clini-
cal diagnostic criteria for dementia with Lewy bodies [32] 
and was required to have a CSF positive alpha-synuclein 
RT-QuIC assay and a negative p-Tau181 biomarker for 
AD (< 65 pg/mL). The latter criterion was applied to min-
imize potential co-pathology with AD. The FTD group 
comprised exclusively patients meeting clinical criteria 
for the sporadic bvFTD [33], selected to reduce hetero-
geneity within the cohort. The HC group included cog-
nitively unimpaired individuals aged over 50 years with 
normal performance on a comprehensive neuropsycho-
logical battery and normal CSF AD biomarker levels.

Sample collection
CSF samples were obtained by lumbar puncture and col-
lected into polypropylene tubes, while plasma samples 
were obtained by venipuncture into EDTA tubes. All 
samples were centrifuged within two hours after collec-
tion at 4 °C for 10 min at 2000×g, except for those from 
IRB Lleida, which were processed at room temperature 
for 10  min at 1000×g for CSF and 1500×g for plasma. 
Samples were stored at − 80  °C in polypropylene tubes 
until further use, with a maximum storage time of 10 
years after collection. All samples underwent a single 
freeze–thaw cycle.

After storage, all samples were processed and analyzed 
using the same standardized workflow, minimizing cen-
ter-related variability.

NULISAseq™ assay
Plasma and CSF samples were analyzed using the 
NULISAseq™ CNS Disease Panel 120 (Alamar Biosci-
ences, Fremont, CA, USA) [22], which targets ~ 120 pro-
teins related to neurodegeneration, inflammation, and 
immune response. From each sample, 10–20 µL of CSF 
or plasma was plated in 96-well plates. Samples were 
randomized within each fluid type and distributed in 4 
CSF plates and 4 plasma plates. Each plate included assay 
controls: internal sample controls (2 replicates/plate), 
inter-plate controls (IPC; 3 replicates/plate), and negative 
controls (2–3 replicates/plate).

NULISAseq™ is a highly sensitive proximity liga-
tion assay employing DNA-barcoded antibodies and a 
dual capture-release mechanism to enhance sensitivity 
and reduce background. Performed on Alamar’s auto-
mated ARGO™ system, immunocomplexes were cap-
tured, released, and recaptured on magnetic beads before 
ligation to generate DNA reporters with sample- and 
target-specific barcodes. These reporters were pooled, 
PCR-amplified, and sequenced on an instrument Biosci-
ences AVITI.

Normalization was conducted in two steps. First, intra-
plate normalization was performed by dividing each 
sample’s target counts by its internal control counts. 
Second, interplate normalization was applied by divid-
ing the normalized values by the target-specific median 
of the IPC wells on each plate. The normalized data were 
then rescaled, a pseudocount of 1 was added, and values 
were log₂-transformed to yield NULISA Protein Quanti-
fication (NPQ) units, used in all downstream statistical 
analyses.

Fold changes between groups were calculated as 
2^(ΔNPQ). Assay reproducibility was evaluated using 
intra- and inter-plate coefficients of variation based on 
the internal sample controls. Limits of detection (LOD) 
were defined for each target and plate as the mean plus 
three standard deviations of the unlogged normalized 
counts from the negative controls, followed by log₂ trans-
formation. A target was considered detectable if more 
than 50% of the samples showed a signal above the LOD. 
It is generally recommended to apply a 50% detectability 
threshold within each plate as a criterion for inclusion in 
downstream analyses. For each biofluid, four plates were 
analyzed, and some targets were excluded completely (if 
LOD < 50% in 3 or 4 plates) or partially (if LOD < 50% in 
1 or 2 plates).
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Pathway classification of proteins showing sex‑specific 
differential expression
To biologically contextualize the proteins that were 
uniquely differentially expressed in one sex in the sex-
stratified comparisons, we classified them according to 
the predefined pathway categories of the NULISAseq 
CNS Disease 120 Panel (Alamar Biosciences). The panel 
groups approximately 120 proteins into eight major 
biological pathways relevant to central nervous system 
diseases: Aberrant proteostasis, Altered Energy Homeo-
stasis, Cytoskeletal Abnormalities, DNA and/or RNA 
defects, Inflammation, Pathological Protein Aggregation, 
Synaptic and Neuronal Network Defects and Neuronal 
Cell Death, as described by the manufacturer ​(​​​h​t​​t​p​s​​:​/​/​a​​l​
a​​m​a​r​b​i​o​.​c​o​m​/​n​u​l​i​s​a​s​e​q​-​c​n​s​-​d​i​s​e​a​s​e​-​p​a​n​e​l​/​​​​​) and based in 
literature [34].

Results
Cohort characteristics
The CSF cohort comprised a total of 339 participants: 
189 patients with AD, 36 with LBD, 50 with bvFTD and 
64 HC. The plasma cohort included 335 participants: 191 
patients with AD, 34 with LBD, 46 with bvFTD, and 64 
HC. Paired CSF-plasma samples were available for 97.6% 
of AD, 84.2% of LBD, 88.2% of FTD, and 64.1% of HC 
participants.

Participant demographics and clinical characteristics 
are described in Table 1 (CSF) and Table 2 (plasma).

Quality control
Rigorous quality control procedures were applied to 
ensure the reliability of the proteomic data. Five CSF 
and four plasma samples were excluded based on poor 
detectability and suboptimal quality metrics.

Protein targets were excluded when their detectability 
or reproducibility fell below predefined thresholds. Spe-
cifically, NEFH and Ab38 were removed in both fluids 
because of high inter-plate coefficient of variation, and 
APOE4 was excluded since it served solely for genotyp-
ing purposes.

In CSF, 19 additional targets showed insufficient detect-
ability across most plates and were therefore excluded 
(BDNF, GDNF, HBA1, IL17A, IL1B, IL2, IL4, MME, 
Oligo-SNCA, PDLIM5, pTDP43-409, RUVBL2, S100A12, 
UBB, YWHAZ, SAA1, VGF, BASP1, and IL33), with a 
detectability of 83.5%. A few targets failing QC on one 
or two of the four plates were excluded only from those 
plates (ARSA, CCL22, pSNCA-129, TNF, NGF, REST, 
CCL11, CCL26, pSNCA-129, VEGFD, FGF2, UCHL1, 
and YWHAG). The final number of samples analyzed for 
these targets is reported in Table S1 (Additional File 1).

In plasma, UCHL1, GDI1, and SNCB were excluded 
because they showed low detectability across at least 
three of the four plates, giving a detectability of 97.6%. 

Statistical analysis
Differential protein expression was evaluated with mul-
tivariant linear regression models implemented in the 
limma package (Bioconductor), which apply an empiri-
cal Bayes-moderated t-test. All analyses were adjusted 
by age. In addition, comparisons involving AD were fur-
ther adjusted by APOEε4 allele presence. The compari-
son between LBD and HC was additionally adjusted for 
sex because the sex distribution between the two groups 
was significantly unbalanced. To adjust for multiple com-
parisons, false discovery rate (FDR) corrections were 
applied to each group-wise comparison. Proteins were 
considered differentially expressed when the absolute 
log2 fold change (log2 FC) was ≥ 0.5 and the adjusted 
p-value < 0.05. All p-values reported in this study are 
FDR-adjusted unless otherwise stated.

Sex-stratified analyses were subsequently conducted 
following the same modelling strategy and adjustment 
approach. Comparisons were conducted separately for 
females (patients vs. HC) and males (patients vs. HC). 
In these analyses, where adjustment for sex is not appli-
cable, the use of limma inherently stabilizes variance 
estimates and improves statistical reliability in the com-
parisons with a small sample size. Then Venn Diagrams 
were performed to assess the similarities and differences 
between females and males for each disease.

We subsequently examined selected significantly 
altered proteins to assess differences between diagnos-
tic groups using a multivariant linear regression model, 
followed by post hoc pairwise comparisons with the 
emmeans package in R. These models were adjusted 
for age, sex, and APOEε4 allele presence, and FDR cor-
rection was applied to account for multiple compari-
sons. Individual NULISAseq™ markers were visualized 
using boxplots to independently assess their diagnostic 
performance.

To evaluate the concordance between NULISAseq™ 
and established immunoassay platforms, we compared 
the concentrations of two established neurodegeneration 
biomarkers —light-chain neurofilaments (NEFL), and 
p-Tau217— measured using NULISAseq™ (NPQ values), 
Lumipulse (for plasma p-Tau217 and NEFL, pg/ml), and/
or SIMOA (for CSF NEFL; pg/ml). Spearman correlation 
analyses were performed to assess agreement between 
NULISAseq™ and the conventional platforms. Correla-
tion models were fitted across all diagnostic groups com-
bined to demonstrate the overall analytical concordance 
and global biomarker performance.

To assess the correlation between NPQ values and CSF 
and plasma biomarkers, Spearman correlation analyses 
were performed adjusting for age, sex and APOEε4 allele 
presence, and using FDR for multiple testing correction.

All analyses were performed in R ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​r​-​p​r​o​j​e​c​
t​.​o​r​g​​​​​) statistical software v4.4.3.

https://alamarbio.com/nulisaseq-cns-disease-panel/
https://alamarbio.com/nulisaseq-cns-disease-panel/
https://www.r-project.org
https://www.r-project.org
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Additional targets that failed QC on a single plate (UBB, 
YWHAG, BASP1 and YWHAG) were excluded only 
from the affected one. The final number of samples ana-
lyzed for these targets is reported in Table S1 (Additional 
File 1).

Differential protein levels analysis
Single full-disease cohort vs. healthy controls comparisons
In CSF, differential expression analyses identified pro-
teins significantly dysregulated relative to HC: 45 in AD, 
41 in LBD, and 7 in FTD. Most proteins were upregu-
lated compared with HC, except for NPTX1, NPTX2 and 
NPTXR (logFC = -0.589, p = 1.29 × 10⁻³; logFC = -0.926, 
p = 7.92 × 10⁻⁷; logFC = -0.651, p = 7.92 × 10⁻⁷), which were 
downregulated in FTD. GFAP, ICAM1, and NEFL were 
consistently elevated across all groups, while AD and 
LBD showed extensive overlap in their CSF proteomic 

profiles (Fig. 1A). In plasma, differentially expressed pro-
teins compared with HC were 11 in AD, 13 in LBD, and 
16 in FTD. Like in CSF, most proteins were upregulated, 
except for Hemoglobin subunit alpha 1 (HBA1), which 
was decreased in AD (logFC = -1.303, p = 4.22 × 10⁻⁴) and 
FTD (logFC = -0.997, p = 4.25 × 10⁻²). All p-values have 
been FDR-corrected. The overlap between dysregulated 
plasma protein signatures is shown in Fig.  1B. Annexin 
A5 (ANXA5) and NEFL were commonly upregulated 
across all three dementia groups.

Complete statistical results for all the CSF and plasma 
comparisons are provided in Additional File 2. The lists 
of specific and common dysregulated proteins in each 
fluid are available in Additional File 3.

Sex-stratified analyses in Alzheimer’s disease
In CSF, the comparison between female AD (fAD) 
and female HC (fHC) identified 47 differentially 

Table 1  Demographics of the cerebrospinal fluid samples 
cohort
Characteristic HC

N = 64
AD
N = 189

LBD
N = 36

FTD
N = 50

p-val‑
ue*

Age (years) 65 [59, 
70]

70 [66, 
74]

71 [67, 
74]

66 [59, 
73]

< 0.001

AAO (years) 59 [57, 
65]

66 [62, 
70]

68 [64, 
71]

63 [55, 
68]

< 0.001

Sex (N, % Female) 31 
(48%)

95 (50%) 8 (22%) 21 
(42%)

0.014

APOEε4 carrier 
(N, %)

9 (16%) 121 
(64%)

10 (31%) 7 (18%) < 0.001

MMSE 29.0 
[28.0, 
29.0]

24.0 
[21.0, 
26.0]

26.0 [24.0, 
27.0]

25.0 
[20.0, 
27.0]

< 0.001

CSF Aβ42 999 
[775, 
1,187]

427 [352, 
524]

652 [465, 
880]

812 
[587, 
1,052]

< 0.001

CSF t-Tau 234 
[179, 
282]

663 [527, 
825]

299 [242, 
366]

303 
[234, 
396]

< 0.001

CSF p-Tau181 40 [32, 
51]

99 [82, 
133]

38 [31, 
48]

35 [28, 
48]

< 0.001

CSF NfL 485 
[414, 
632]

1,066 
[805, 
1,357]

873 [739, 
1,179]

1,436 
[782, 
2,865]

< 0.001

Plasma p-Tau217 0.08 
[0.06, 
0.12]

0.73 
[0.47, 
1.00]

0.17 [0.10, 
0.27]

0.19 
[0.11, 
0.35]

< 0.001

Plasma p-Tau181 11 [10, 
13]

26 [22, 
37]

17 [13, 
28]

13 [10, 
17]

< 0.001

Plasma NfL 12 [9, 
14]

20 [16, 
25]

25 [14, 
30]

20 [15, 
29]

< 0.001

Continuous variables are expressed as median [Q1, Q3]. Biomarker 
concentrations are expressed in pg/mL

Abbreviations: AAO age at onset, Aβ amyloid beta, AD Alzheimer’s disease, APOE 
apolipoprotein E, FTD frontotemporal dementia, LBD Lewy body dementia, 
MMSE Mini-Mental State Examination, NfL neurofilament light chain, t-Tau total 
Tau, p-Tau phosphorylated Tau

*Kruskal-Wallis rank sum test is used for continuous variables and Fisher’s Exact 
Test for categorical variables

Table 2  Demographics of the plasma samples cohort
Characteristic HC

N = 64
AD
N = 191

LBD
N = 34

FTD
N = 46

p-val‑
ue*

Age (years) 68 [60, 
71]

70 [66, 
74]

70 [65, 
74]

66 [59, 
73]

0.002

AAO (years) 64 [58, 
67]

66 [62, 
70]

67 [62, 
70]

63 [55, 
68]

0.041

Sex (N, % Female) 33 (52%) 96 (50%) 7 (21%) 19 
(41%)

0.004

APOEε4 carrier 
(N, %)

11 (17%) 122 
(64%)

10 
(30%)

6 (15%) < 0.001

MMSE 29.0 [28.0, 
30.0]

24.0 
[21.0, 
26.0]

26.0 
[23.0, 
27.0]

23.5 
[19.0, 
27.0]

< 0.001

CSF Aβ42 982 [772, 
1,164]

426 [349, 
524]

652 
[404, 
879]

836 
[587, 
1,069]

< 0.001

CSF t-Tau 231 [173, 
284]

662 [524, 
825]

296 
[237, 
366]

320 
[243, 
396]

< 0.001

CSF p-Tau181 40 [33, 
52]

99 [82, 
132]

39 [31, 
45]

36 [30, 
48]

< 0.001

CSF NfL 485 [414, 
632]

1,077 
[806, 
1,377]

873 
[715, 
1,170]

1,436 
[812, 
3,131]

< 0.001

Plasma p-Tau217 0.08 [0.07, 
0.14]

0.72 
[0.47, 
1.00]

0.17 
[0.10, 
0.27]

0.16 
[0.11, 
0.35]

< 0.001

Plasma p-Tau181 12 [11, 
13]

26 [22, 
35]

21 [14, 
29]

13 [10, 
17]

< 0.001

Plasma NfL 12 [10, 
15]

20 [16, 
25]

25 [14, 
30]

20 [15, 
29]

< 0.001

Continuous variables are expressed as median [Q1, Q3]. Biomarker 
concentrations are expressed in pg/mL

Abbreviations: AAO age at onset, Aβ amyloid beta, AD Alzheimer’s disease, APOE 
apolipoprotein E, FTD frontotemporal dementia, LBD Lewy body dementia, 
MMSE Mini-Mental State Examination, NfL neurofilament light chain, t-Tau total 
Tau, p-Tau phosphorylated Tau

*Kruskal-Wallis rank sum test is used for continuous variables and Fisher’s Exact 
Test for categorical variables
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expressed proteins (Fig.  2A), whereas the male com-
parison revealed 46 (Fig. 2B), with 42 dysregulated pro-
teins shared between sexes (Fig.  2C). Female-specific 
proteins showing the largest effects included CCL26 
(logFC = 0.977, p = 1.10 × 10⁻²), ANXA5 (logFC = 0.700, 
p = 5.00 × 10⁻³), CXCL8 (logFC = 0.609, p = 1.46 × 10⁻⁵) and 
IL10 (logFC = 0.607, p = 1.32 × 10⁻3). In male AD (mAD) 

versus male HC (mHC) comparison, the strongest spe-
cific differences were observed for IL9 (logFC = 0.781, 
p = 6.98 × 10⁻⁵), PRDX6 (logFC = 0.575, p = 1.01 × 10⁻³), 
and CX3CL1 (logFC = 0.546, p = 1.01 × 10⁻³).

In plasma, 25 proteins were differentially expressed in 
fAD versus fHC (Fig. 2D), whereas only four were found 
in mAD versus mHC (Fig. 2E), three of which overlapped 

Fig. 2  Sex-specific differential protein expression in CSF and plasma in Alzheimer’s disease (AD). Proteins shown were significantly differentially expressed 
(false discovery rate [FDR] adjusted p < 0.05) and |log₂FC| ≥ 0.5) between female and male AD groups compared with healthy controls (HC). Volcano plots 
illustrate differentially expressed proteins between AD and HC subjects stratified by sex in cerebrospinal fluid (CSF; A–B) and plasma (D–E). Red points 
indicate a significant increase in protein levels; blue points indicate a significant decrease in protein levels. Venn diagrams (C, F) illustrate sex-specific dif-
ferences (blue and red) and the overlap (pink) between sexes

 

Fig. 1  Overlap of differentially expressed proteins across dementia groups. Venn diagrams illustrating the overlap of differentially expressed proteins 
in cerebrospinal fluid (A) and plasma (B) across the three dementia groups compared with healthy controls (FDR-adjusted p < 0.05). Abbreviations: AD, 
Alzheimer’s Disease; FTD, frontotemporal dementia; LBD, Lewy body dementia
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between sexes (Fig.  2F). Proteins uniquely altered in 
fAD included ANXA5 (logFC = 1.767, p = 5.76 × 10⁻³), 
NRGN (logFC = 1.723, p = 4.61 × 10⁻⁴), and CD40LG 
(logFC = 1.368, p = 5.95 × 10⁻⁴). In mAD, HBA1 (logFC = 
− 1.969, p = 6.42 × 10⁻⁵) represented the only sex-specific 
change.

All dysregulated proteins were upregulated relative to 
their respective HC, with the exception of HBA1 in mAD 
and VEGFD (logFC = − 0.597, p = 1.69 × 10⁻²) in fAD. 
ANXA5 was the only protein consistently increased in 
both CSF and plasma in fAD.

Complete statistical data for all the sex-stratified com-
parisons in CSF and plasma are provided in Additional 
File 4. The lists of specific and common dysregulated pro-
teins in each fluid are available in Additional File 3.

Exploratory sex-stratified analyses in Lewy body dementia
In CSF, the comparison between female LBD (fLBD) 
and fHC identified 38 differentially expressed pro-
teins (Fig.  3A), while the male comparison (mLBD vs. 
mHC) revealed 25 proteins (Fig.  3B), with 23 shared 
between sexes (Fig.  3C). Proteins showing the largest 
female-specific effects included SFRP1 (logFC = 2.052, 
p = 2.25 × 10⁻²), CCL26 (logFC = 1.709, p = 3.02 × 10⁻²), and 
POSTN (logFC = 1.634, p = 1.14 × 10⁻²); in males, the the 
only male-specific differences were observed for GDF15 

(logFC = 1.459, p = 3.24 × 10⁻²) and PTN (logFC = 0.764, 
p = 4.98 × 10⁻²).

In plasma, 26 proteins were differentially expressed 
in fLBD versus fHC (Fig.  3D) and two in mLBD versus 
mHC (Fig.  3E), of which one protein was common to 
both sexes (Fig.  3F). Female-specific differences were 
driven by ANXA5 (logFC = 2.646, p = 4.24 × 10⁻²), NRGN 
(logFC = 2.476, p = 2.78 × 10⁻²), and PGK1 (logFC = 2.195, 
p = 3.18 × 10⁻²), whereas HBA1 (logFC = − 1.409, 
p = 3.94 × 10⁻²) represented the only male-specific change.

Proteins upregulated in both CSF and plasma of fLBD 
included ACHE, SFRP1, POSTN and MAPT, and all were 
upregulated relative to HC, except for HBA1 in mLBD, 
which was downregulated.

Complete statistical data for sex-stratified LBD com-
parisons in CSF and plasma are provided in Additional 
File 5. The lists of specific and common dysregulated 
proteins in each fluid are available in Additional File 3. 
These results should be interpreted as exploratory and 
hypothesis-generating due to the small sample size in 
fLBD group.

Sex-stratified analyses in frontotemporal dementia
In CSF, the number of differentially expressed proteins 
with respect to HC was small, with three identified 
in female FTD (fFTD; Fig.  4A) and four in male FTD 

Fig. 3  Exploratory sex-specific differential protein expression in CSF and plasma in Lewy body dementia (LBD). Proteins shown were significantly differ-
entially expressed (false discovery rate [FDR] adjusted p < 0.05) and |log₂FC| ≥ 0.5) between female and male LBD groups compared with healthy controls 
(HC). Volcano plots illustrate differentially expressed proteins between LBD and HC subjects stratified by sex in cerebrospinal fluid (CSF; A–B) and plasma 
(D–E). Red points indicate a significant increase in protein levels; blue points indicate a significant decrease in protein levels. Venn diagrams (C, F) illustrate 
sex-specific differences (blue and red) and the overlap (pink) between sexes. Female LBD significant proteins should be interpreted as exploratory due to 
the small sample size in this subgroup
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(mFTD; Fig.  4B), three of which overlapped between 
sexes (Fig.  4C). Among male-specific findings, NPTX1 
(logFC = − 0.605, p = 3.81 × 10⁻²) was the only differen-
tially expressed.

In plasma, ten proteins were significantly altered 
in fFTD versus fHC (Fig.  4D), and one in mFTD vs. 
mHC (Fig. 4E), which was shared across sexes (Fig. 4F). 
Female-specific differences were driven by TARDBP 
(logFC = 1.755, p = 1.13 × 10⁻³), CCL17 (logFC = 1.645, 
p = 9.81 × 10⁻³), and TIMP3 (logFC = 1.524, p = 9.81 × 10⁻³).

All these dysregulated proteins were upregulated rela-
tive to HC, except for NPTX2 and NPTXR in fFTD, and 
NPTX1, NPTX2 and NPTXR in mFTD, which were sig-
nificantly downregulated in CSF.

Complete statistical data for all sex-stratified FTD com-
parisons in CSF and plasma are provided in Additional 
File 6. The lists of specific and common dysregulated pro-
teins in each fluid are available in Additional File 3.

Pathway classification of proteins showing sex-specific 
differential expression
The biological classification of proteins identified as 
uniquely differentially expressed in one sex is shown in 
Table 3, providing an overview of the biological processes 
represented by the sex-specific protein signatures across 
the analyzed comparisons.

Exploring protein levels correlations and similarities in 
dysregulated proteins in CSF and plasma
We assessed the correspondence between plasma and 
CSF protein levels in participants with paired samples 
(N = 315). Across all assays, 37 proteins showed sig-
nificant correlations after p-value adjusted by FDR 
(p < 0.05). The highest Spearman coefficients were 
observed for p-Tau217 (Rho = 0.72, p = 1.51 × 10⁻48), PDG-
FRB (Rho = 0.71, p = 2.15 × 10⁻47), p-Tau231 (Rho = 0.62, 
p = 2.1 × 10⁻33), KDR (Rho = 0.58, p = 2.51 × 10⁻28), 
p-Tau181 (Rho = 0.51, p = 4.25 × 10⁻21), IL13 (Rho = 0.51, 
p = 1.92 × 10⁻20), NEFL (Rho = 0.47, p = 3.06 × 10⁻17) and 
GFAP (Rho = 0.45, p = 2.97 × 10⁻16). A graphical summary 
of the top eight correlations is provided in Additional File 
7, and full correlations data in Additional File 8.

We next compared the differentially expressed proteins 
detected in CSF and plasma for each diagnostic group 
relative to HC. In AD and LBD, the number of dysreg-
ulated proteins was greater in CSF than plasma. Eight 
proteins were differentially expressed in both fluids in 
AD (Fig. 5A) and ten in LBD (Fig. 5B). In contrast, FTD 
showed more differentially expressed proteins in plasma 
than in CSF, with only one overlapping protein between 
the two fluids (NEFL; Fig. 5C).

Fig. 4  Sex-specific differential protein expression in CSF and plasma in frontotemporal dementia (FTD). Proteins shown were significantly differentially 
expressed (false discovery rate [FDR] adjusted p < 0.05) and |log₂FC| ≥ 0.5) between female and male FTD groups compared with healthy controls (HC). 
Volcano plots illustrate differentially expressed proteins between FTD and HC subjects stratified by sex in cerebrospinal fluid (CSF; A–B) and plasma (D–E). 
Red points indicate a significant increase in protein levels; blue points indicate a significant decrease in protein levels. Venn diagrams (C, F) illustrate sex-
specific differences (blue and red) and the overlap (pink) between sexes
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Comparison of NULISAseq™ and conventional 
immunoassays for NEFL and p-Tau217
Levels of the two established biomarkers showed posi-
tive correlations between NULISAseq™ and conven-
tional immunoassay measurements. In CSF, NEFL 
levels (N = 201) measured by NULISAseq™ correlated 

strongly with those obtained using SIMOA (Rho = 0.779, 
p = 3.8 × 10− 42; Fig.  6A). In plasma, two biomarkers 
showed also a strong correlation between NULISAseq™ 
and Lumipulse: p-Tau217 levels (N = 231; Rho = 0.739, 
p = 3.61 × 10− 41; Fig.  6B) and NEFL levels (N = 119; 
Rho = 0.938, p = 1.03 × 10− 55; Fig. 6C).

Table 3  Pathway classification of proteins showing sex-specific differentially expression, according to Alamar Biosciences predefined 
categories for the NULISAseq CNS Disease 120 panel

Aberrant 
proteostasis

Altered 
Energy 
Homeostasis

Cytoskeletal 
Abnormalities

DNA 
and/
or RNA 
defects

Inflammation Pathologi‑
cal Protein 
Aggregation

Synaptic and 
Neuronal Net‑
work Defects

Neu‑
ronal 
Cell 
Death

CSF
fAD vs. fHC - - - - PGF; CCL26; CXCL8; 

IL10; ANXA5
- - -

mAD vs. mHC - - - - IL9; PRDX6; CX3CL1 - FLT1 -

fLBD vs. fHC* - FABP3 - - POSTN; PGF; CCL26; 
TIMP3; CXCL8; IL10; 
CCL11; CCL2

MAPT SFRP1; ACHE; 
NGF; FOLR1

VSNL1

mLBD vs. 
mHC*

- - - - GDF15 - PTN -

fFTD vs. fHC - - - - - - - -

mFTD vs. mHC - - - - - - NPTX1 -

Plasma
fAD vs. fHC SQSTM1 SOD1; PGK1; 

ENO2
NEFL TARDBP POSTN; ANXA5; CCL17; 

CD40LG; IL7; IL18;
TIMP3

pTau181; MAPT; 
HTT, pSNCA-129; 
SNCA

VEGFD; FGF2; 
NPY; NRGN

-

mAD vs. mHC - HBA1 - - - - - -

fLBD vs. fHC* KLK6; 
SQSTM1

DDC; SOD1; 
PGK1; ENO2

- - POSTN; ANXA5; CCL17; 
CD40LG; CXCL1; GFAP; 
IL7; IL18

PSEN1; pTau181; 
pTau217; 
pTau231; MAPT

ACHE; SFRP1; 
PDGFRB; 
NPTX2; NRGN; 
YWHAZ

-

mLBD vs. 
mHC*

- HBA1 - - - - - -

fFTD vs. fHC SQSTM1 SOD1 NEFL TARDBP CCL17; CD40LG; GFAP; 
IL7; TIMP3

PSEN1; MAPT - -

mFTD vs. mHC - - - - - - - -
Abbreviations: CSF cerebrospinal fluid, fAD female Alzheimer’s Disease patients, mAD male Alzheimer’s Disease patients, fFTD female frontotemporal dementia 
patients, mFTD male frontotemporal dementia patients, fHC female healthy control, mHC male healthy controls, fLBD female Lewy Body Dementia patients, mLBD 
male Lewy Body Dementia patients

*These subsets of sex-specific proteins are preliminary results due to small sample size of fLBD subgroup

Fig. 5  Comparative analysis of similarities in differentially expressed proteins across biological fluids in each neurodegenerative disease. Venn diagrams 
illustrate differentially expressed proteins in CSF (blue) and plasma (red) relative to healthy controls for each disease group (without stratification by sex): 
(A) Alzheimer’s disease (AD), (B) Lewy body dementia (LBD), and (C) frontotemporal dementia (FTD). Overlapping proteins are shown in pink
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Fig. 6  Validation of established biomarkers using NULISAseq™. Spearman correlation analyses between NULISAseq™ and conventional immunoassay 
platforms for (A) CSF NEFL (N = 201; SIMOA), (B) plasma p-Tau217 (N = 231; Lumipulse) and (C) plasma NEFL (N = 119; Lumipulse). NPQ values are on the 
log2 scale. (D-F) Group comparisons of validated biomarkers from the NULISAseq™ CNS panel, adjusted for sex, age and APOEε4 allele presence. Statistical 
significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), ns = not significant
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Group comparisons using the NULISAseq™ CNS 
panel confirmed expected diagnostic differences. Post-
hoc tests with adjusted p-values showed that CSF NEFL 
concentrations were significantly increased relative to 
HC, in AD (p = 4.91 × 10− 21), LBD (p = 6.67 × 10− 12) and 
FTD (p = 1.63 × 10− 18) (Fig.  6D). Plasma p-Tau217 levels 
were significantly elevated in AD (p = 3.11 × 10− 30) and 
LBD (p = 1.41 × 10− 05) compared with HC (Fig.  6E), and 
plasma NEFL levels were higher relative to HC also, in 
AD (p = 4.26 × 10− 06), LBD (p = 1.74 × 10− 06), and FTD 
(p = 3.66 × 10− 14) (Fig. 6F).

Discussion
In this study, we analyzed the levels of central nervous 
system disease related proteins from 359 individuals, 
including patients with AD, LBD, and FTD, as well as 
HC, using the NULISAseq™ platform, to explore at dis-
ease-wide and sex-stratified levels the molecular signa-
tures within each diagnostic group and in two biofluids. 
Our analysis revealed differentially expressed proteins 
in the full-disease cohort and the sex-stratified analyses, 
in both CSF and plasma, with females generally showing 
in plasma a higher number of inflammation-related pro-
teins overexpressed compared to HC.

In the CSF analysis of differential protein levels within 
the unstratified full-disease cohort, ICAM1 emerged as a 
promising candidate biomarker for neurodegeneration, 
alongside well-established markers, as it was significantly 
upregulated across all three diseases compared to HC. 
ICAM1 is an adhesion protein expressed on endothe-
lial cells that becomes upregulated during neurovascu-
lar inflammation. Elevated ICAM1 facilitates leukocyte 
adhesion and migration across the blood–brain barrier, 
thereby amplifying local inflammatory responses and 
astrogliosis [35]. Consistently, another study using the 
NULISAseq™ platform also reported increased ICAM1 
levels in neurodegeneration, further supporting our find-
ings [25].

In addition, the CSF differential protein analysis at the 
disease-wide level revealed a substantial overlap in pro-
teins dysregulated in both AD and LBD compared with 
HC. Notably, several immune-related proteins were con-
sistently upregulated across both conditions, support-
ing shared pathophysiological mechanisms involving the 
immune system [36], particularly chemokine signaling 
and cytokine-cytokine receptor interactions, which have 
previously been implicated in neurodegenerative disease 
progression [37, 38]. Regarding FTD patients, the overall 
number of differentially expressed proteins was smaller, 
with NPTX1, NPTX2, and NPTXR distinguishing FTD 
from AD and LBD. Previous studies have reported 
reduced levels of NPTX1, NPTX2, and NPTXR in the 
CSF of individuals with different FTD subtypes [39, 40], 
in line with our findings, and decreases in NPTX1 and 

NPTX2 have also been described in AD [41]. These two 
proteins modulate neuroimmune interactions implicated 
in tau-mediated neurodegeneration and are considered 
biomarkers of excitatory synaptic pathology [41].

In the unstratified full-disease cohort plasma analysis, 
we identified ANXA5 as an upregulated protein across all 
three diseases relative to controls, pointing to its poten-
tial as a transdiagnostic peripheral biomarker. ANXA5 
is a protein involved in neuronal cell death, and elevated 
ANXA5 levels are characteristic of microvesicles expos-
ing phosphatidylserine on their surface [42], a process 
typically associated with cellular stress, apoptosis and 
inflammatory activation [43–45]. It has previously been 
reported to be overexpressed in extracellular vesicles 
(EVs) derived from AD brain tissue [46], in EVs from the 
CSF of amyloid-β-treated rats [43], and in plasma from 
patients with AD and LBD [47], underscoring its involve-
ment in disease-related mechanisms and supporting our 
results.

Analyses stratified by sex identified subtle differences 
in protein expression profiles across AD, LBD, and FTD.

CSF stratified by sex analyses in AD revealed that many 
proteins were similarly increased in both females and 
males compared to HC, suggesting that most pathologi-
cal processes are shared across sexes. Yet, some proteins 
were specific to each sex-stratified comparison: (a) in 
mAD vs. mHC comparison, we found upregulation of 
PRDX6, FLT1, CX3CL1, and IL9. PRDX6 contributes 
to antioxidant defense and protection against oxidative 
stress [48]; FLT1 (VEGFR1) mediates vascular remod-
eling and endothelial activation [49]; CX3CL1 (frac-
talkine) regulates neuron–microglia communication 
and microglial homeostasis [50]; and IL9 participates 
in Th9-type immune regulation, modulating the bal-
ance between pro- and anti-inflammatory responses in 
the CNS [51]. Together, these changes may reflect com-
pensatory and homeostatic neuroimmune responses in 
males. (b) in fAD vs. fHC comparison, we found upregu-
lation of IL10, ANXA5, CCL26, PGF, and CXCL8. IL10 
is a key anti-inflammatory cytokine that limits exces-
sive immune activation [52, 53]. Notably, a recent study 
reported enhanced IL10 signaling in microglia and astro-
cytes in female AD brains compared with female controls 
[54], supporting the presence of a sex-specific immune 
biomarker in AD. CCL26 (eotaxin-3) and CXCL8 (IL8) 
are proinflammatory chemokines promoting leukocyte 
recruitment and endothelial activation [55], and their 
levels have been reported to be increased in AD CSF 
and serum [56], and in plasma, respectively [24]. Finally, 
PGF enhances angiogenesis and vascular inflammation 
through FLT1 signaling and has been proposed as a can-
didate marker of cerebrovascular injury in AD [57].

Collectively, these findings suggest that males 
may predominantly activate neuroprotective and 
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redox-regulating pathways, whereas females show stron-
ger immune and vascular signaling, reflecting distinct 
sex-dependent mechanisms in the early clinical stages 
of AD pathophysiology. These observations are consis-
tent with a recently published proteomics study report-
ing marked sex-specific pathway engagement in AD [58]. 
They described a predominant involvement of male-spe-
cific proteins in innate immune activation in CSF, sup-
porting the concept of an early immune-driven response 
aimed at restoring homeostasis in the face of pathological 
stimuli. Conversely, female-specific proteins in this study 
were mainly associated with dysregulation of protein 
metabolic processes.

Sex-stratified plasma analyses in AD revealed a mark-
edly higher number of upregulated proteins in females 
than in males’ comparison, mainly involved in inflam-
mation, pathological protein aggregation and synaptic/
neuronal network defects pathways. A point worth high-
lighting is that ANXA5 protein arised in both CSF and 
plasma fAD vs. fHC comparisons, indicating that apart 
from their potential as transdiagnostic biomarker is also 
a protein that may present subtle differences in protein 
levels between sexes.

Another finding was for HBA1 protein, which was 
uniquely downregulated in mAD vs. mHC comparison. 
Hemoglobin-related proteins such as HBA1 have been 
reported to be altered in the brains of patients with AD, 
showing a reduced expression in neurons from affected 
cortical regions [59]. Consistent with these observations, 
alterations in hemoglobin-related pathways may reflect 
disruptions in oxygen metabolism associated with neuro-
degenerative processes [60].

Analyses stratified by sex in LBD showed a greater 
number of differentially expressed proteins in the females 
(fLBD) comparison than in the males’ one, in both CSF 
and plasma, many of which being involved in cytokine 
and interleukin signaling pathways of the immune sys-
tem. However, these findings should be interpreted with 
caution and considered exploratory, given the limited 
sample size of the fLBD subgroup (N = 7 in plasma, N = 8 
in CSF), which reduces statistical power and precision.

In the CSF fLBD vs. fHC comparison, we identified 
three inflammation-related proteins (CXCL8, IL10, and 
PGF), that overlapped with the fAD vs. fHC comparison, 
supporting the possibility that some biological pathways 
may be shared across both conditions. In the plasma 
comparisons, we found higher GFAP levels in the fLBD 
vs. fHC comparison, but not in the mLBD vs. mHC one. 
Interestingly, this observation is consistent with a recent 
study reporting significantly higher plasma GFAP levels 
in women than in men in both LBD and AD, suggesting 
enhanced astroglial activation in females in these demen-
tias [61]. In our study, however, we observed increased 
plasma GFAP levels relative to healthy controls in both 

males and females from AD cohort, suggesting a disease-
specific dysregulation in AD.

In LBD, we identified upregulation of several differ-
entially expressed proteins, in both CSF and plasma, in 
the fLBD vs. fHC sex-stratified comparison: POSTN, 
ACHE and SFRP1. While POSTN was also detected in 
the unstratified full-disease cohort analysis, its iden-
tification in the sex-stratified context may suggest 
potential sex-related differences that require further 
validation. POSTN protein is involved in extracellular 
matrix remodeling and neuroinflammatory responses, 
and previous studies showed that elevated POSTN levels 
in plasma are associated with cognitive decline in aging 
populations [62].

Furthermore, SFRP1 protein has been shown to cause 
hippocampal synaptic dysfunction and memory impair-
ment [63]. Mechanistically, SFRP1 acts as a mediator that 
amplifies glial signaling, contributing to the detrimental 
effects of chronic neuroinflammation in neurodegenera-
tive disorders [64], and its levels are significantly elevated 
in the CSF and brain tissue of AD patients [65], and pre-
clinical models suggest a more pronounced upregulation 
in females [66]. Although SFRP1 has not been explored in 
LBD yet, these observations raise the possibility of a sex-
dependent contribution that warrants further investiga-
tion, while acknowledging the exploratory nature of the 
current findings.

In addition, ACHE, a protein expressed by microglia 
and functions hydrolyzing acetylcholine, has been impli-
cated in the cholinergic deficit characteristic of LBD. Its 
upregulation may reflect inflammatory activation [67]. 
Given that ACHE inhibition is being explored as a ther-
apeutic strategy for LBD [68], and that our preliminary 
results showed increased ACHE levels in fLBD in both 
fluids, sex differences should be considered in future 
treatment approaches. However, due to the limited sam-
ple size, these results should be regarded as hypothesis-
generating and require validation in larger cohorts.

In FTD, the sex-stratified analyses identified fewer dif-
ferentially expressed proteins than in the AD and LBD 
comparisons. But it’s worth noting that in CSF, NPTX1 
was significantly downregulated in the males’ com-
parison, whereas NPTX2 and NPTXR proteins were 
downregulated in both sexes’ comparisons (in line with 
findings of the full-disease cohort analysis).

Although in CSF no proteins were identified in the 
females’ comparison, in plasma we observed a clear 
upregulation pattern. For example, increased TIMP3 
levels distinguished FTD from the other diseases and 
from HC in the unstratified analysis but also emerged 
as significantly overexpressed in females’ sex-stratified 
analysis, suggesting the levels of this protein may be dif-
ferent between the two sexes. TIMP3 regulates extra-
cellular matrix remodeling and neuroinflammatory 
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processes through inhibition of matrix metalloprotein-
ases. Dysregulation of these pathways has been impli-
cated in neurodegenerative diseases, contributing to 
disease progression [69]. Elevated TIMP3 levels have 
also been reported in the plasma of individuals who are 
neurodegeneration-positive (N+) and show mild associa-
tions with reduced cortical thickness [24]. Our results, 
together with these findings, support the relevance of 
TIMP3 as a potential marker of neurodegeneration, but 
also as a protein with sex differences in FTD.

Correlation analyses across biofluids showed that 
p-Tau217, p-Tau231, NEFL, GFAP, and several vascu-
lar proteins exhibited strong CSF–plasma correlations, 
whereas most other proteins showed only modest asso-
ciations, likely reflecting compartment-specific effects. 
Moreover, both p-Tau217 and NEFL demonstrated 
robust cross-platform concordance, underscoring the 
reliability of NULISAseq™ technology and reinforcing its 
validity as a tool for measuring fluid dementia biomark-
ers, even in accessible tissues such as blood.

Limitations
This study has several limitations that should be consid-
ered when interpreting the results. First, the proteomic 
analysis was restricted to a pre-selected panel of 120 
CNS-related proteins, chosen based on prior evidence of 
involvement in neurodegenerative processes. While this 
targeted approach increases analytical detectability, it 
limits the exploration of broader or novel biological path-
ways that may also be relevant to disease mechanisms. 
Second, the small sample size of the female LBD sub-
group (n = 7–8, except for a few targets excluded in 1 or 
2 plates) limited statistical power and increased the risk 
of type I error. Therefore, these findings should be inter-
preted as exploratory and require validation in larger, 
independent cohorts. Finally, as this is a cross-sectional 
study, causal relationships between protein alterations 
and disease progression cannot be established at this 
moment.

Conclusions
This study provides a large-scale, disease-wide and sex-
stratified proteomic analysis of paired CSF and plasma 
across AD, LBD, and FTD using ultrasensitive NULISA-
seq™ technology. ICAM1 in CSF and ANXA5 in plasma 
emerged as transdiagnostic biomarkers, indicating shared 
inflammatory and vascular-related processes across neu-
rodegenerative dementias. Sex-dependent differences 
were most pronounced in plasma, where females consis-
tently exhibited a higher number of upregulated inflam-
mation-related proteins across all diseases, whereas CSF 
showed fewer and more modest sex-specific effects. The 
limited concordance between CSF and plasma under-
scores compartment-specific regulation of protein 

alterations. Overall, these findings highlight sex-depen-
dent proteomic patterns and emphasize the importance 
of incorporating sex as a biological variable in dementia 
research, with implications for biomarker development 
and future sex-tailored therapeutic strategies.
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HBA1	� Hemoglobin subunit alpha 1
ICAM1	� Intercellular adhesion molecule 1
IL9	� Interleukin 9
IL10	� Interleukin 10
LBD	� Lewy body dementia
logFC	� Log2 fold change
LOD	� Limit of detection
mAD	� Male Alzheimer’s disease
mFTD	� Male frontotemporal dementia
mHC	� Male healthy controls
mLBD	� Male Lewy body dementia
MMSE	� Mini-Mental State Examination
NEFL	� Neurofilament light chain
NEFH	� Neurofilament heavy chain
NPTX1	� Neuronal pentraxin 1
NPTX2	� Neuronal pentraxin 2
NPTXR	� Neuronal pentraxin receptor
NPQ	� NULISA Protein Quantification
NULISAseq™	� Nucleic acid Linked Immuno-Sandwich Assay with next-

generation sequencing
pSNCA-129	� Phosphorylated alpha-synuclein at residue 129
p-Tau181	� Phosphorylated tau protein at residue 181
p-Tau217	� Phosphorylated tau protein at residue 217
PDGFRB	� Platelet-derived growth factor receptor beta
POSTN	� Periostin
PRDX6	� Peroxiredoxin 6
REM	� Rapid eye movement
Rho	� Spearman correlation coefficient
SFRP1	� Secreted frizzled-related protein 1
SIMOA	� Single molecule array
t-Tau	� Total tau
TIMP3	� Tissue inhibitor of metalloproteinases 3
VEGFD	� Vascular endothelial growth factor D
VEGFR1	� Vascular endothelial growth factor receptor 1
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