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Abstract

Introduction: It is important to understand which biological processes change with
aging, and how such changes are associated with increased Alzheimer’s disease (AD)
risk. We studied how cerebrospinal fluid (CSF) proteomics changed with age and tested
if associations depended on amyloid status, sex, and apolipoprotein E €4 genotype.
Methods: We included 277 cognitively intact individuals aged 46 to 89 years from
Alzheimer’s Disease Neuroimaging Initiative, European Medical Information Frame-
work for Alzheimer’s Disease Multimodal Biomarker Discovery, and Metabolic Syn-
dromein Men. Intotal, 1149 proteins were measured with liquid chromatography mass
spectrometry with multiple reaction monitoring/Rules-Based Medicine, tandem mass
tag mass spectrometry, and SOMAscan. We tested associations between age and pro-
tein levels in linear models and tested enrichment for Reactome pathways.

Results: Levels of 252 proteins increased with age independently of amyloid status.
These proteins were associated with immune and signaling processes. Levels of 21 pro-
teins decreased with older age exclusively in amyloid abnormal participants and these
were enriched for extracellular matrix organization.

Discussion: We found amyloid-independent and -dependent CSF proteome changes

1 | INTRODUCTION

With older age, the prevalence of Alzheimer’s disease (AD) rises
steeply.22 Amyloid plaques and tau tangles in the brain are considered
the pathological hallmarks of AD, and the prevalence of abnormal
biomarkers levels reflective of these hallmarks increases in cognitively
normal (CN) individuals with older age, preceding prevalence of
dementia up to 20 years.3* Possibly, other molecular processes also
may become disrupted during this time. Better characterization of
age effects, and the influence of AD pathology on such relationships,
would give more insight into processes that increase the brain’s
vulnerability to neurodegeneration during aging. Proteomic analysis
of cerebrospinal fluid (CSF) measures many proteins simultaneously,
and can show which molecular processes may change with age and AD
in vivo.?

Previous CSF proteomic studies found that approximately one tenth
(30 of 248)° to one third (82 of 312)7 of analyzed proteins show
altered levels with older age in CN individuals. Those proteins showed
enrichment for inflammation, response to injury, and the complement
system.” However, those studies did not address the influence of amy-
loid status on the CSF proteome, while an estimated 19% of 65-year-
old individuals with normal cognition show abnormal amyloid and
are at risk to develop dementia.® It remains unclear to what extent
observed age-related alterations were influenced by the presence of
AD pathology. Furthermore, sex and apolipoprotein E (APOE) ¢4 carri-
ership are known risk factors for AD that have been shown to either
influence the CSF proteome® (APOE €4), or to influence specific CSF
proteins, for example, tau (sex”1® and APOE 419). We hypothesized

with older age, perhaps representing physiological aging and early AD pathology.

that associations between protein levels and age may differ depending
on amyloid status, sex, and APOE 4 carriership.

The aim of this cross-sectional study was to investigate the relation-
ship of age- and amyloid-related changes in the CSF proteome of cogni-
tively intact individuals spanning an age range of 46 to 89 years, includ-

ing potential effects of APOE ¢4 carriership and sex.

2 | MATERIAL AND METHODS
2.1 | Study cohorts

Three independent cohorts were included in our analysis: Alzheimer’s
Disease Neuroimaging Initiative (ADNI),!! European Medical Infor-
mation Framework for Alzheimer’s Disease Multimodal Biomarker
Discovery (EMIF-AD MBD)'? and Metabolic Syndrome in Men
(METSIM).23 All participants provided informed consent to participate
in these studies. From these cohorts we selected CN individuals with
available CSF proteomic data (Table 1).

2.1.1 | ADNI

The ADNI (adni.loni.usc.edu) was launched in 2003 as a public-private
partnership, led by Principal Investigator Michael W. Weiner, MD.!!
The primary goal of ADNI has been to test whether serial magnetic
resonance imaging (MRI), positron emission tomography (PET), other

biological markers, and clinical and neuropsychological assessment can
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature on effects
of age on the cerebrospinal fluid (CSF) proteome. Two
studies, referenced in the text, have addressed age effects
on the CSF proteome. Novel in our approach is a concomi-
tant analysis of age and amyloid status effects on the pro-
teome, which allows separating age- and Alzheimer’s dis-
ease (AD)-related effects.

2. Interpretation: Our finding that extracellular matrix
organization overlaps between proteins with amyloid-
independent and amyloid-dependent associations with
age could indicate this process contributes to the higher
AD risk with older age.

3. Future directions: While our results in cross-sectional
data suggest that general aging- and early AD-related
proteome changes overlap, further longitudinal studies of
CSF protein levels in normal cognition are needed to bet-
ter separate general aging- and AD-related effects.

be combined to measure the progression of mild cognitive impairment
(MCI) and early AD.
In ADNI, normal cognition was defined as documented in the ADNI

General Procedures Manual,'* as (1) absence of memory complaints,

Disease Monitoring

(2) normal education-adjusted memory function measured with Logi-
cal Memory Il subscale (from Wechsler Memory Scaled—Revised), (3)
Mini-Mental State Examination!®> (MMSE) score of 24 to 30, (4) Clinical
Dementia Rating (CDR)'¢ and Memory Box score of 0, and (5) absence
of significant impairment in cognitive functions or activities of daily liv-
ing. Both men and women were enrolled. The participants had a median
age of 75 years (range 62 to 89 years).

2.1.2 | EMIF-AD MBD

The EMIF-AD MBD study is a multicenter retrospective study to dis-
cover novel diagnostic and prognostic biomarkers for AD.'2 Normal
cognition was defined as neuropsychological assessment within 1.5
standard deviations of age-, sex-, and education-specific mean test
scores. Both men and women were enrolled. The participants had a

median age of 66 years (range 46 to 84 years).

2.1.3 | METSIM

METSIM is an observational study on the development of diabetes.!”
We selected participants without insulin resistance from METSIM
(n = 30).13 Normal cognition was defined as living independently,
absence of memory complaints, MMSE score of at least 25, and Func-
tional Activities Questionnaire scorel® < 9. Participants were excluded

if they had current (or a history of) neurological disease, significant sys-

TABLE 1 Demographics of study cohorts and combined data
EMIF-AD MBD ADNI METSIM Combined
Normal Abnormal Normal Abnormal Normal Abnormal Normal Abnormal
amyloid amyloid amyloid amyloid amyloid amyloid amyloid amyloid
N 87 74 54 32 27 3 168 109
Age, years,mean+SD  65.9+7.8®° 66.9+8.3? 75.5+5.6% 76.1+5.6° 61.7 +4.5" 637+6.1 68.3+84 69.5+8.6
Sex, Female (%) 43 (49%)P 39 (53%) 27 (50%)d 15 (47%) n.s. n.s. 70 (42%) 54 (50%)
APOE ¢4, 1-2 alleles (%) 22 (25%)? 44 (59%)¢ 5 (9.3%) 16 (50%)° 11 (41%)4 2(67%) 38 (23%)° 62 (57%)°
MMSE, mean + SD 289+1.2 28.6 +1.22 29+1 292+12 284+ 1.3 29.3+0.58 288+ 1.2 288+ 1.2
CSF amyloid 1-42 0+1 -1.4+0.6 0+1 -3.5 +0.92dc 0+1 -1.9+0.15¢ 0+0.99¢ -21+1.2°¢
Z-score, mean + SD
CSF t-tau Z-score, 0+1 0.74+24 0+1 1.1+ 1.6° 0+1 0.76 +3.2 0+0.99¢ 0.87 +2.2¢
mean + SD
CSF p-tau Z-score, 0+1 0.26 + 1.5 0+1 1.1+1.7%¢ 0+1 12+27 0+0.99¢ 0.56 + 1.6¢
mean + SD
CSF t-tau status, 13 (15%) 28 (38%)° 5(9.3%) 12 (38%)° 3(11%) 1(33%) 21 (12%)° 41 (38%)°
abnormal (%)
CSF p-tau status, 12 (14%) 26 (35%)% 8(15%) 19 (59%)3¢ 3(11%) 1(33%) 23 (14%)° 46 (42%)°

abnormal (%)

Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; CSF, cerebrospinal fluid; EMIF-AD MBD, European Medical Infor-
mation Framework for Alzheimer’s Disease Multimodal Biomarker Discovery; METSIM, Metabolic Syndrome in Men; MMSE, Mini-Mental State Examination;
n.s., not included in study; p-tau, phosphorylated tau; SD, standard deviation; t-tau, total tau.

Statistical differences were tested with chi-square test, Mann-Whitney U test or Student’s t-test as appropriate. Amyloid, t-tau and p-tau Z-scores were
calculated relative to CN amyloid normal controls. a is P < .05 comparing ADNI and EMIF-AD MBD participants, b is P < .05 comparing EMIF-AD MBD and
METSIM, cis P < .05 comparing amyloid abnormal and normal participants, d is P < .05 comparing ADNI and METSIM participants.
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FIGURE 1 Overview of methods and data analysis. Data processing strategy. The combined dataset was generated by separate pre-processing
and normalization of proteomic datasets, followed by data pooling and selection of proteins measured in at least 25% of participants, of whom at
least 50 were amyloid abnormal. For detailed description of the data processing strategy, see Methods; for detailed information of which peptides
or protein measurements in each study were used for the pooled protein scores, see Table S1.

temic diseases, or used specific medications as described in more detail
elsewhere.'3 Only men were enrolled in the study. The participants had

amedian age of 62 years (range 55 to 69 years).

2.2 | CSF proteomics

CSF was collected and processed as described elsewhere (see ADNI
1 General Procedures Manual,'* and study-specific references'?17).
ADNI proteomics data were generated using a liquid chromatogra-
phy mass spectrometry with multiple reaction monitoring panel?°
(311 peptides, from which we analyzed the normalized intensity data),
Rules-Based Medicine?! multiplex (83 proteins), and enzyme-linked
immunosorbent assays (four proteins). Peptides and proteins target-
ing the same protein were Z-scored relative to controls and aver-
aged if they showed a correlation of at least 0.5. EMIF-AD MBD
CSF proteomic data was generated with tandem mass tag mass

spectrometry!222

resulting in 2535 proteins (deposited at the Pro-
teomeXchange Consortium via the PRIDE partner repository, dataset
identifier: https://doi.org/10.6019/PXD019910). CSF proteomic data
of 4006 proteins in METSIM was measured on the SOMAscan platform
(SomaLogic).1? Total signal intensities for the samples were median
normalized by Somalogic.

As we were interested in studying age effects, we pooled proteomic

data across studies to ensure a wide age range. First, we harmonized

natural log-transformed proteomic data while anchoring age effects,
by Z-transformation relative to CN controls aged 60 to 75 years with
normal amyloid, total tau (t-tau), and phosphorylated tau (p-tau; see
schematic overview in Figure 1). Next, we averaged peptides or pro-
teins measuring the same UniProt identifier or highly correlating pro-
teins (r at least 0.9) with different UniProt identifiers if they were
translated from the same or homologous genes into protein scores and
pooled the data (5039 proteins, see Table S1 in supporting information
for different peptides and proteins per protein score). We included pro-
teins measured in at least 25% of individuals and in at least 50 individu-
als with abnormal amyloid, resulting in a final dataset of 1149 proteins,
of which 115 were measured in all three datasets, 538 proteins were
measured in both EMIF-AD MBD and METSIM, 42 proteins in both
ADNI and METSIM, and 454 proteins in EMIF-AD MBD only.

2.3 | AD biomarker status

Amyloid status was based on center-specific cut-offs of CSF amy-
loid beta (AB)42 derived with Gaussian mixture modeling (EMIF-AD
MBD),2% on CSF AB42 values on xMAP Luminex at a cut-off indicat-
ing abnormality of <192 pg/mL (ADNI)24 and on INNOTEST at <350
pg/mL (METSIM).13 T-tau status was based on CSF t-tau levels using
center-specific cut-offs (EMIF-AD MBD),!2 with a cut-off indicating
abnormality of >93 pg/mL on xMAP Luminex (ADNI),24 or >350 pg/mL
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on INNOTEST (METSIM).13 P-tau status was based on CSF levels
using center-specific cut-offs'2 (EMIF-AD MBD), >23 pg/mL on xMAP
Luminex (ADNI),24 or >60 pg/mL on INNOTEST (METSIM).13

2.4 | Determination of APOE genotypes

In ADNI, APOE genotypes were determined by polymerase chain
reaction amplification and enzymatic digestion as described in
ADNI research plans?® and the resulting data were obtained from
adni.loni.usc.edu. In METSIM, APOE genotypes were determined
using TagMan Allelic Discrimination Assays (Applied Biosystems).!3
In EMIF-AD MBD, APOE genotypes were measured using the Global

Screening Array (lllumina Inc.) and TagMan assays.2%

2.5 | Statistics

In all models, main effects of age, amyloid status, APOE ¢4 carriership,
and sex were included. In all analyses, P-values < .05 were considered
significant without multiple testing correction, as we aimed to show
patterns of age-, amyloid-, APOE ¢4-, and sex-related changes in the
proteome rather than identifying novel biomarkers. Interaction terms
were tested using analysis of variance. Main effects of age, amyloid sta-
tus, APOE ¢4 carriership, and sex were reported in proteins that had no
significant two- or three-way interactions with any of the other vari-
ables, and regression coefficients for each of these were corrected for
the other variables. Effect sizes were reported with estimated marginal
slopes for age or estimated marginal mean differences for amyloid sta-
tus, APOE €4, and sex.

Age effects were group-stratified for proteins showing a significant
interaction between (1) age and amyloid status, (2) age and sex, or (3)
age and APOE ¢4 status. Finally, we also tested three-way interactions
between age and (1) amyloid status and APOE ¢4 or (2) amyloid status
and sex, and when significant, stratified analyses for amyloid and APOE
or amyloid and sex subgroups. Proteins included in each of the analyses
are documented in Table S2 in supporting information. Finally, for each
of the above models, when at least 10 proteins showed an association
with the outcome, we performed pathway analyses with Reactome?”
(Reactome Pathway Gene Set version 69 downloaded from Reactome,
https://reactome.org/?®), using all Reactome categories except “Dis-
ease” (1779 pathways). RITAN 1.10.0 was used to test pathway enrich-
ment with all protein-coding genes as a background and false discov-
ery rate correction at a g threshold of 0.05, and we report signifi-
cant pathways if at least three proteins overlapped with the path-
way. All analyses were run in R version 3.6.1 “Action of the Toes.”
Emmeans v.1.4.2 was used to estimate effect sizes, and volcano plots
were generated with EnhancedVolcano 1.4.0. Shiny v.1.4.0 was used to
create a user interface allowing querying of the age associations in the
CSF proteome (available at https://kwesenhagen.shinyapps.io/Aging_

proteomics/).
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3 | RESULTS

3.1 | Sample description

In total, 277 CN participants aged 46 to 89 years were included. Of
these participants, 109 (39%) had abnormal amyloid levels in CSF
(Table 1). Relative to participants with normal amyloid, participants
with abnormal amyloid were older, more often had an APOE ¢4 geno-
type, and more often had abnormal t-tau and p-tau in CSF. The cohorts
were largely comparable in demographics, but ADNI participants were
on average older. The METSIM study included only men, and APOE ¢4
carriership was more common than in the other two studies. In addi-
tion, in EMIF-AD MBD compared to ADNI, participants with abnormal
amyloid had lower MMSE scores and less often had abnormal CSF p-

tau.

3.2 | Main effects of age, amyloid status, APOE 4
carriership, and sex

We first investigated the main effects of age, amyloid status, APOE ¢4,
and sex as predictors of CSF protein levels (see web interface at https://
kwesenhagen.shinyapps.io/Aging_proteomics/ showing the effects for
all included proteins). We tested the main effect of age in 911 of the
1149 proteins that showed no interactions between age and amyloid
status, sex, and APOE 4. Two hundred fifty-two proteins (28%) had
altered levels with older age, of which 194 (77% of 252) proteins had
higher levels with older age and were enriched for immune system
and signal transduction processes, and processes related to cellular
responses to external stimuli, among others (Figures 2A, 2E, and 3A;
Tables S3 and S4 in supporting information). Subsets of these processes
were uniquely enriched among these proteins compared to the other
analyses. Fifty-eight proteins (23% of all 252 age-related proteins) had
lower levels with older age, and did not show enrichment for specific
biological processes (Figures 2A and 2E; Tables S3 and S4).

Next, we tested the main effect of amyloid status in 864 proteins
without interactions between amyloid status and age, sex, and APOE 4.
Levels of 172 proteins (20%) differed between individuals with normal
and abnormal amyloid. Of the 172 proteins, 156 proteins (91%) were
decreased in individuals with abnormal amyloid and showed enrich-
ment for signal transduction, immune system, and cell cycle processes,
among others (Figures 2B, 2E, and 3B; Tables S4 and S5 in support-
ing information). Sixteen proteins (9%) had higher levels in amyloid-
abnormal individuals (Figure 2B, Table S5); this group did not show
enrichment for biological processes (Figure 2E, Table S4).

For APOE ¢4 carriership, 22 out of 1016 analyzed proteins (2.2%) dif-
fered in APOE ¢4 carriers and non-carriers. Fifteen of these proteins
(68% of 22 proteins) had higher levels in APOE ¢4 non-carriers (Fig-
ure 2C and 2E; Table Sé in supporting information), without enrichment
of biological processes, and seven of the proteins (32% of 22 proteins)

had higher levels in APOE ¢4 carriers.
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FIGURE 2 Effects of age, amyloid status, apolipoprotein E (APOE) 4 carriership, and sex separately on the proteome. Main effect estimates
from linear models including main effects of age, amyloid state, APOE ¢4 carriership, and sex. Proteins were selected for the analyses using the
specified selection criteria: main effect of age (no interaction between age and amyloid status, APOE ¢4, or sex), main effect of amyloid status (no
interaction between amyloid status and age, APOE &4, or sex), and similarly for APOE ¢4 and sex. A-D, Effect sizes and statistical significance of
protein level changes depending on the investigated factors: (A), age, (B) amyloid status, (C), APOE &4 carriership, and (D), sex. E, Top pathway
categories enriched in proteins with a significant effect of these factors. Full effect sizes and statistical significance of the investigated factors are
provided in Tables S3 and S5-7. For full overview of enriched processes, see Table S4. Inc., increased; dec., decreased; A+, amyloid abnormal; A-,
amyloid normal; e4+, APOE &4 carrier; e4-, APOE ¢4 non-carrier; F, female; M, male. *, P < .05; ** P < .01; ***, P <.001
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pathways (squares) and proteins found in each analysis (circles), with edges indicating that proteins are part of a pathway. An overview of top
pathways and proteins is shown for each analysis; for full pathway results, see Table S4. Pathway results for (A), proteins that showed increased
levels with older age, (B) proteins that showed decreased levels in amyloid abnormal versus normal participants, (C), proteins that had increased
levels in women versus men, and (D), proteins that had decreased levels in women versus men.
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Finally, we tested the main effect of sex in 835 proteins with-
out interactions between sex and age, amyloid status, and APOE &4.
Of these 835 proteins, 352 proteins (42%) had different levels in
women compared to men, of which 243 (69% of 352) proteins were
increased in women (Figure 2D; Table S7 in supporting information)
and were enriched for metabolism, metabolism of proteins, and extra-
cellular matrix organization-related processes, among others (Fig-
ure 2E and 3C; Table S4). The remaining 109 (31% of 352) proteins
showed higher levels in men (Figure 2D; Table S7) and were enriched
for metabolism of proteins, hemostasis, and immune system-related
processes, among others (Figure 2E and 3D; Table S4). Because the
METSIM study consisted of only men, which potentially may have
biased the results, we repeated our analyses excluding the METSIM
dataset. Excluding the METSIM dataset did not influence the demo-
graphics of the combined cohort (Table S8 in supporting information),
and the majority of proteins and pathways related to sex remained sig-
nificant after excluding METSIM (342 of 352 proteins [97%] and 63 of
65 [97%] pathways; Tables S4 and S7).

3.3 | Age-related proteome changes depending on
amyloid status

Next, we looked at 39 (3% of 1149) proteins for which the associa-
tion with age depended on amyloid status (Figure 4A; Table S9 in sup-
porting information). In 24 (62% of 39) of these proteins, age effects
were restricted to amyloid-positive participants, of which 7 proteins
including t-tau and p-tau increased with age, and the remaining 17 pro-
teins showed decreased levels with older age. Proteins that decreased
with age in amyloid abnormal individuals were enriched for extracel-
lular matrix organization, a process that was also enriched in proteins
with a main effect of age. In the amyloid normal group, seven proteins
were associated with age (18% of 39). Eight proteins (21% of 39 pro-
teins) had a significant interaction between age and amyloid status but
no significant age relation in either amyloid subgroup.

We continued to analyze proteins with age associations with three-
way interactions between age, amyloid status, and APOE &4 carrier-
ship or sex. Twenty-nine proteins showed age-related effects with a
three-way interaction between age, amyloid status, and APOE ¢4 (Fig-
ure 4B; Table S10 in supporting information). None of these proteins
were observed in the previous models of age effects. After stratifica-
tion on amyloid and APOE ¢4 status, we found most age associations in
amyloid abnormal APOE ¢4 non-carriers, in whom 11 out of the 29 pro-
teins (38%) were associated with age, all with lower levels with older
age and without enrichment of specific biological processes. In amyloid
abnormal APOE ¢4 carriers, six of the proteins showed an effect of age,
all but one with increased levels with older age. Five proteins (17% of
29 proteins) had a significant three-way interaction, but no significant
age effect in any amyloid status and APOE ¢4 subgroup (see Table S10
for other amyloid status and APOE ¢4 subgroups).

Finally, 85 (7% of 1149) proteins showed a three-way interaction
between age, amyloid status, and sex (Figure 4C; Table S11 in support-
ing information). Most associations with age were found in amyloid

abnormal women (25 proteins, 29%): two proteins showed higher lev-
els with older age, and 23 proteins decreased with older age without
enrichment for specific biological processes. In amyloid abnormal men,
21 proteins (25%) showed age associations, all but one with higher lev-
els with older age, and showed no enrichment for biological processes.
Twenty-eight proteins (33% of 85 proteins) had a significant three-way
interaction, but no significant age association in any amyloid and sex
subgroup (see Table S11 for other amyloid status and sex subgroups).
We tested if the results remained similar when excluding the METSIM
dataset, to test if this male-only dataset drove the three-way interac-
tion between amyloid and sex. After excluding METSIM data, the age
effects remained the same for the majority of proteins (56 of 85 pro-

teins, 66%; Figure S1 in supporting information, Table S11).

4 | DISCUSSION

In this study, we investigated in cognitively intact individuals how the
CSF proteome changes with older age, and whether such changes
depend on AD pathology (measured by amyloid status), APOE ¢4, and
sex. We found that 252 (22% of 1149) proteins showed age-related
changes independent of amyloid status, APOE &4 carriership, and sex,
of which 194 proteins showed higher levels with older age and were
related to processes of the immune system, signal transduction, and
cellular responses to external stimuli. Another group of 39 proteins
showed age-related changes that depended on amyloid status, with
enrichment of extracellular matrix organization. These results show
that the CSF proteome changes substantially with older age, and that
a part may reflect early AD pathology. We found that some enriched
biological processes in proteins with amyloid-dependent and amyloid-
independent age associations overlapped, suggesting these processes
may contribute to the brain’s higher vulnerability to neurodegenera-
tion with aging.

Several of the proteins that were associated with age indepen-
dent of amyloid status have been previously reported to increase
with older age, including NEFL,2? YKL-40,3931 A2M,32 CLU,33 C43435,
and SNCA.3¢ Two previous studies analyzed age effects on the CSF
proteome,®’” which reported 30° and 777 age-related proteins. For
31 of the 94 age-related proteins found in these two studies, we
investigated the main effect of age in our analyses. We reproduced
age associations for 10 of these proteins. The other proteins were
not related to age in our study (17 proteins), or were age-related
but in opposite directions in our study (three proteins). These dis-
crepancies could be due to methodological differences, as our results
were adjusted for amyloid, APOE, and sex, which previous studies did
not do.®7 Potentially, the predominantly increased protein levels with
older age could be due to lower CSF turnover with older age leading
to more concentrated CSF.37% However, we also see groups of pro-
teins that decreased with older age or showed interactions between
age and amyloid, APOE &4, or sex. This makes it unlikely that CSF
turnover explains age-related proteome changes. Both age-related and
amyloid status-related proteins showed specific associations with var-

ious immune system processes. This involvement of the immune sys-
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tem both with aging®?4° and AD pathology*1“2 has been documented
before. We also found overlap between age and amyloid-related pro-
cesses for pathways related to the extracellular matrix and insulin-like
growth factor (IGF) transport and uptake, in line with previous stud-
ies showing different levels of extracellular matrix proteins®>*® and
IGF metabolism proteins***> in AD patients compared to controls.
Perhaps, these processes may contribute to the development of AD
pathology in very early phases of the disease.

We found relatively few effects of APOE ¢4 carriership on the CSF
proteome (22 proteins). We think that APOE ¢4 effects are probably
more common than we measured here. Previous studies have shown
that APOE ¢4 is part of a network of co-expressed genes,*¢ and that AD
risk factors may differ in APOE ¢4 carriers versus non-carriers.*’ Per-
haps the low number of APOE ¢4 effects is due to heterogeneity in APOE
¢4 effects: a previous study that analyzed differences between APOE ¢4
carriers and non-carriers in EMIF-AD MBD and ADNI observed a rel-
atively low correspondence between the cohorts (58%).2 Nonetheless,
we found 29 proteins that had a three-way interaction between age,
amyloid status, and APOE ¢4, suggesting that the association of a pro-
portion of CSF proteins with AD may differ in APOE ¢4 carriers and non-
carriers.

Our study population contained a group of amyloid normal individ-
uals with abnormal t-tau or p-tau, which may reflect suspected non-
Alzheimer’s pathophysiology (SNAP). We found that in amyloid abnor-
mal individuals, and at a trend level in amyloid normal individuals (P-
value < 0.1), levels of t-tau and p-tau increased with age, as has been
observed previously.*84? If tau levels indeed change with age also in
amyloid normal individuals, tau levels could be another factor influenc-
ing the proteome, which should be investigated in future studies.

We found different levels of many proteins between women and
men (352 proteins). So far, to our knowledge, no studies have inves-
tigated sex effects on the CSF proteome in later adult life. We found
that proteins that differed between men and women were enriched
for processes related to metabolism of proteins, in line with a study of
sex effects on the plasma proteome.’® Overall, it is important to con-
duct more studies of both the effects of APOE ¢4 and sex on the CSF
proteome, because therapeutic targets may be different in men and
women, and perhaps also depending on APOE ¢4, which has important
implications for clinical trials and drug discovery studies.

A potential limitation of our study is that proteomics was mea-
sured on different platforms, which may have introduced noise in the
data. Still, we think such effects on our results are small, since we
observed more proteins than previous studies. In addition, we used
cross-sectional data to assess age effects on the CSF proteome, and it
is therefore possible that the age effects we observed here were con-
founded by additional unknown factors that differed between older

and younger individuals in our data. Further longitudinal studies are

needed to study aging effects within individuals over time. As we ana-
lyzed patterns of proteome changes without multiple testing, caution
is warranted when interpreting results for single proteins. The proteins
we found should therefore be reproduced also in future studies.

Strong aspects of our study are the large CSF proteomic dataset
spanning a wide age range, and simultaneous analysis of the changes
in the CSF proteome depending on age, amyloid status, APOE ¢4
carriership, and sex. Effects of these factors on the CSF proteome
can be queried through a web interface to aid biomarker and fun-
damental studies into AD (https://kwesenhagen.shinyapps.io/Aging_
proteomics/).

In conclusion, we provide an overview of biological processes that
are generally altered in aging, versus those that depended on amyloid
status, sex, and/or APOE genotype. The amyloid-dependent age associ-
ations in CSF proteins we reported here, of which many had not been
previously reported as related to AD, provide more insight in the bio-
logical processes that are altered in an early phase of AD, and may ulti-

mately help to identify novel therapeutic targets.
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