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A compilation of reported alterations in the
cerebrospinal fluid proteome in Alzheimer’s
disease

([®Matthijs B. de Geus,'? Angus C. Nair'n,3 Steven E. Arnold'** and ®Becky C. Carlyles"’

Alzheimer’s disease is a multifaceted neurodegenerative disorder, with diverse underlying pathophysiological processes extending be-
yond amyloid-p and tau accumulation. The heterogeneity of Alzheimer’s disease necessitates the identification of a broad array of bio-
markers that capture the diverse mechanisms contributing to disease onset and progression. In this study, we systematically compiled
and analysed cerebrospinal fluid proteomics data from omics studies utilizing mass spectrometry, Olink, or SomaScan platforms.
Systematic literature searches for each platform revealed a total of 264 studies. From this, a set of 18 studies were selected based
on sample size, number of markers analysed, and open data availability. We found a total of 1,448 differentially expressed proteins
between Alzheimer’s disease and amyloid negative controls across these datasets, with 635 being found in more than one study. A ‘top’
set of 61 differentially expressed proteins were consistently reported in at least six studies. Clustering and functional enrichment ana-
lysis of the top differentially expressed proteins indicated involvement in metabolic regulation, glutathione metabolism and proteins of
the 14-3-3 family, reflecting importance of reactive oxygen species (ROS) response. Synaptic signalling processes were found to gen-
erally be downregulated. We further integrated the top differentially expressed proteins with results from a study on familial
Alzheimer’s disease cerebrospinal fluid to assess at which stage of disease progression these proteins change, highlighting markers
shared between sporadic and familial Alzheimer’s disease datasets. Lastly, we examine the overlap of the top differentially expressed
proteins between cerebrospinal fluid and brain tissue using a publicly available database. This analysis provides a comprehensive over-
view of the Alzheimer’s disease cerebrospinal fluid proteomic landscape, indicating changes in key pathways and cellular processes
associated with Alzheimer’s disease pathology. By integrating data from different platforms, we highlight reproducible protein
changes that may serve as promising candidates for further biomarker research aimed at improving patient stratification, tracking dis-
ease progression, and assessing therapeutic interventions.
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Introduction

Alzheimer’s disease is the most common form of dementia,
characterized by progressive cognitive decline and neurode-
generation. The core pathologies include the formation of
extracellular amyloid-f§ plaques and intracellular neurofibril-
lary tangles of phosphorylated tau. Although these compo-
nents have been extensively studied, they fail to fully
capture the multifaceted pathophysiological processes
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underlying Alzheimer’s disease.'* These features may con-
tribute differently between patient subpopulations as well
as at different stages of disease progression.”* Establishing
biomarkers of these contributions is needed to improve pa-
tient diagnosis, treatment discovery and development and
tracking disease progression.

Mass spectrometry (MS)-based methods have driven the
exploration of the cerebrospinal fluid (CSF) proteome in
Alzheimer’s disease over the past decade, enabling large-scale
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screening of biofluids in both unbiased and targeted ways to
identify biomarkers and better understand disease-related
processes.’ ¥ Advances in throughput, study design and ro-
bustness have enabled the investigation of larger cohorts
and more accurate measurements of analytes.'”*® Over the
past few years, multiplex affinity-based platforms, such as
Olink and SomaScan, also have seen increasing use to study
changes in the CSF proteome.”'** The Olink platform is
based on proximity extension assay technology, which uses
DNA-tagged target-specific antibodies. Upon binding to their
target, quantitative PCR or next-generation sequencing al-
low for relative protein quantification.”’ The SomaScan plat-
form uses DNA-based aptamers (SOMAmers) that are target
specific due to their unique three-dimensional structure. The
SOMAmers can then be quantified using next-generation se-
quencing to measure relative protein levels in the sample.*®
These affinity-based platforms provide relative quantifica-
tions with a high sensitivity, broad dynamic range and
high-throughput capabilities, and require less technological
expertise to operate than MS platforms.?” Compilation of re-
sults across the different platforms is needed to enable cross-
validation of findings for greater confidence in the identified
biomarkers or mechanistic insights. There have been a hand-
ful of other meta-analyses that investigated the proteomic
changes in Alzheimer’s disease CSF,”**%° but none have
combined MS- and affinity-based studies.

In this study, we present a compilation of CSF proteomics
studies in Alzheimer’s disease, including both MS- and
affinity-based techniques. First, we performed a systematic
literature search to identify Alzheimer’s disease proteomics
studies in CSF that analysed at least 40 different proteins
across a minimum of 10 participants. Then, we determined
the most commonly changed proteins across studies, and
analysed the underlying biological processes (BPs) associated
with Alzheimer’s disease. We then compiled the reported
fold-change (FC) data across studies to determine the con-
sistency of changes across those BPs. We compare our data
with a study on autosomal dominant Alzheimer’s disease®
to show how these proteins change over the course of disease
progression in familial Alzheimer’s disease. Finally, compari-
son with a publicly available repository of brain tissue pro-
teomics highlights the commonalities between changes in
CSF and brain tissue in Alzheimer’s disease.

Materials and methods

Studies were searched on PubMed on 12 June 2024. Three
separate searches were performed for studies using either
MS, Olink or SomaScan (Fig. 1). The following search terms
were used for MS studies: ‘Alzheimer’s disease AND (proteo-
mics OR biomarker) AND cerebrospinal fluid AND (‘mass
spectrometry’) NOT plasma’. For studies using Olink meth-
ods the search term ‘mass spectrometry’ was replaced with
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(‘proximity extension assay’ OR ‘PEA’ OR “Olink’), and for
studies using SomaScan methods replaced with (‘Somalogic’
OR ‘Somascan’). The PubMed filters for English and
Human participants were selected and a timeframe from
2014 to 2024 was set. After the initial search on PubMed,
all studies were exported and manually screened by author
MDG. For the purpose of this study, we only included stud-
ies that had a minimum of 10 participants and quantified a
minimum of 40 proteins. We limited our analysis further
to studies that openly provided accessible and fully available
data to ensure transparency and reproducibility in the
analysis.

Data from all studies were manually extracted from manu-
scripts and supplementary data. Studies used varying ways
of defining their Alzheimer’s disease and control cohorts,
based on either clinical tests, fluid biomarker tests of AP, im-
aging methods, or a combination. For our meta-analysis the
individual study-defined Alzheimer’s disease (Af3+) versus
control contrasts (AfS—) were used. The data collected from
the studies included lists of all the proteins quantified by
MS or assayed with Olink or SomaScan, as well as lists of sig-
nificantly changed proteins between contrasts and where
available, the accompanying FC data (Table 1). Significant
proteins were defined by the false-discovery rate (FDR) cut-
off used in each respective study. If FC data were not
reported but sufficient raw data were available, log2 FC
values were calculated, and P-values were determined using
unpaired two-sided #-tests and FDR corrected using
Benjamini-Hochberg P-value adjustment. To allow for dir-
ect comparisons between the studies, the datasets were
manually adjusted using a set of steps. A single gene name
was generated corresponding to the IDs used in the studies.
If protein groups or multiple names were reported, only
the first ID was selected. IDs were stripped of isoforms. All
data were handled in R (version 4.3.1) and Microsoft
Excel. Data were visualized using Tidyverse packages (ver-
sion 2.0.0), ggplot2 (version 3.5.1), ggpubr (version 0.6.0)
and ggrepel (version 0.9.3). UpSet plots of overlapping pro-
teins between studies were visualized using the UpSezR pack-
age (version 1.4.0). Figures were prepared using Adobe
Illustrator (version 27.2).

Biological enrichment analysis was performed using the
STRING-db platform®' (v12.0). The top 61 proteins, over-
lapping between 6 or more studies, were used as input for
the ‘multiple proteins search’ option with the ‘Homo sapiens’
organism parameter. Two of the top differentially expressed
proteins (DEPs), lactate dehydrogenase B (LDHB) and mal-
ate dehydrogenase 1 (MDHT1), were not identified on the
STRING database and therefore not included in the enrich-
ment analysis. A background list of 6704 unique protein
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Figure | Flow diagram of systematic literature search and inclusion in the meta-analysis. Three separate searches were performed
for studies using MS, Olink and SomaScan based screening techniques. In total, this resulted in 264 hits on PubMed. After applying exclusion
criteria, 2| studies were fully evaluated for eligibility. Five studies did not report any fold-change data and were excluded from our analyses. Two
studies that were published after the initial literature search were included. In total, I8 studies were used in our meta-analysis. Three studies
reported multiple cohort analyses, which were included as separate comparisons resulting in a total of 21 comparisons.

names was generated for the enrichment analysis, based on all
unique proteins identified across all the MS studies. Proteins
were clustered using a k-means approach with nine clusters.
Clusters were functionally annotated according to their
most enriched gene ontology (GO) BP terms. For clusters
that were annotated with multiple terms, one was chosen
for visualization purposes, and all annotations can be found
in Supplementary Table 1. Functional enrichment visualiza-
tion of BP terms was performed using the STRING-db func-
tion against the specified background with the following
parameters: group term similarity was set to 0.8 or higher,
terms were sorted by signal with a minimum of 0.01, a

minimum of two proteins per network was set, a minimum
strength of 0.01 and a maximum FDR of 0.05.

Inclusion in the FC analysis was limited to studies that re-
ported FC values or provided sufficient data for FC calcula-
tion. Studies using Olink did not report FCs and the
SomaScan study reported an unspecified FC score ‘beta’,
nottranslatable to a FC score comparable with the other stud-
ies. All reported FCs were transformed to the log2 space to al-
low for direct comparison between studies. Directions of FC
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were harmonized across studies to make positive FC re-
present upregulation in Alzheimer’s disease. Average FC
and 95% confidence interval (CI) were calculated for each
top protein across all the studies and it was quantified, regard-
less of significance. FCs were visualized using forest plots.

Top overlapping proteins were compared with biomarker
data from Johnson et al.* Proteins were manually binned
into four categories over the course of disease development
in familial Alzheimer’s disease as follows: ‘Early’ (25+ years
before disease onset), ‘Mid’ (255 years before disease on-
set), ‘Onset’ (5 years before—S5 years after disease onset)
and ‘Late’ (5+ years after disease onset). Proteins were
binned based on the first moment of increase/decrease of
the marker, reported in Johnson et al. (2023).

Protein data in tissue was extracted from the Neuropro data-
base.*? Only proteins that were found to be consistently dif-
ferentially expressed in at least 5 studies (Neuropro score >
5) were used to compare with the top DEP proteins in CSF,
comprising a dataset of 848 proteins.

All statistical analyses were performed using R (version
4.3.1). For studies where raw data were available but FC va-
lues were not reported, log,-transformed FCs and associated
P-values were calculated using unpaired two-sided #-tests
and resulting P-values were adjusted with the Benjamini—
Hochberg method. Linear relationships between number of
DEPs and sample size or number of proteins measured was
assessed using the () function.

Results

A total of 264 studies were found on PubMed across the
three different search strategies (Fig. 1; Supplementary
Table 2). Most studies were excluded for investigating too
few analytes (N =92; <40 analytes). Other reasons for ex-
clusion were method development (N =355), focusing on
a non-Alzheimer’s disease (N =28), reviews (N =26), ana-
lysing non-protein analytes (N=26), animal model data
(N =6), too few samples (N = 5; <10 samples), analysing a
different matrix (N=2), studying tissue samples (N=1)
and the publication not being publicly accessible (N=1).
21 publications were fully evaluated for their eligibility after
which five MS studies were excluded, based on no openly ac-
cessible FC data being available. Two more studies published
after the initial PubMed search was included in further ana-
lyses. In total 18 different studies were included for full
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analysis (Table 1). Three studies included analyses across dif-
ferent cohorts, which we included as separate comparisons,
resulting in a total of 21 different datasets analysed.
Fourteen studies used MS-based methods, 3 used Olink as-
says and 1 used SomaScan.

Across all studies there were 1448 significantly DEPs between
Alzheimer’s disease and controls. The full overlap of proteins
across all studies is visualized in Supplementary Fig. 1 and the
32 proteins with the most overlap between studies are visua-
lized in Fig. 2A. Two DEPs, ‘SPARC-related modular
calcium-binding protein 1’ (SMOC1) and ‘chitinase-3
like-protein-1’ (CHI3L1, also known as YKL-40), both well-
established markers of Alzheimer’s disease,>*** were found
across 14 studies constituting the highest overlap among all
studies (Supplementary Table 3). Other top overlapping pro-
teins included ‘pyruvate kinase’ (PKM), ‘neuropentraxin 2’
(NPTX2), ‘aldolase A’ (ALDOA), ‘phosphatidylethanola-
mine binding protein 1’ (PEBP1), MDH1 and 14-3-3(
(YWHAZ), which were found across 12 different studies.
813 DEPs (56%) were found in only 1 study, and 574
DEPs (39.6%) were found in 2 to 6 studies (Fig. 2B); 1010
DEPs were identified in MS-based studies only, whereas
286 DEPs were identified across both affinity-based plat-
forms. The remaining 152 DEPs were identified across
both MS and affinity-based platforms (Supplementary
Table 4).

Of the 61 top DEPs significant in 6 or more studies, 50
were consistently upregulated in Alzheimer’s disease com-
pared to controls across all studies, with an inconsistent dir-
ection of change in the remaining 11 DEPs (Fig. 2C;
Supplementary Table 5). For these 11 inconsistent top
DEPs, there was a general consensus in the direction of
change across studies with one or two indicating a different
direction. But there was no pattern of specific studies that
were the cause of the outliers. The inconsistent studies
were all MS-based studies, with the SomaScan and Olink
studies agreeing with the other MS-based studies. Four of
these DEPs, ‘chromogranin B> (CHGB), neuropeptide y
(NPY), SCG2 and VGF are all post-translationally cleaved
by proteases, resulting in differentially abundant peptide
products, potentially giving rise to the inconsistencies be-
tween studies. Of the DEPs significant in 2 to 6 studies,
281 (48.9%) were consistently upregulated in Alzheimer’s
disease and 143 (24.9%) were consistently downregulated
in Alzheimer’s disease. The proportion of inconsistent pro-
teins was higher in this group (1505 26.1%), compared to
the top 61 DEPs. An overview of the platforms in which the
top DEPs were identified can be found in Supplementary
Table 6. Fifteen of the 61 top DEPs (24.6%) were identified
across all three platforms, and 32 (52.5%) were identified
across two platforms.
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Exploratory analyses were performed to determine the effect
of sample size or dataset size (number of proteins detected) on
the number of DEPs. No significant correlations were found
for either the sample size or total proteins measured with the
number of DEPs across all types of study (Supplementary
Fig. 2A). However, when looking only at MS studies (excluding
one n=13 study'?), a significant correlation was found be-
tween total proteins measured and the number of DEPs
(P-value = 0.002, R?=0.4848; Fig. 2D). No significant rela-
tionship was apparent between the number of proteins mea-
sured and the number of DEPs detected that were unique to
their study (Supplementary Fig. 2B), although it is worth noting
that studies quantifying >1000 proteins were more likely to
have more than 25 unique DEPs than studies quantifying fewer
than 1000. We also investigated the proportion of significant
upregulated/downregulated proteins found in the different
study types (MS, Olink and SomaScan; Supplementary Fig.
2C). All three methods showed a higher proportion of upregu-
lated proteins than downregulated proteins. MS showed the
highest overall proportion of significant proteins out of the total
measured proteins, and less disparity between up and downre-
gulated proteins.

To determine what BPs are commonly changed across the
different studies, the top 61 DEPs were used for GO analyses
on the STRING-db platform. K-means clustering indicated
nine functionally annotated clusters (Fig. 3A). The largest
cluster of proteins was annotated to glycolytic metabolism,
which included canonical glycolytic enzymes, PKM,
ALDOA, ‘enolase 1 and 2’ (ENO1 and ENO2), and
LDHA. Another cluster annotated to 14-3-3 homologues in-
cluded four 14-3-3 proteins, YWHAB, YWHAE, YWHAG
and YWHAZ. A cluster of glutathione metabolism proteins
included ‘Glutathione reductase’ (GSR), ‘glutathione synthe-
tase’ (GSS) and ‘y-glutamyl cyclotransferase’ (GGCT).
Proteins ‘superoxide dismutase 1 and 2’ (SOD1 and SOD2)
and ‘Parkinson disease protein 7> (PARK7) were annotated
to a cluster related to apoptotic signalling. The remaining
clusters were all defined by two functionally related
proteins. ‘Secretogranin 2’ (SCG2) and VGF formed a chro-
mogranin (CHG) and secretory granule cluster. NPTX2
and ‘Neuropentraxin receptor’ (NPTXR) formed a pen-
traxin cluster. ‘Thioredoxin reductase’ (TXNRD1) and
‘Thioredoxin-dependent peroxide reductase’ (PRDX3)

Figure 2 Continued
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were part of a cluster annotated to detoxification of
ROS. ‘Integrin alpha-M’ (ITGAM) and ‘Integrin beta-2’
(ITGB2) were part of the integrin complex cluster. The es-
tablished Alzheimer’s disease associated proteins SMOC1
and CHI3L1, as well as other remaining top DEPs were
not part of a functionally annotated cluster.

Enrichment of GO BP terms was assessed against a back-
ground of all proteins measured across all MS studies, revealing
several significantly enriched terms (Fig. 3B). Enrichment of
metabolic processes, including glycolytic process, glucose
metabolic process, hexose metabolic process and canonical gly-
colysis, highlights altered energy metabolism in Alzheimer’s
disease. Additionally, processes such as regulation of dopamine
metabolic process and glutathione metabolic process suggest
dysregulation in neurotransmitter metabolism and oxidative
stress response. Other enriched terms included positive regula-
tion of ROS metabolic process and carboxylic acid metabolic
processes, highlighting disruptions in cellular metabolism and
redox balance. No enrichment of immune or inflammatory
related pathways was observed amongst the top 61 DEPs. As
the Olink platform contains specified immune/inflammatory
panels, we explored whether overlapping proteins within
Olink studies indicated enrichment for those pathways
(Supplementary Fig. 3). Thirty-eight DEPs were found to over-
lap between at least two Olink studies and only one DEP,
‘syndecan-4’ was found in all three Olink studies, and function-
al enrichment analysis of these DEPs did not indicate any im-
mune or inflammatory pathways.

We examined the reported FCs for the top DEPs. Where avail-
able, reported FCs were collected across studies, and trans-
formed to the same log2 space. Overall, log2 FC data from
13 MS studies were compiled and the distribution of the 61
top DEPs was analysed as a forest plot with 95% CI across
the pathways they were annotated to (Fig. 4; Supplementary
Fig. 4; Supplementary Table 7). Five of the 61 DEPs were found
to be consistently downregulated with an average FC and CI
below 0. These belonged to the neuropentraxin cluster
(NPTXR and NPTX2), the CHG/secretogranin cluster
(SCG2 and VGF), or were not clustered to a functionally anno-
tated group (NPY and ‘protein tyrosine phosphatase receptor
type N2°). 14-3-3 proteins YWHAB, YWHAE, YWHAG and
YWHAZ and the glycolytic enzymes, PKM, ALDOA,
LDHA, GAPDH, PGK1 and ENO1/2 were all found to be

DEPs with an inconsistent direction of change across studies was higher for DEPs that were found in two to six studies compared to the top
overlapping DEPs. (D) Pearson correlation analysis revealed a significant association between the number of proteins measured after QC

and the number of DEPs in MS studies (r = 0.722, P=0.002). No significant correlation was observed between sample size and number of DEPs
(r=—0.069, P =0.808). Dots represent different studies and are coloured by MS method. DDA, data-independent acquisition; DIA,
data-independent acquisition; MRM, multiple reaction monitoring; SRM, selected reaction monitoring; SWATH-MS, sequential window

acquisition of all theoretical mass spectra; TMT, tandem mass tag labelled.
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upregulated with an average FC and CI above 0. The FC downregulation. All the markers of glutathione metabolism
of ‘Glial fibrillary acidic protein’ (GFAP) showed a large (GSR, GSS, GLO1 and GGCT) were consistently upregulated.
spread with no consistent indication of upregulation or The two top overlapping DEPs, SMOC1 and CHI3L1,
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Figure 5 Comparison of DEPs with familial disease onset and brain tissue datasets. (A) Changes of DEPs over different phases along
the disease progression of familial Alzheimer’s disease as measured by Johnson et al.* Proteins were binned into 4 stages, early (25+ years before
clinical onset), mid (25-5 years before clinical onset), onset (5 years before—?5 years after clinical onset) and late (5+ years after onset). All
directions of change observed in our analysis agreed with the changes measured by Johnson et al., (2023). (B) Overlap of DEP changes in CSF with
brain tissue data. Tissue data from the Neuropro database was compared with the top DEPs from our analysis. Only the downregulation of
NPTX2 and VGF agreed between brain tissue and CSF. All other proteins that were downregulated in brain tissue were upregulated in CSF.

also showed a consistent upregulation in Alzheimer’s disease.
Collectively, these results indicate consistent enrichment of sev-
eral key biological pathways across studies and their directions
of change in Alzheimer’s disease pathology.

Changes of top cerebrospinal fluid
proteins over time and in brain tissue

To further explore the role of the top overlapping DEPs in
Alzheimer’s disease pathology, we compared our findings
with data from a study of familial Alzheimer’s disease,* which
measured a set of Alzheimer’s disease markers with targeted
MS over the course of disease progression in autosomal dom-
inant Alzheimer’s disease (Fig. SA). Twenty-four of the top
DEPs were measured in the familial Alzheimer’s disease
study, which we then subdivided into different groups corre-
sponding to disease stage in familial Alzheimer’s disease. All
directions of change measured by Johnson et al., (2023)*
agreed with the consistent directions of change found in our
analyses. Top DEPs SMOCI1, ‘spondin-1’, and YWHAZ
were the earliest markers to increase. During the mid-phase
of disease progression, increases of DEPs included the glyco-
lytic enzymes, ALDOA, ENO1, LDHB, ‘Phosphoglycerate
mutase 1’ (PGAMT1) and PKM. Other DEPs in the mid-phase
that were increased include 14-3-3 proteins YWHAB and

YWHAG. During disease onset, neuronal signalling proteins
NPTX2, NPTXR and VGF were the only DEPs to decrease.
The metabolic enzymes ENO2, GAPDH and MDH1 were
also increased during onset. The only DEP that is increased
after disease onset was ITGB2.

To examine the overlap of the CSF data with changes in
brain tissue, we compared the top 61 DEPs with a well-
curated, publicly available repository on Alzheimer’s disease
proteomics in brain tissue*” (Fig. SB). There were 27 top
DEPs found in at least 5 tissue studies. All 13 proteins that
were found to be upregulated in brain tissue were also upre-
gulated in CSF. However, only 2 of the 14 proteins, NPTX2
and VGF that were downregulated in tissue were also down-
regulated in CSF.

Discussion

A deeper understanding of the heterogeneous nature of
Alzheimer’s disease pathology and the development of corre-
sponding biomarkers is crucial to improve patient stratifica-
tion across disease subpopulations, track disease progression
and design targeted therapeutic interventions. In this study,
we provide an overview of the proteins commonly found
to be altered in CSF in Alzheimer’s disease. Combining
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data from both MS-based and affinity-based studies we es-
tablished a set of top DEPs that are consistently found across
studies. After assessing study overlaps, we saw that most
DEPs were unique to a single study. This raises the question
whether these unique DEPs represent true biological signals
missed by other studies, perhaps peculiar to the specific
methodologies used, or are otherwise false. Recent advances
in proteomics technology have enabled much deeper screen-
ings, uncovering an increasing number of proteins overall.'”
We showed that increased screening depth increased the
number of significant DEPs found. Although no significant
linear effect was observed, studies with greater depth showed
more consensus in their DEPs compared to studies with less-
er screening depth. More consistent and more sensitive
screening techniques in future studies will determine whether
these unique DEPs are reproducible.

An important consideration in determining the overlap with
the MS- and affinity-based studies is biased target inclusion in
the affinity-based panels. Some top DEPs we identified, like
PKM, NPTXR and NPTX2, are currently not included in the
Olink panels, leading to an underestimation in overlap of these
proteins across all studies. A recent study performed a techno-
logical comparison of the MS, Olink and SomaScan assays in-
dicating a good correlation in protein measurements between
all platforms in CSE.?” However, it was also found that CSF
measurements with SomaScan were close to background noise,
which would limit its effectiveness in detecting low-abundance
proteins, especially for proteins that decrease in Alzheimer’s
disease. Both MS-based and affinity-based techniques offer un-
ique benefits and drawbacks for biomarker discovery and clin-
ical applications. We speculate that the continued co-evolution
of these methods will shape their respective roles and determine
which technique is best suited for advancing research and clin-
ical practice.

Using clustering and functional enrichment analyses on
the top DEPs, we highlighted the key biological pathways
that were found to be consistently altered in Alzheimer’s dis-
ease. One of the main findings was the consistent upregula-
tion of the glycolytic metabolism pathway. This was
represented by upregulation of multiple glycolytic enzymes
including PKM, ALDOA, PGK1, PGAMI, ENO1/2,
GAPDH and GPI. Furthermore, integration with data from
familial Alzheimer’s disease indicated ALDOA, ENO1,
PKM and PGAM1 are all upregulated in the early to middle
stages of disease onset. Changes in glucose metabolism are
strongly implicated in Alzheimer’s disease pathology, and
brain hypometabolism, as measured by brain glucose uptake
with 18F-fluorodeoxyglucose-PET, is considered an early in-
dicator of Alzheimer’s disease pathology.*!>!3:3337 These
results point towards a crucial role of the dysregulation of
glucose metabolism in the early to middle stages of
Alzheimer’s disease and indicate several markers as potential
biomarkers and therapeutic targets.

Glutathione metabolism is the brain’s main mechanism to
protect against oxidative stress by neutralizing ROS and
maintaining redox homeostasis.*® Levels of glutathione
have been found to be decreased in Alzheimer’s disease, but

M. B. de Geus et al.

some heterogeneity in those results remain.>”**! Our analysis
found a consistent upregulation of glutathione metabolism
markers, GGCT, GSS, GLO1 and GSR. This upregulation
of glutathione regulating enzymes could potentially indicate
a response to increased oxidative stress in Alzheimer’s dis-
ease. Recent studies have implicated a protective effect of
GSR with higher levels of the protein being associated with
less cognitive decline in Alzheimer’s disease.*>* Activation
of GSS in combination with a synthetic glutathione precursor
has also been shown to be protective of amyloid-fS plaque tox-
icity in a mouse model.** Modulating glutathione metabol-
ism as a potential therapeutic target for Alzheimer’s disease
remains a topic of further research, and the proteins high-
lighted here may represent promising candidates as biomar-
kers of these interventions after further validation with
targeted assays in independent cohorts. Two other proteins,
TXNRD1 and PRDX3, related to oxidative stress and ROS
detoxification were identified in our analyses. Both been im-
plicated in Alzheimer’s disease,***® with TXNRD1 showing
a consistent upregulation in Alzheimer’s disease, while the
changes in PRDX3 were more variable.

Multiple 14-3-3 homologues, YWHAB, YWHAE,
YWHAG and YWHAZ, were also found to be consistently
upregulated in Alzheimer’s disease. 14-3-3 proteins are a
family of conserved regulatory proteins that bind to
phosphoserine-containing proteins and function as hub pro-
teins that facilitate a wide variety of cellular processes, includ-
ing signal transduction, apoptosis and cell cycle regulation.*”
Our analysis suggest 14-3-3 proteins are changed in the early
and middle stages of disease in familial Alzheimer’s disease
and are also found to be altered in brain tissue.
Functionally, they have been shown to interact with both
amyloid-f§ plaques and phosphorylated tau molecules mak-
ing them viable targets for therapeutic interventions,***’

The only consistently reported downregulated processes
in Alzheimer’s disease were the neuropentraxins and granin
proteins. The neuropentraxins NPTXR and NPTX2 form
extracellular scaffolding proteins essential for synaptic func-
tion. The downregulation of both proteins occurs during the
onset of clinical symptoms in familial Alzheimer’s disease,
and our analysis found that the downregulation of NPTX2
in CSF corresponds to a downregulation in brain tissue.
Both proteins have been suggested as potential biomarkers
for the synapse loss in Alzheimer’s disease,’*>* and decreas-
ing levels of NPTXR in CSF has been shown to correspond
with more severe Alzheimer’s disease pathology.’”

The downregulated granin proteins, VGF and SCG2, have
been suggested as biomarkers for both Alzheimer’s disease
and other neurodegenerative diseases.””®>” VGF and its de-
rived peptides are secreted by neurons and regulate synaptic
plasticity and neurogenesis, playing a critical role in main-
taining synaptic integrity and cognitive functions.’® SCG2
is a precursor for the neuropeptide, secretoneurin, which
has been shown to be protective against synaptic loss in the
hippocampus,’” and against hypoxic stress after stroke.®”
VGF, SCG2 and other granin proteins, like CHGB, are
known to exist in CSF as various post-translationally
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modified proteoforms.®! In the studies reported here, and in
the compilation between these studies, these different proteo-
forms are all mapped back to the same protein ID. Underlying
differences in these specific proteoforms could have contrib-
uted to the variability in reported FCs of these proteins.
Similarly, ‘microtubule associated protein tau’ (MAPT),
one of the main pathological proteins of Alzheimer’s dis-
ease,®>%? showed one of the highest positive fold changes
but also a large variability. This may stem from differences
in the detection and quantification of tau isoforms and phos-
phorylated peptides (e.g. p-taul81 and p-tau217) across
studies, all of which indicate MAPT but may differ in detect-
ability and/or abundance depending on the study.

The top 2 DEPs, SMOC1 and CHI3L1, were not clustered
to any functionally annotated group of proteins. SMOC1 is a
matrisomal protein that colocalizes with amyloid-f§ plaques
and, despite a wide association with Alzheimer’s disease
pathology, its function is still unclear.**** CHI3L1 is primar-
ily expressed by astrocytes and associated with neuroinflam-
mation and tissue remodelling in neurodegenerative diseases,
including Alzheimer’s disease.®® It has been implicated in
regulating glial activation and promoting protective or rep-
arative responses during disease progression.>>°® Though
likely candidates, their potential as biomarkers or therapeutic
targets remain a topic for further investigation.**®°

We were intrigued to find little representation of immune
system or inflammatory proteins in our results. Alzheimer’s
disease pathology has been shown to have considerable im-
mune and inflammatory related components with the activa-
tion of astrocytes and microglia.®”>*® CHI3L1 and ‘soluble
triggering receptor expressed on myeloid cells 2’ (STREM2)
have been suggested as markers of these process,®””’! though
sTREM2 was only reported as a DEP in two studies here
(Supplementary Table 3). The Olink studies reported here
allincluded the Olink inflammatory panel, but still no enrich-
ment of immune pathways was found when considering only
the overlap between Olink studies. Although there might be
considerable contribution of inflammation and immune re-
lated proteins in Alzheimer’s disease pathology, we speculate
that these changes might be too variable between patients to
have been picked up in these large-scale studies and that tar-
geted measurements might be able to further elucidate their
role in Alzheimer’s disease pathology.

There were several limitations to our analyses, highlighting
potential for future studies. Firstly, collecting data from stud-
ies remained challenging. Although many studies reported
their key findings, access to full datasets of complete FC infor-
mation was variable. Open availability of such large-scale da-
tasets is imperative for advancement of knowledge through
the integration of results as attempted here.”” Furthermore,
the inconsistency in FC data formats across the different
proteomic platforms assessed here presented issues with dir-
ect comparison between studies. While MS datasets provided
quantitative FC values, the affinity-based platforms only re-
ported abstract scores. This inconsistency in data presenta-
tion limited our ability to perform direct FC comparisons
with studies using the affinity-based methods.
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Understanding the earliest biochemical changes of
Alzheimer’s disease, in its pre-clinical stages including pre-
symptomatic and mild cognitive impairment, is critical to
develop early interventions that could stem the tide of the
disease.”® Too few studies reported data from pre-clinical
stages to use in our analysis. As more large-scale proteomics
studies become available, integration across the pre-clinical
stages is important to define the pathological changes during
Alzheimer’s disease progression.

In conclusion, our analysis provides a comprehensive over-
view of the consistent proteomic changes reported in CSF in
Alzheimer’s disease, featuring key BPs driving Alzheimer’s
disease pathology. We highlight specific proteins linked to
these processes that offer exciting opportunities for further
development as biomarkers and potential therapeutic targets.

Supplementary material

Supplementary material is available at Brain Communications
online.
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