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Single-cell transcriptomics has revealed specific glial activation states associated with the
pathogenesis of neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease.
While these findings may eventually lead to new therapeutic opportunities, litde is
known about how these glial responses are reflected by biomarker changes in bodily flu-
ids. Such knowledge, however, appears crucial for patient stratification, as well as moni-
toring disease progression and treatment responses in clinical trials. Here, we took
advantage of well-described mouse models of B-amyloidosis and a-synucleinopathy to
explore cerebrospinal fluid (CSF) proteome changes related to their respective proteo-
pathic lesions. Nontargeted liquid chromatography-mass spectrometry revealed that the
majority of proteins that undergo age-related changes in CSF of either mouse model
were linked to microglia and astrocytes. Specifically, we identified a panel of more than
20 glial-derived proteins that were increased in CSF of aged -amyloid precursor pro-
tein- and o-synuclein-transgenic mice and largely overlap with previously described
disease-associated glial genes identified by single-cell transcriptomics. Our results also
show that enhanced shedding is responsible for the increase of several of the identified
glial CSF proteins as exemplified for TREM2. Notably, the vast majority of these
proteins can also be quantified in human CSF and reveal changes in Alzheimer’s
disease cohorts. The finding that cellular transcriptome changes translate into corre-
sponding changes of CSF proteins is of clinical relevance, supporting efforts to identify
fluid biomarkers that reflect the various functional states of glial responses in cerebral
proteopathies, such as Alzheimer’s and Parkinson’s disease.

CSF biomarkers | Alzheimer's disease | Parkinson's disease | glial activation | mass spectrometry

Fluid biomarkers have become instrumental for the clinical diagnosis and assessment of
the progression of neurodegenerative diseases (1, 2). For Alzheimer’s disease (AD), most
useful biomarkers in cerebrospinal fluid (CSF) and blood are related to the pathological
hallmark lesions B-amyloid (AP) plaques and tau inclusions (2). Fluid biomarkers are
more elusive for Parkinson’s disease (PD) (3, 4). From single-cell transcriptomics, there
is now growing evidence for distinct molecular changes related to various disease stages
(5, 6). In particular, microglia and astrocytes are at the forefront of attention since they
show characteristic transcriptomic alterations with aging and disease progression (6-8).
In addition, the majority of AD risk genes relate to microglia (7, 8). Whether such glial
transcriptomic changes translate to corresponding protein changes that can be gathered
in bodily fluids and be used as molecular biomarkers is of high clinical relevance.

CSF proteome analysis using nontargeted liquid chromatography-mass spectrometry
(LC-MS) is a powerful technique and allows the unbiased quantification of hundreds
of proteins (9). However, large interindividual variations due to genetic and disease
heterogeneity and comorbidities complicate such analyses in human cohorts. In con-
trast, genetically defined mouse models show minimal interindividual variability and
rarely exhibit other confounding factors (10, 11). Indeed, transgenic (tg) mice have
already proven instrumental for the molecular dissection of CSF biomarker changes in
different neurodegenerative diseases (12-18).

To search for fluid biomarker candidates, we studied age-related CSF proteome
changes in established mouse models of B-amyloidosis (APPPS1 mice) (19) and of
a-synucleinopathy (A30P-aS mice) (20) in comparison with non-tg mice using unbi-
ased LC-MS/MS and label-free quantification (LFQ). Besides proteome changes within
each mouse model, we also aimed to characterize changes that are common or different
between the two models to highlight the specificity of the biomarker signatures.
Finally, to translate the findings to a clinical setting, we studied whether the CSF pro-
teins identified in the mouse models can also be quantified in human CSF and show

changes in AD.
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Significance

Single-cell transcriptomics has
revealed specific glial activation
states associated with the
pathogenesis of
neurodegenerative diseases, such
as Alzheimer’s and Parkinson’s
disease (AD and PD). What is still
needed are clinically relevant
biomarkers for deciphering such
glial states in AD and PD patients.
To this end, we applied proteome
analysis in cerebrospinal fluid
(CSF) of mouse models of AD and
PD pathology. This allowed us to
identify a panel of glial CSF
proteins that largely match the
transcriptomic changes. The
identified proteins can also be
quantified in human CSF and
show changes in AD patients,
supporting their relevance as
biomarker candidates to stage
glial activation in patients with
neurodegenerative diseases.
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Results

Age-Dependent Changes in the CSF Proteome of APPPS1 Mice.
Male 3- and 18-mo-old APPPS1 mice (19) and age-matched
non-tg controls were used to study CSF proteome changes
related to P-amyloidosis (Fig. 1). While 3-mo-old APPPS1
mice have a low amyloid load, 18-mo-old mice APPPS1 mice
have a high load and are already in the plateau phase of amyloid
deposition (21).

The CSF proteome was analyzed using LFQ to identify pro-
tein abundance differences (Fig. 24 and Dataset S1A4). Only
proteins that could be relatively quantified in at least three ani-
mals per group were used for pairwise comparisons. No signifi-
cant differences in the CSF proteome of APPPSI vs. non-tg
control mice at 3 mo of age were found (Fig. 2B). In contrast,
of the 665 relatively quantified proteins at 18 mo of age, 8
proteins—namely lysozyme C-2 (LYZ2), neurofilament medium
polypeptide (NEFM), cathepsin B (CTSB), lymphocyte activation
gene 3 protein (LAG3), cathepsin Z (CTSZ), serine protease inhib-
itor A3N (SERPINA3N), dipeptidyl peptidase 1 (CTSC), and the
triggering  receptor expressed on myeloid cells 2 (TREM2)—
showed a significant increase ranging from 2.5- (CTSZ) to 13-fold
(NEEM) (Fig. 20.

Soluble human amyloid precursor protein (APP) was exclu-
sively detected in the APPPS1 mice, whereas soluble murine
APP was detected in all samples but did not show differences
between APPPSI and non-tg mice (S7 Appendix, Fig. S1). Con-
sistent with the previously reported decrease of CSF AP42 with
increasing brain amyloid (16), a decrease of a tryptic peptide
corresponding to amino acids 17-28 of AP was found in the
aged APPPS1 mice (S/ Appendix, Fig. S1). Endogenous mouse
tau (mTau) was below the limit of quantification although two
tryptic  peptides from the proline-rich  mid-domain
(mTaul84-198 and 201-213, corresponding to human
Taul95-209 and 212-224 of the 2N4R isoform, respectively)
were detected mainly or exclusively in aged APPPSI tg mice
(81 Appendix, Fig. S1), which is in line with the age-dependent
increase of CSF tau observed in APPPS1 tg mice (14, 16, 18).

Age-Dependent Changes in the CSF Proteome of A30P-aS Mice.
Male and female 3-, 11-, and 18-mo-old A30P-aS mice were
used to study CSF protein changes related to a-synucleinopathy
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(20) (Fig. 1). While 3- and 11-mo-old A30P-aS mice do not
reveal a-synuclein (aS) inclusions, 18-mo-old mice A30P-aS
mice have a very high lesion load in the brainstem and some
other subcortical areas (22, 23). The mean life span of A30P-aS
mice is around 19 mo and no sex-related difference has been
reported (23).

Overall, 545, 526, and 636 proteins were relatively quanti-
fied between A30P-aS and non-tg mice at 3, 11, and 18 mo,
respectively (again, only proteins that could be relatively quan-
tified in at least three animals per group were used for pairwise
comparisons) (Dataset S2A4). There were no significant differ-
ences between A30P-aS and non-tg mice at 3 and 11 mo of
age (Fig. 3 A and B). At the late stage of a-synucleinopathy,
220 proteins showed significant abundance changes, with the
vast majority being elevated in A30P-aS compared to non-tg
mice (Fig. 3C and Dataset S24). Among them, several proteins
that were also significantly increased in the aged APPPSI
mice—namely NEFM, SERPINA3N, TREM2, LYZ2, LAG3,
CTSB, and CTSZ—indicating commonalities between both
proteopathies. The increase in the A30P-aS mouse model was
between 3-fold (CTSZ) and more than 1,000-fold (NEFM)
(Fig. 30).

Other prominent CSF proteins with an increase in 18-mo-old
A30P-aS mice compared to aged-matched non-tg mice were granu-
lins (GRN), complement C4-B (C4B), a-2-macroglobulin-P
(A2M or A2MP), chitinase-3-like protein 1 (CHI3L1, also known
as YKIL-40), apolipoprotein D and E (APOD, APOE), comple-
ment C3 (C3), neuron-specific enolase (ENO2), lymphocyte anti-
gen 86 (LY86), B-2-microglobulin (B2M), nidogen-2 (NID2),
complement Clq subcomponent subunit A and B (C1QA,
C1QB), vitamin K-dependent protein S (PROS1), and EGEF-
containing fibulin-like extracellular matrix protein 2 (EFEMP2).
The highest fold-difference was found for NEFM (see above),
neurofilament heavy polypeptide (NEFH), lysozyme C-1 (LYZ1),
and neutrophil gelatinase-associated lipocalin (LCN2) (Fig. 3C
and Dataset S24). Consistent with the overexpression of oS
(SNCA) in the A30P-aS mice, peptides derived from SNCA were
much more abundant or exclusively quantified in A30P-aS mice
(ST Appendix, Fig. S1). Although most of the 220 identified CSF
proteins showed an increase, six proteins were identified with sig-
nificantly lower concentrations in the 18-mo-old A30P-aS mice

A30P-aS

Fig. 1. APPPS1 and A30P-aS mice show progressing proteopathic brain lesions. (A) Representative images of immunostained Ap deposits in young (3-mo-old)
and aged (18-mo-old) APPPS1 mice. Note the distinct Ap plaques at 3 mo mainly in the neocortex and the appearance of Ap deposition all over the brain at
18 mo of age. (B) Immunostained phosphorylated (pS129) «S in young (2-mo-old), adult (11-mo-old), and aged (end-stage disease; 18-mo-old) A30P-aS mice.
(Scale bars, 1 mm for brain sections and 50 pm for Insets.) Counterstaining with nuclear fast red.
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Fig. 2. CSF proteome changes in APPPST mice at 3 and 18 mo of age compared to age-matched controls. (A) Workflow for mouse CSF proteome analysis:
CSF was collected from the cisterna magna of anesthetized mice. After denaturation and alkylation, proteins were digested with Lys-C and trypsin. Resulting
peptides were separated and eluted on a nano high-performance LC system. Subsequently, proteins underwent electrospray-ionization followed by MS
analysis on a Q-Exactive Orbitrap Mass Spectrometer. The MS measurements were analyzed using MaxQuant software and UniProt database. (B) Protein
abundances between 3-mo-old APPPS1 and non-tg control mice were compared (seven and eight male mice per group, respectively; note, one APPPS1 ani-
mal could not be measured due to an instrument failure). Each dot represents a protein that could be quantified in at least three CSF samples per group
(SI Appendix, SI Materials and Methods). The -log;o of the P value of each protein is plotted against its log, fold difference between APPPS1 and non-tg mice.
No significant differences were found at 3 mo. (C) The same analysis was performed for 18-mo-old male APPPS1 mice and age-matched non-tg mice (eight
animals per group). Dots above the solid red line indicate proteins that showed a significantly higher abundance in APPPS1 compared to age-matched non-
tg mice. Significance cutoff (red line) is based on permutation-based FDR-corrected t tests (P < 0.05 and SO = 0.1). The dotted lines indicate the threshold
P =0.05 (i.e., without correction for multiple hypothesis testing) (compare with Fig. 4A).

or energy metabolism (24). The sex of the animals had no influ-
ence on the abundance of the top 20 proteins that showed the
most significant changes (S/ Appendix, Fig. S2).

Enrichment analysis of the 220 significantly changed
proteins in comparison to all quantified CSF proteins revealed

compared to the age-matched controls: cysteine-rich protein
1 (CRIP1), glycogen phosphorylase, muscle form (PYGM),
parvalbumin-o (PVALB), carbonic anhydrase 3 (CA3), creatine
kinase M-type (CKM), and myosin light chain 1/3 (MYL1) (Fig.
30). Interestingly, most of these proteins are involved in muscle
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Fig. 3. CSF Proteome changes in A30P-aS mice at 3, 11, and 18 mo of age compared to age-matched controls. (A) Protein abundances between 3-mo-old
A30P-aS and non-tg control mice (six and nine mice, respectively; for unequal mouse number justification, see S/ Appendix, SI Materials and Methods) were
compared. Each dot represents a protein that could be quantified in at least three CSF samples per group (S/ Appendix, SI Materials and Methods). The -logsq
of the P value of each protein is plotted against its log, fold difference between A30P-aS and non-tg mice. No significant differences were found. (B) Protein
abundances between 11-mo-old A30P-aS and non-tg control mice (six and five mice, respectively) were compared in the same way. Again, no significant dif-
ferences were observed. (C) CSF analysis of 18-mo-old A30P-aS and age-matched non-tg mice (six vs. ten mice; for unequal mouse number justification, see
SI Appendix, SI Materials and Methods) revealed a transgene-related abundance change for 220 proteins (dots above the red threshold). The vast majority
was increased in A30P-aS mice. Significance cutoff (red line) is based on permutation-based FDR-corrected t tests (P < 0.05 and SO = 0.1). The dotted lines
indicate the threshold P = 0.05 (i.e., not corrected for multiple hypothesis testing) (compare with Fig. 4A).
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“innate immune response” and “proteolysis” as primary Gene
Ontology (GO) biological processes. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) suggests that lysosome-related
processes are the most affected cellular pathway (Dataset S2C).

Several proteins were exclusively detected in aged A30P-aS
mice, and thus presumably were below detection in young and
non-tg mice. Among them were several microtubule-associated
proteins, MAP1B, MAP1LC3A, MAP2, MAPG6, and MAPT
(i.e., tau), and intermediate filament proteins, peripherin (PRPH)
and NEFL (Table 1). Thus, all neurofilament proteins (NEFH,
NEFM, NEFL), including o-internexin (INA, also known as
neurofilament-66) and PRPH, were increased in CSF of aged
A30P-aS mice (S Appendix, Fig. S3). Also detected in aged but
not young tg and not in non-tg mice was cystatin F (CST7; see
also “stage 2 DAM" proteins (Fig. 5B)), synaptosomal-associated
protein 25 (SNAP25), a previously described candidate bio-
marker for synaptic degeneration (25, 26), and reticulon-4
(RTN4; also known as Nogo) an inhibitor of neurite outgrowth
and axonal regeneration (27) (Table 1).

The CSF Proteome of APPPS1 and A30P-aS Mice Indicate Glial
Activation. To evaluate potential CSF biomarkers associated
with common downstream pathomechanisms of B-amyloidosis
and a-synucleinopathy, we compared results from the aged
(18-mo-old) APPPS1 and A30P-aS datasets with each other.
For this purpose, we plotted the probability value (P value) for
the abundance change of each CSF protein in aged APPPS1
mice against the corresponding P value in aged A30P-aS mice
(Fig. 44; note that for this comparison, significance levels were
set at 5%; i.e., without false-discovery rate [FDR] correction as
done in Figs. 2 and 3). Only four proteins showed a tendency
to be specifically increased in APPPS1 but not in A30P-aS
mice, namely iduronate 2-sulfatase (IDS), unique cartilage
matrix-associated protein (UCMA), adenylyl cyclase-associated

protein 1 (CAP1), and superoxide dismutase [Cu-Zn] (SOD1).

In contrast, 208 proteins were mainly or exclusively altered in
the A30P-aS mice, including GRN, APOD, C3, NID2,
C1QA, and C1QB.

Common changes in both mouse models were found for 24
proteins (Fig. 4A4). Predicted protein interactions using Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING)
revealed a larger complex of immune-associated analytes
(including TREM2, LY86, C4B, monocyte differentiation anti-
gen CD14 [CD14], ubiquitin-60S ribosomal protein 140
[UBA52], and lysosomal proteins, i.e., f-hexosaminidase subu-
nit B [HEXB], lysosomal a-mannosidase [MAN2B1], N-acetyl-
glucosamine-6-sulfatase [GNS], and six cathepsins) together
with APOE, LYZ2, olfactomedin-like protein 3 (OLFML3),
and astrocyte- or oligodendrocyte-related proteins SER-
PINA3N, A2M, and its receptor, Prolow-density lipoprotein
receptor-related protein 1 (LRP1) (Fig. 4B). A separate network
of axonal proteins was found, including ENO2, neuromodulin
(GAP43), and NEFM (Fig. 4B). Noteworthy, LCN2 also
appeared to be increased in both, aged APPPS1 and A30P-aS
mice, but escaped the APPPS1 analysis since it was quantified
in less than three 18-mo-old wild-type mice (SI Appendix, SI
Materials and Methods).

More than half of these commonly elevated proteins have been
associated with microglia (28-31). Two activation stages of dis-
ease-associated microglia (DAM) have been postulated (8). While
the molecular factors for the transition from homeostatic to DAM
stage 1 are poorly understood, the initiation of stage 2 is depen-
dent on TREM2 signaling (32). The present results revealed that
stage 1 DAM proteins (LYZ2, CTSB, APOE, CTSD, and B2M)
were mostly up-regulated in both mouse models (Fig. 5), whereas
stage 2 proteins (macrophage colony-stimulating factor 1 [CSF1],
metalloproteinase inhibitor 2 [TIMP2], and CTSL) were predom-
inantly increased in aged A30P-aS mice (Fig. 5B). Consistently,
CST7, a stage 2 DAM gene product, was exclusively detected in
18-mo-old A30P-aS mice.

Table 1. Proteins exclusively detected in aged (18-mo-old) A30P-aS

Uniprot Gene LFQ values in Unique
accession Protein name name A30P-aS (18 mo)  peptides (n)
P08551 Neurofilament light polypeptide Nefl 6 27
P14873 Microtubule-associated protein 1B; MAP1B heavy chain; Map1b 6 25
MAP1 light chain LC1
Q99P9I1 Transmembrane glycoprotein NMB Gpnmb 6 10
P10637 Microtubule-associated protein tau Mapt 3 5
Q7TS)2 Microtubule-associated protein 6 Map6 4 6
P60879 Synaptosomal-associated protein 25 Snap25 5 6
P24288 Branched-chain-amino-acid aminotransferase, cytosolic Bcat1 4 3
Q91VR7 Microtubule-associated proteins 1A/1B light chain 3A Map1lc3a 4 2
Q08331 Calretinin Calb2 5 7
P15331 Peripherin Prph 6 9
P63328/ Serine/threonine-protein phosphatase 2B catalytic subunit-a isoform/  Ppp3ca/ 3 6
P48453 Serine/threonine-protein phosphatase 2B catalytic subunit-g isoform Ppp3cb
P20357 Microtubule-associated protein 2 Map2 6 6
Q9z121 C-C motif chemokine 8 Ccl8 5 3
Q99P72 Reticulon-4 Rtn4 4 2
P25119 Tumor necrosis factor receptor superfamily member 1B Tnfrsf1b 5 2
089098 Cystatin-F Cst7 6 1
Q6S5C2 N-acetylglucosamine-1-phosphotransferase subunit gamma Gnptg 4 4
P30275 Creatine kinase U-type, mitochondrial Ckmt1 3 6
Q9R1Q8 Transgelin-3 Tagin3 4 2

The analysis of the A30P-aS dataset revealed a group of 19 proteins that were exclusively quantified in the oldest age group (n > 3 mice; see also S/ Appendix, S| Materials and Methods).
The absence of LFQ signals in any of the other experimental groups, including age-matched controls, implies that these proteins were below detection limit. Hence, an increase could
not be computed for these proteins. Proteins are ranked according to the average LFQ intensity in A30P-aS at 18 mo (Dataset S2A).
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Fig. 4. Meta-analysis of CSF proteome changes. (A) Probability values (displayed as -logio P values) of individual CSF protein changes in the aged
(18-mo-old) A30P-aS versus age-matched non-tg mice are plotted against those in aged APPPS1 versus age-matched non-tg mice for each analyte. These are
the same mice as presented in Figs. 2 and 3. Note: positive values indicate an increase while negative values signify a decrease. Proteins with P < 0.05
(i.e., >1.3 on the -logqo scale) in both datasets reflect a general increase: that is, both mouse models showed an abundance difference between tg and non-
tg animals at 18 mo of age (red sector), while P < 0.05 in either the A30P-aS (gray) or the APPPS1 (blue) dataset rather point at pathology-specific modula-
tions. Note: Although LCN2 also appeared to be increased in both aged APPPS1 and A30P-aS mice, it escaped the APPPS1 analysis since it was quantified in
less than three 18-mo-old wild-type mice; dashed lines indicate the threshold of P = 0.05 (i.e., not corrected for multiple hypothesis testing) (compare with
Figs. 2 and 3). Bold letters indicate the proteins that were significantly up-regulated in aged tg mice of both disease models after FDR correction.
(B) Protein-protein interaction of CSF analytes changing in response to pathology in both mouse models (as displayed in A, red sector) revealed 7.5 times
more interactions than would be predicted for a random set of proteins of comparable size (i.e., 60 vs. 8 edges, respectively; protein-protein interaction
enrichment P < 1.0e-16). Line thickness corresponds to the strength of data support. Color code based on functional enrichment analysis: “immune system”
(red; reactome pathway), “lysosome” and “axon” (blue and green, respectively; GO Cellular Components), “serine-type endopeptidase inhibitor activity”
(yellow; GO Molecular Function), and “cholesterol metabolism” (cyan; KEGG pathway).

Validation of Selected Glia-Associated Hits. The proteomic
analysis indicated that TREM2 was 4.6-fold (= 2**') higher in
18-mo-old APPPS1 compared to the age-matched non-tg mice
(Fig. 2C and Dataset S1A4). Using a sandwich-immunoassay
and separate batches of APPPS1 and non-tg mice, a 6.5-fold
increase of TREM2 was found in the CSF of 19-mo-old
APPPS1 compared to the non-tg littermates (Fig. 64). Quanti-
fication of the microglia-specific protein TREM2 in the brains
of the same mice revealed an age-related increase for both solu-
ble TREM2 released by proteolytic shedding, as well as
membrane-bound forms of TREM2 (Fig. 6 Band C).
Additional up-regulated glia-related CSF markers were vali-
dated in independent mouse CSF samples using immunoblot-
ting. LAG3 in the CSF of aged (18-mo-old) APPPS1 and
A30P-aS tg mice was elevated 1.8-fold and 3.5-fold, respec-
tively, both compared to age-matched non-tg mice (Fig. 6 D
and E). As for LAG3, the vast majority of identified peptides
from single-pass transmembrane proteins were assigned to the
extracellular domain (Dataset S3). Similarly, immunoblotting
confirmed the prominent increase of CTSB and LYZ in aged
APPPS1 mice found in the proteome analysis (Fig. 6 Fand G).

Glia-Associated CSF Markers Are Also Changed in Human CSF.
To assess whether the 25 (24 plus LCN2, see above) commonly
elevated CSF proteins in the mouse models (Fig. 7A4) can also
be identified in human and specifically AD CSF, we explored
datasets from two recently published studies comparing the
CSF proteome of AD cohorts and healthy controls from the
Emory Goizueta Alzheimer’s Disease Research Center (ADRC)
(33), and from the European Medical Information Framework
for Alzheimer’s Disease Multimodal Biomarker Discovery
(EMIF-AD) and Alzheimer’s Disease Neuroimaging Initiative

PNAS 2022 Vol. 119 No.24 2119804119

(ADNI) (34). In fact, homologs of all these mouse CSF pro-
teins, except LAG3, were also detected in human CSF, and
many of them also revealed changes in AD (Fig. 7B).

The best match between glial proteins elevated in the mouse
models and AD was observed in AD subcohorts with abnormal
CSF total tau (t-tau) levels. In these AD subcohorts, 11 of the
25 proteins were also increased, with 8 related to glial cells (Fig.
7B). Of note, also aged APPPS1 mice reveal an increase in CSF
t-tau in magnitude similar to AD (14, 16, 18). The observation
that the match between mouse and human CSF protein changes
was dependent on the AD subcohort corroborates that different
disease stages reveal different glial CSF protein signatures and
that AD is more than a combination of Af and aS lesions. In
addition, methodological variations may also contribute to the
observed differences: for example, the ADRC and ADNI CSF
samples were depleted of the most abundant proteins or the use
of tandem mass tag technique in the ADRC and EMIF-AD
cohorts vs. multiple reaction monitoring targeted MS or rules-

based medicine multiplex in the ADNI cohort (33, 34).

Discussion

An unbiased proteomic approach was used to compare CSF
protein changes in genetically defined mouse models with dis-
tinct proteopathic lesions (B-amyloidosis and o-synucleinop-
athy). Similar approaches in humans are more difficult because
disease heterogeneity due to comorbidities and biological vari-
ability require large numbers of patient samples (35, 36).
Although the volume of murine CSF is very small, technical
advances in proteomic analysis allowed us to identify changes
in more than 600 proteins using only 2 pL of CSF per technical
replicate.
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Fig. 5. Stage 1 and stage 2 DAM related proteins. (A) LFQ intensities of various stage 1 and stage 2 DAM proteins in the CSF of 3- and 18-mo-old APPPS1
mice and age-matched controls (the same mice as presented in Figs. 2 and 4) based on MS data. LFQ intensities were normalized to the average LFQ value
for 18-mo-old non-tg mice (log, scale) since APPPS1 mice were analyzed in two batches. (B) LFQ intensities of various stage 1 and 2 DAM proteins in the CSF
of 3-, 11-, and 18-mo-old A30P-aS mice and age-matched non-tg mice (the same mice as presented in Figs. 3 and 4) based on MS data. Significant differences
based on t tests with permutation-based FDR correction (*P < 0.05 and SO = 0.1) are indicated for tg vs. age-matched non-tg mice and for comparisons
between different age-groups of the same genotype (see also Datasets S1B and S2B).

The most remarkable finding of the present study was the pre-
dominance of microglia-associated proteins among the CSF pro-
teins identified to change in aged APPPS1 and A30P-aS mice.
The importance of microglial activation in the pathogenesis of
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neurological disorders including AD and PD has been extensively
documented (8, 37-39). There is evidence for both destructive
and beneficial effects of microglial activation, which are likely
dependent on both disease stage and type of proteopathic lesions
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Fig. 6. Biochemical validation of age- and transgene-related changes of selected glia-associated CSF proteins in APPPS1 and A30P-aS mice. (A-C) Using an
ECL-based immunoassay, TREM2 was measured in the CSF (4), and soluble (B) and membrane-bound brain fraction (C) from a new cohort of APPPS1 and
non-tg mice ranging from 1.5 to 19 mo of age (males, n = 6-15 per group) (see also S/ Appendix, S| Materials and Methods). Bars indicate mean + SD. (A) Two-
way ANOVA revealed a significant age x genotype interaction for CSF TREM2; F(4, 89) = 21.4, P < 0.0001. Tukey's post hoc test showed a significant increase
in 7-mo-old APPPS1 compared to age-matched non-tg and 1.5-mo-old APPPS1 mice (P < 0.0001; note, values of one 1.5- and two 3-mo-old non-tg mice were
below limit of detection). (B) Quantification of TBS-soluble brain TREM2 levels was done in the same mice. Two-way ANOVA revealed a significant
age x genotype interaction; f(4, 92) = 241.8, P < 0.0001. Tukey's post hoc test showed that soluble brain TREM2 in APPPS1 mice was significantly increased
starting at 3 mo of age compared to age-matched non-tg and 1.5-mo-old APPPS1 mice (P < 0.0001). (C) Quantification of membrane-associated brain TREM2
levels (TBS/Triton-soluble fraction) in the same mouse cohort. Two-way ANOVA revealed a significant age x genotype interaction F(4, 89) = 210.4, P < 0.0001.
Tukey's post hoc test showed that membrane-bound TREM2 was significantly increased in 3-mo-old APPPS1 mice compared to age-matched non-tg and to1.
5-mo-old tg mice (P < 0.0001) but reached a plateau at 13 mo. Note: Two samples (1.5-mo-old non-tg and 7-mo-old APPPS1 mouse) could not be measured
and one value (7-mo-old non-tg mouse) was excluded because it was a significant outlier (i.e., 6.4 SD greater than the mean of all non-tg mice). All P values
of post hoc comparisons (for A-C) are reported in S/ Appendix, Table S1. (D) Immunoblotting of CSF samples from APPPS1 tg mice using a LAG3 antibody
revealed the expected 54-kDa band corresponding to soluble LAG3 (88). Semiquantitative analysis revealed that 18-mo-old APPPS1 mice had about 77%
more CSF LAG3 than age-matched non-tg controls (ntg), compared to a threefold difference based on MS (compare with Fig. 2C). LAG3 was barely detectable
in the CSF of non-tg and 3-mo-old APPPS1 tg mice and no signal appeared in the Lag3 knockout (ko) mouse (n = 2 and 3 mice per group in young and aged
mice, respectively). (F) The same LAG3-related protein band was detected in CSF samples of A30P-aS tg mice. Semiquantitative analysis revealed that A30P-
oS mice had about 3.5 times more LAG3 in the CSF than non-tg mice at 18 to 21 mo of age (the same difference that was quantified based on MS data; com-
pare with Fig. 3C). Again, LAG3 was barely detectable in the CSF of non-tg and 3-mo-old A30P-aS tg mice, and no signal was seen in the Lag3 knockout (ko)
control. Mean + SD of signal intensities (n = 2 and 3 mice per group in young and aged mice, respectively). Topological representation of peptides mapped on
LAG3 as determined by QARIP analysis (compare with Dataset S3). All detected peptides originate from the extracellular domain of LAG3 (D and E: orange, signal
peptide; blue, extracellular domain; yellow, transmembrane domain; green, cytoplasmic domain). (F and G) Western blots for CTSB and LYZ in APPPS1 tg and
non-tg mice at 3 and 18 mo of age (n = 3 per group). While in young animals no signal was detected, aged APPPS1 mice showed the expected bands for the two
proteins (note: CSF samples from the same mice were used in F and G).

(40, 41). Glial cells in brain are not directly accessible for clinical
diagnostics. However, a first indication that glial transcriptomic
changes translate into corresponding CSF protein changes came
from observations that key transcriptomic hits often represent
secreted or shed glial proteins. The prime example of a shed pro-
tein is soluble TREM2, which is released from the microglia sur-
face into the interstitial fluid/CSF by proteolytic cleavage through
ADAMI10 and ADAM17 (42). The observed plateau in concen-
tration of membrane-bound TREM2 in the aged APPPSI mice
suggests that the persistent increase of TREM2 in CSF is attrib-
uted to enhanced shedding activity. Soluble TREM2 is a CSF
biomarker for microglia activation and antibody-mediated attenu-
ation of soluble TREM2 shedding appears a promising therapeut-
ical approach (43). Other glial-derived CSF protein fragments
found in the present study and known to be shed from the cell
surface by ADAM10 and ADAM17 are soluble forms of CSF1,
LAG3, and LRP1 (44-46).

Microglia activation states have been tried to be classified into
DAM or activated response microglia phenotypes based on cellu-
lar transcriptomic analysis (8, 39). Moreover, microglial AP
response proteins have been identified (47). However, such micro-
glia subpopulations were not only reported in mouse models of

PNAS 2022 Vol. 119 No.24 2119804119

cerebral B-amyloidosis but also in tauopathies, amyotrophic lateral
sclerosis, multiple sclerosis, or healthy aging (8, 39, 47-56). The
increased abundance of many DAM markers in the CSF of
A30P-aS mice now suggests a DAM-like phenotype also in
a-synucleinopathies. The same is true for the recently described
amyloid plaque-induced gene signature (57) that also shows great
overlap. Notably, microglia have been reported to modulate the
cell-to-cell propagation of aS lesions and seeding-prone oS species
have been isolated from microglia-derived exosomes in CSF of
patients with a-synucleinopathies (23, 58-60).

While our proteomic analysis reveals a CSF signature of
microglial activation associated with both AP and aS lesions, it
is important to note that the microglial secretome shows dis-
tinct overlap with the secretome of astrocytes (61-63) (Datasets
S1B and S2B). APOE, CSF1, CTSD, CTSB, CTSL, and
TIMP?2 all found to be up-regulated at least in aged A30P-aS
mice are also part of the astrocytic secretome (Fig. 7). In anal-
ogy to DAM, a concept of disease-associated astrocytes (DAA)
has emerged with an overlap of several genes between DAM
and DAA (64). In contrast, C4B, SERPINA3N A2M(P),
CHI3L1, and LCN2 appear to be more specific for the activa-

tion of astrocytes (64, 65). Astrocytosis in response to activated
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Fig. 7. Common CSF protein changes in aged APPPS1 and A30P-aS mice are linked to glial cells and translate to human AD. (A) The majority of CSF proteins
found to be increased in both mouse models (APPPS1 and A30P-aS) are linked to microglia (green) and/or astrocytes (red) and only a few are of neuronal
origin (blue). See Results for details. Homologs of 24 of the 25 mouse proteins (all except LAG3) could also be measured in human CSF samples using
MS-based technologies (compare with B). Partially created with bioRender. (B) Direct comparison of the murine CSF proteins with recently published human
CSF proteome datasets including three different cohorts—Emory-ADRC (33) or EMIF-AD and ADNI (34)—revealed that several proteins of the mouse panel
also show disease-related changes in AD patients. The best match between human and mouse data were seen for AD patients with abnormal CSF t-tau lev-
els (based on study-specific cutoff values; bold frame). A total of 11 proteins showed a significant increase (9 in the EMIF-AD and additional 2 in the ADNI
cohort) compared to healthy controls (P < 0.05; note that CD14 and ENO2 were increased in both cohorts). MCl, mild cognitive impairment; NC, normal cog-
nition; ng, not quantified; A increase, N\ decrease, = no significant change (*proteins highlighted with a star are [potential] isoforms of proteins listed in
the table, according to UniProt). Note that due to stringent data filtering or targeted approach, only 707 and 204 proteins were relatively quantified in the
EMIF-AD and ADNI cohort, respectively. Definition of AD in the EMIF-AD and ADNI cohort was based on abnormal CSF ABs_4> concentrations and cognitive
function was assessed according to international consensus criteria (for details see ref. 34).
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microglia is a common feature of multiple neurodegenerative
diseases (66), and vice versa, secreted astrocyte proteins, such as
LCN2, have been reported to impact microglial gene expression
(67). Both, microgliosis and astrocytosis are distinct and promi-
nent features in aged APPPS1 and A30P-aS mice (19, 22). The
finding that both microglia- and astrocyte-associated proteins
are increased in CSF makes such markers promising candidates
for monitoring onset and progression of gliosis in -amyloidoses
and a-synucleinopathies. Indeed, human al-antichymotrypsin
(SERPIN A3), YKL-40 (CHI3L1), and LCN2 are already
considered potential biomarkers for AD and (atypical) PD pro-
gression (68-71). Such observations in humans not only corrob-
orate our data but also demonstrate that biomarker candidates
identified in the present study have great relevance for human
diseases.

Beyond the glial markers described above, several neuronal pro-
teins associated with neurodegeneration were found to increase in
the CSF of the two mouse models. Common changes were found
for NEFM, ENO2, or GAP43, while intermediate filament proteins
(NEFH, NEFL, INA, PRPH), microtubule-associated proteins
(MAP1B, MAP1LC3A, MAP2, MAP6, and MAPT), and SNAP25
and RTN4 were predominantly or exclusively detected in aged
A30P-aS mice. An increase in SOD1 was only found in the APPPS1
mouse model and SOD1 was recently reported to be elevated also in
AD CSF (36). However, before suggesting distinct differences in the
molecular cascade of neurodegeneration between the two mouse
models, it has to be ruled out that the difference is caused by the
more severe neurodegeneration in the A30P-aS mice compared
to the less severely affected APPPS1 mice. Such a view is consis-
tent with CSF NIfL levels quantified by immunoassays to be
more than 10-fold higher in aged A30P-aS compared to APPPS1
mice (12).

Despite the vast majority of proteins being increased in the
CSF of aged transgenic compared to non-tg mice, some pro-
teins—CA3, CKM, CRIP1, MYL1, PVALB, and PYGM—were
significantly lower in 18-mo-old A30P-aS than in age-matched
control mice. All of these proteins, except CRIP1, were shown to
be involved in the molecular response to prolonged hypoxia in
skeletal muscles (24) and might be related to the locomotor phe-
notype in aged A30P-aS tg mice (22). CA3 is also expressed and
secreted by microglia (63, 72) (Dataset S2B) and gene expressions
of CKM and MYL1 were decreased in PD patient-derived dopa-
mine neurons with aS gene triplication (73). Moreover, loss of
PVALB" GABAergic interneurons along with microgliosis was
observed in mice overexpressing human wild-type oS (74).

Current LC-MS/MS technologies are limited by the dynamic
range of the investigated proteome and often do not reach the
sensitivity of state-of-the-art immunoassays for low abundant
proteins but provide a more comprehensive picture by relatively
quantifying hundreds of proteins. Thus, in the present study
only the most abundant CSF proteins could be quantified. Nev-
ertheless, our study revealed an increase of proteins associated
with either AP or aS lesions and a panel of more than 20 bio-
marker candidates related to glial activation in models of
-amyloidosis and a-synucleinopathy with the vast majority also
being detected in human CSF. The finding that many of these
glial proteins are also changed in AD and that changes are
dependent on the AD subcohorts, and thus presumably on the
disease stages, implies that CSF biomarker changes are bimodal
rather than unidirectional (e.g., ref. 75). This is in line with
mouse models of B-amyloidosis to represent early AD disease
stages, while most AD CSF comes from symptomatic and thus
late disease stages including tau pathology and other comorbid
lesions.

PNAS 2022 Vol. 119 No.24 2119804119

In conclusion, neuroinflammation is a consistent pathological
hallmark of AD and PD and glial cells adopt various functional
states. The identified panel of CSF proteins has clinical relevance
and the potential to differentiate and monitor neuroinflammatory
disease stages in humans.

Materials and Methods

Further details for materials and methods described here are provided in S/
Appendix.

Mice. Hemizygous APPPST (Tg[Thy1-APPSw,Thy1-PSEN1*L166P]) (19) and homo-
zygous A30P-S (Tg[Thy1-SNCA*A30P]) (20) and age-matched non-tg mice were
used in this study. Lymphocyte activation gene 3 protein knockout (Lag3 ko) mice
(B6.12952-Lag3"™ ™'/ J) (76) were used to validate the specificity of anti-LAG3 anti-
body (4-10-C9). The experimental procedures were carried out in accordance with
the veterinary office regulations of Baden-Wuerttemberg (Germany) and approved
by the local Animal Care and Use Committee.

Mouse CSF Sampling. A standardized protocol for CSF collection was used as
described previously (18). The CSF samples were centrifuged at 2,000 x g for
10 min, controlled for blood contamination, aliquoted (5 pL), and finally stored
at-80°C.

Collection and Processing of Mouse Brain Tissue. After PBS perfusion,
brains were removed. One hemisphere was snap-frozen and the other was fixed-
frozen and stored at -80 °C. Fresh frozen mouse brain hemispheres were subse-
quently homogenized in TBS with protease and phosphatase inhibitors. After
ultracentrifugation, supernatants were collected as TBS-soluble fractions and pel-
lets were further extracted using TBS supplemented with 1% Triton X-100.

Mouse CSF Proteomics. Mouse CSF samples were analyzed by non-targeted
LC-MS/MS. LFQ of the mouse CSF proteome data was performed using the Max-
Quant software package (v1.5.3.12) (77) and Perseus (v1.5.2.6) was used for
additional data analysis (78, 79).

Ontological Enrichment Analysis. DAVID bioinformatics resources 6.8
(david.ncifcrf.gov) (80, 81) were used to functionally annotate the mouse CSF
proteome data (Datasets S1C and S2C).

Protein-Protein Interaction Analysis. Protein-protein interaction analysis
was performed using STRING v11.0 (82), including functional enrichment analy-
sis based on the reactome pathway, GO terms, and KEGG annotations.

Quantitative Analysis of Regulated Intramembrane Proteolysis. The
identified peptides of single-pass transmembrane proteins were matched to the
respective protein sequences with indication of topological domains using the
web-based tool Quantitative Analysis of Regulated Intramembrane Proteolysis
(QARIP) (83).

Immunoblotting. Mouse CSF samples were run on 4-12% Bis-Tris NuPAGE
gels and electroblotted onto nitrocellulose membranes. Subsequently, target
proteins were marked with 4-10-C9 mouse monoclonal antibody against murine
LAG3 (MABF954; Merck Millipore), ST50-02 rabbit monoclonal antibody against
lysozyme C (NBP2-67507; Novus Biologicals), or D1C7Y rabbit monoclonal anti-
body against cathepsin B (XP Rabbit mAb #31718, Cell Signaling Technology)
followed by horseradish peroxidase-conjugated secondary antibodies.

Immunohistochemistry. For immunohistochemistry, 25-um-thick mouse
brain sections were stained with rabbit polyclonal antibody NT12 against A (84)
or rabbit monoclonal antibody against pS129-aS (EP1536Y, Abcam).

CSF aS Measurement. Human CSF aS was measured on a Sector Imager 6000
(Meso Scale Discovery, MSD) using a commercial electrochemiluminescence-linked
immunoassay (Cat# K151TGD) according to the manufacturer's instructions. MSD
Discovery Workbench software v2.0 was used for data analysis.

TREM2 Measurement. Quantification of murine TREM2 was performed on the
MesoScale platform using a customized assay, as described previously (15).
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Samples were measured on an Imager 2400 reader using the Discovery Workbench
software v4 (Meso Scale Discovery) according to the manufacturer's instructions.

Statistical Analysis of Immunoassay Results. Statistical analyses were
done using JMP software (SAS Institute Inc.,, v15.2). Non-normally distributed
variables were logarithmically transformed prior to statistical calculations. Graph-
pad Prism (v6) was used to generate the graphs. Statistical significance was set
at P < 0.05. All values are expressed as means + SD.

Data Availability. The mouse mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE (85) partner repos-
itory with the dataset identifiers PXD021322 (86) and PXD021356 (87). Previ-
ously published data were used for this work (33, 34).
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