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Abstract

Proteomic analysis of cerebrospinal fluid (CSF) holds great promise in understanding the
progression of neurodegenerative diseases, including Alzheimer’s disease (AD). As one of the
primary reservoirs of neuronal biomolecules, CSF provides a window into the biochemical and
cellular aspects of the neurological environment. CSF can be drawn from living participants
allowing the potential alignment of clinical changes with these biochemical markers. Using
cutting-edge mass spectrometry technologies, we perform a streamlined proteomic analysis of
CSF. We quantify greater than 700 proteins across 10 pairs of age- and sex-matched participants in
approximately one hour of analysis time each. Using the paired participant study structure, we
identify a small group of biologically relevant proteins that show substantial changes in abundance
between cognitive normal and AD participants, which were then analyzed at the peptide level
using parallel reaction monitoring experiments. Our findings suggest the utility of fractionating a
single sample and using matching to increase proteomic depth in cerebrospinal fluid, as well as the
potential power of an expanded study.
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Introduction

Alzheimer’s disease (AD) is the sixth leading cause of death in the United States*] and
affects tens of millions worldwidel?l. Much remains to be understood about the onset and
progression of AD, and no effective therapeutics to significantly alter its course currently
existl3]. Proteomic analysis of brain tissue across agel4], cell typel®], and brain region[®-8 has
been extensive, but brain-focused studies require post-mortem tissue samples and thus offer
limited insight into the molecular timeline of disease progression.

Proteomic analysis of cerebrospinal fluid (CSF), in contrast, allows for detection of
molecular changes that occur during pathological decline. This approach holds great
potential to discover additional biomarkers for AD and to increase understanding of the
biological factors that lead to the diverse neurological effects observed across individuals.
The unique benefits of CSF may be tempered by two competing objectives: targeting
specific AD proteins®-11 at the expense of discovery capacity vs. generating extensive
catalogues of human CSF proteins[12-14] at the expense of preparation and analysis speed,
which can impede the ability to make large-scale comparisons. In humans, large scale
comparisons are often required to overcome population heterogeneity due to factors such as
age and sex, both of which have been shown to have substantial effects on the protein
abundances in CSF15-19],

In this pilot study, we sought to determine the most effective solution for larger analyses of
global protein expression in CSF by comparing three different proteomics methodologies:
single-shot experiments, experiments with addition of a high-field asymmetric waveform ion
mobility spectrometry (FAIMS) interface, and experiments analyzed in parallel with
commercial CSF fractions. The capacity of these three strategies to quantify proteins and to
capture variation in protein abundances was compared using a cohort of 20 individual
samples. This sample set was comprised of ten age- and sex-matched AD case-control pairs,
evenly split between males and females in an attempt to control for these sources of
variability. We avoided individual sample fractionation and high-abundance protein
depletion (common steps in CSF proteomics) to increase precision and ease of preparation
while decreasing preparation timel20]. Despite the statistical limits of our sample size, this
analysis quantified over 700 proteins that were detected across all 20 participants, including
several found to be significantly associated with AD. These proteins included multiple
14-3-3 proteins, which have been previously colocalized to the neurofibrillary tangles and
hypothesized to function in sequestering misfolded proteins, representing a potentially
beneficial reaction to pathological protein aggregation. Our analysis also identifies more
than 30 AD-associated proteins at lower significance, that have been previously observed in
large-scale studies[1>:16.21] and metareviews[22:23], We believe this analysis can provide a
valuable framework for large-scale global proteomic analysis of CSF, both in AD and in
other neurodegenerative diseases.
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Materials and Methods

Participant selection

Subjects came from the Wisconsin Alzheimer’s Disease Research Center (WADRC) clinical
core, a longitudinal cohort study of middle-aged and older adults. Ten AD case/control pairs
of subjects, matched for sex and age at lumbar puncture, were selected from the WADRC
cohort for this study. The mean age of the AD case group was 72.1 with a maximum of 80.4
and a minimum of 62.1 while the control group ages ranged from 62.1 to 80.4 with a mean
of 72.1 as well (Table 1).

AD cases were defined as subjects who met all three of the following criteria: 1) diagnosed
with dementia due to AD by consensus conference using the National Institute on Aging—
Alzheimer’s Association criterial?4]; 2) amyloid positive status, defined here as having either
a CSF Ap42 measurement less than 471.54 pg/mL (Innotest method) or having a CSF
AB42:ABA40 ratio less than 0.09 (Triplex method)[2%]; and 3) tau positive status, defined as
having either a total CSF tau level greater than 461.26 pg/mL or a phosphorylated tau
greater than 59.5 pg/mL[2%1. Controls were defined as subjects meeting the following
criteria: 1) cognitively normal according to the consensus conference; 2) amyloid negative
status (defined as above); 3) tau negative status. For each subject, the clinical diagnosis used
was the diagnosis closest in time to the date of the lumbar puncture that generated the CSF
sample used in this study, and no diagnosis was more than six months removed from that
date.

CSF Sample Collection

CSF was collected via lumbar puncture in the morning after a 12-hour fast[26]. Briefly, after
gentle extraction, mixing, and centrifugation, supernatants were flash frozen and stored at
—80 degrees until the time of preparation.

Extraction and Digestion

Samples were brought to 90% methanol and centrifuged, with the precipitate pellet then
resuspended in 8M urea, 10mM TCEP, 40mM CAA, 100mM Tris pH 8. The solution was
then diluted to 25% concentration with 100mM Tris, pH 8, and trypsin was added at a ratio
of 50:1 w/w and digested overnight at ambient temperature. Digested peptides were desalted
using Strata-X Polymeric Reverse Phase column (Phenomenex).

Chromatographic Columns

Online reverse-phase columns were prepared in-house using a high-pressure packing
apparatusl?”]. In brief, 1.5 pm Bridged Ethylene Hybrid C18 particles were packed at 30,000
psi into a New Obijective PicoTip™ emitter (Stock# PF360-75-10-N-5) with an inner
diameter of 75 um and an outer diameter of 360 um.

Experimental strategies

Strategy 1: Single-Shot Experiments—Mobile phase A consisted of 0.2% formic acid
in water and mobile phase B consisted of 0.2% formic acid in 70% acetonitrile. Samples
were loaded onto the column for 8.6 minutes at 300 nL/min. Mobile phase B was increased

Proteomics Clin Appl. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McKetney et al.

Page 4

to 5% in the first 8.6 min then increased to 50% by 51 min. The method finished with a wash
stage of 100% B from 52-54 minutes and an equilibration step of 1% B from 55-60 minutes.

Eluting ions were analyzed on a Thermo Orbitrap Fusion Lumos in a data-dependent manner
with survey scans taken in the orbitrap at 240,000 resolution and MS2 scans taken in the ion
trap using the “rapid” setting. Samples were analyzed in duplicate.

Strategy 2: FAIMS Experiments—Identical chromatographic methods were used for the
FAIMS experiments as detailed above for the single-shot experiments.

Peptide ions passing through the FAIMS interface are destabilized by an alternating electric
field, the effect of which is countered by a peptide-specific compensating voltage (CV). This
stabilization allows for the selection of a specific subpopulation of peptide ions when using a
specific compensation voltage setting. We performed three analyses on each participant
sample, one for each of three CV settings: —60, —75, and —90.

Survey scans of precursors were taken in the orbitrap at 120,000 resolution while MS2 scans
were taken in the ion trap using the “rapid” setting.

Strategy 3: Experiments Run with Fractions—Non-designated BiolVVT cerebrospinal
fluid was denatured, digested, and desalted as detailed above. Dried samples were
resuspended in 0.2% formic acid and fractionated using an HPLC (Agilent, Infinity 2000)
with a 150 mm C18 reverse phase column (Waters, XBridge Peptide BEH, particle size 3.5
um). Mobile phase buffer A was a freshly prepared mixture of 10mM ammonium
bicarbonate, pH 9.5; mobile phase B was composed of 10mM ammonium bicarbonate, 80%
methanol, pH 9.5. The gradient method was 20 minutes in length with 32 fractions collected
from 5 to 20 minutes and a flow rate of 800 nL/min throughout. Mobile phase B was
increased from 5% to 35% in the first 2 minutes before increasing to 100% B by 13 minutes.
32 fractions were concatenated into 16 fractions by combining every other column in the
sample collection plate.

The chromatographic method was lengthened slightly for fractions and participant samples
run alongside fractions in order to accommodate the lower peptide concentration of
fractions. Samples were loaded onto the column for 12 minutes at 350 nL/min. Mobile phase
B increased to 12% in the first 12 min then increased to 65% by 55 min. The method
finished with a wash stage of 100% B from 56-59 minutes and an equilibration step of 0% B
from 60-70 minutes.

These experiments used the same instrument acquisition method as the single-shot
experiments.

Protein Quantification

The resulting spectra were searched in MaxQuant (1.6.0.13) using fast LFQ against a full
human proteome with isoforms downloaded from Uniprot (October 29, 2018). Each set of
experimental strategies was searched separately. Carbamidomethylation of cysteine was set
as fixed modification. Matching between runs was used with a retention time window of 0.7
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min. Searches were performed using a protein FDR of 1%, a minimum peptide length of 7,
and a 0.5 Da MS2 match tolerance. Protein data were then extracted from the
“ProteinGroups.txt” file of the MaxQuant output after decoy, contaminants, and reverse
sequences were removed. The protein counts were based on protein groups with an LFQ
Intensity > 0.

Protein Variation, Pairwise Correlations, and Differential Abundance in AD

Single-shot analysis of participant samples alongside a fractionated commercial CSF sample
searched using match-between-runs, was found to yield the greatest number of proteins
quantified across all participant samples. This experimental strategy was then used to
generate pairwise correlations between samples and to test the association with AD (paired
t-test, unequal variance). A paired t-test was used due to the matched nature of the study
design. Data analysis was performed in R (3.6.1) using the base package. Plots were
generated using lattice plotting and ggplot2 in R.

Parallel Reaction Monitoring Experiments

Results

The MaxQuant (1.6.0.13) output tables for the fractionated CSF were used to build a
spectral library in Skyline (19.1.0.193). Proteins of interest were then selected from the
library based on significance (t-test, p-value < 0.02) in the data-dependent analysis.
Scheduled PRM experiments monitored 27 peptide ions from seven proteins using 4-min
retention time windows. Peptides were isolated with a 1.6 m/z window before being scanned
in the orbitrap at 60,000 resolution. Peak areas and spectral traces for parallel reaction
monitoring experiments were extracted from Skyline and processed in R.

The MS proteomics files have been deposited to the publicly available Chorus Project
repository (chorusproject.org) under the project title “Proteomic Analysis of Cerebrospinal
Fluid in Alzheimer’s Disease”.

Protein Quantification and Variation

Proteins in the CSF samples were extracted, denatured, desalted, and then digested with
trypsinl28]. Peptides resulting from trypsin digestion of the commercially available CSF
were fractionated using high-pH reverse phase fractionation. All samples were injected
separately onto an online liquid chromatography system and analyzed with a quadrupole-
orbitrap dual-cell linear ion trap hybrid mass spectrometer (Figure 1) for all three strategies
described above: single shot (40 total hours of instrument time), single shot with FAIMS
added (60 hours), and single-shot analysis of participant samples run in parallel with a
fractionated commercial CSF sample (65 hours).

The latter strategy led to the highest number of identified proteins with a total of 2,118. Of
these proteins, 939 were quantified in greater than 50% of each sex-disease group and 776
were quantified across all 20 participants (Supplemental Table 3). These numbers are
comparable to those in recent DIA analyses of CSF, which relied on substantially more
fractionation and longer chromatographic gradientst®>291. Analyses that included fractions
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showed a 35% increase in the number of proteins quantified in all participant samples over
the FAIMS analysis (Figure 2b) and a 56% increase over the single-shot analyses alone.
These additional proteins included several well-characterized AD-related proteins, including
neuroligin[39]. While FAIMS also increased the number of proteins quantified compared to
single-shot, non-FAIMS experiments, the increase was not proportional to the additional
analysis time, unlike the experiments with fractions (~50% increase in instrument time,
~50% increase in proteins quantified).

The label-free abundances (LFQ intensity) from experiments run alongside the commercial
fractions were used for the remaining analyses in this study. To eliminate erroneous
characterization[31, the following analyses were performed using only proteins for which an
LFQ intensity was produced across all 20 participant samples, with no missing values(776
proteins referenced above).

Like many other body fluids, CSF is highly dynamic in molecular content[32:33] leading to
higher relative standard deviations (RSDs) for protein abundance than would be expected for
other tissues[34l. Indeed, large variations in protein levels have been one of bottlenecks of
proteomic analysis in CSF, with relative standard deviations > 1.00 previously reported(3°].
We observed median RSDs in AD samples for both sexes that were higher than those of the
healthy controls (21% vs. 17% for females and 29 % vs. 20% for males in our experiments
with fractions). Due to the consistency of this RSD pattern across all three methodologies
(Figure 2c), we infer that these differences stemmed from the innate characteristics of the
samples rather than artifacts of the analysis method.

Pairwise Correlation

When comparing protein abundance across all samples using a pairwise Pearson correlation,
we observe patterns that vary in direction and magnitude even within sex and disease state
groups, with several unexpected correlations (Figure 3a). The strongest positive correlation
(R=0.64) compares the protein abundances of the youngest samples from both the male and
female AD+ group. The strongest anticorrelation (R = —0.64) compares two male, AD+
samples, the youngest and the oldest. These two correlations would initially seem
counterintuitive given the misalignment of sex and the alignment of disease state,
respectively.

Although our sample population is not explicitly structured to examine age, we explored it
as a possible explanation of these unexpected correlations by building two regression
models: one relied on only disease state and sex as explanatory variables; the other also
included age. Protein abundances were fit to each model, and the strength of the two models
were compared using an analysis of variance (ANOVA). The p-value associated with that
ANOVA was used to establish the significance of age in the expression profile for our
sample set (Supplemental Table 1).

We plotted normalized protein abundances for the two comparisons described above (Figure
3a) with proteins colored by significance of age as an explanatory variable in the linear
model (Figure 3b and 3c). In the positive correlation(Figure 3b), we see a dense clustering of
age-associated proteins in quadrant I, strengthening the correlation by increasing the slope;
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while in the anticorrelated comparison (Figure3c), we see these same proteins in quadrant
IV, decreasing the slope, and in turn magnifying the negative correlation. Previous work has
shown a substantial effect of age on protein abundance in CSFI®], as well as in plasmal?1]
and the brain in Alzheimer’s[16]. Significant protein expression shifts have also been
identified in CSF in the normal aging process [17:36]. These patterns indicate the importance
of age in studying the human CSF proteome and neurodegeneration.

Differentially Expressed Disease Proteins

We next examined protein expression differences in CSF between AD and healthy samples
using a paired t-test, accounting for unequal variance. Although several proteins in the
female cohort exhibited high statistical significance (p-value < 0.001), they failed to meet
our significance threshold after correction for multiple comparisons (Benjamini-Hochberg,
5% FDR)[37]. When examining the male sample group, one protein was significantly
different after correction, N-acetylglucosamine-6-sulfatase (GSN), which decreased in the
presence of AD (Figure 4b). GSN plays an important role in the regulation of the
extracellular matrix in the brain by hydrolyzing heparan sulfate[38:3%. Decreased activity of
GSN can lead to mucopolysaccharidosis, a condition associated with neurodegeneration[4%],
Although previous work has shown alterations in the CSF[41] and plasmal42] proteome
between sexes in mammals, differences observed may reflect limited statistical power due to
small sample size, and a larger analysis would be required to fully disentangle these factors.

When examining all ten sample pairs together, our analysis identified three proteins as
significantly associated with disease: 14-3-3 protein zeta (14332), 14-3-3 protein gamma
(1433G), C-X-C motif chemokine 16 (CXCL16)(Figure 4c, Supplemental Table 2). These
three proteins were also found to be significant when using an unpaired t-test with the same
correction. When comparing linear models with the addition of disease as an explanatory
variable, similar to the above age analysis, only 1433Z and 1433G were found to be
significant after correction. 14-3-3 proteins co-localize with neurofibrillary tangles within
the brain[43]. One hypothesis for the role of these proteins in AD suggests that the proteins
may operate in a similar capacity to their role as chaperonest#4] by sequestering aggregated
tau protein to reduce cytotoxicity[4®l. 14-3-3 proteins are also associated with the
development and maturation of synapses, where they function as signal transducers and
recognition molecules4>-471. Synaptic degradation is a sign of the neurodegeneration in
ADI48], We also observed differential expression to a lesser degree of significance (p-value <
0.05) of hypoxanthine phosphoribosyltransferase 1(HPRT1) and myristoylated alanine-rich
protein C-kinase substrate (MARCKS), which play a role in the development of neurons(4°]
and synapsest>0:51] respectively. These proteins as well as the 14-3-3 proteins, and

CXCL16, have been identified as biomarkers of AD in several large-scale
studies[15:16:21,23,52]

The upregulation of CXCL16 among the AD cases may reflect cellular signaling events
occurring due to general neuroinflammation. This general neuroinflammation can occur as
an effect of both normal aging and AD. CXCL16 functions as a chemokine signaler, helping
to promote macrophage chemotaxis and endocytosis®3-54. CXCL16 has both a
transmembrane and soluble form, potentially increasing the chances of detecting elevated
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CXCL16 levels in a CSF analysist®l. Two recent proteomic studies of CSF identified
CXCL16 as a candidate biomarker for AD, observing increased abundance with
disease[>2:56],

Although only three proteins met our stringent significance cutoff, more than 80 proteins
exhibited p-values < 0.05 (Supplemental Table 2), representing multiple biological processes
previously associated with AD in CSF, including several proteins recently identified as part
of a 40-protein AD signaturel15], We observe substantial upregulation of proteins involved in
glycolysis and sugar metabolism including PML-RARA-regulated adapter molecule 1
(PRAML1), lactate dehydrogenase A (LDHA), aldolase fructose bisphosphate (ALDOA),
malate dehydrogenase (MDH1), and hypoxanthine phosphoribosyltransferase 1(HPRT1)
which have found to be elevated in the cerebrospinal fluid of Alzheimer’s
patients!15.16.57-59] Altered abundances were also observed for proteins involved in
development and regulation of the extracellular matrix including serine protease HTRA1
(HTRAZ1), Pastin-2 (LCP1), and collagen alpha-2(1V) chain (COL4A). Previous work had
grouped these proteins together into a co-expression module significantly correlated with
ADI16],

We also assessed the role of known AD-related proteins in our data set, including amyloid
precursor protein (APP), chitinase 3-like 1 protein (CHI3L1 or YKL-40), triggering receptor
expressed on myeloid cells 2 protein (TREM-2), amyloid-like protein 1 (APLP1), and
amyloid-like protein 2 (APLP2). Although these analyses did not find statistically significant
differences between cases and controls, the method was still able to quantify these proteins
across our samples. In future studies with larger sample sizes, the changes in these proteins
may be better identified. Although other biomarkers such as NfL were sequenced in our
fractionated samples, the associated peptides were not quantified in the participant samples,
potentially reflecting the limitations of foregoing high-abundance depletion.

Targeted Analysis using Parallel Reaction Monitoring

The relatively low abundance of cells in the CSF poses a challenge to proteomic analysis, as
in vivo deficiency leads to low protein content and diversity in our decellularized samples.
Many of the peptides measured come from extracellular proteinst89 or those released by
apoptosis[®1-63]. Previous work has shown the potential utility of quantifying endogenous
peptides processed by CSF native proteases(®465]. These peptide subpopulations may
experience abundance changes independent from overall protein expression shifts. To allow
relative quantitation of specific peptides in a sensitive and accurate manner, we performed
parallel reaction monitoring (PRM)[66], a targeted mass spectrometry technique that samples
and quantifies a specific list of peptides using the peptides’ fragmentation spectra. Our PRM
experiment targeted 26 peptides that included 31 precursor ions derived from seven proteins.
Proteins were chosen due to their differential abundance in the untargeted study and
functional similarity to identified disease-associated proteins.

Summed fragment intensities were compared between case/control sample pairs. Of the 31
peptide ions, 24 had good quality spectral transitions across all 20 samples. Of those
peptides, eight had p-values < 0.05 in at least one sex, four derived from the 14-3-3 proteins,
three derived from Lysozyme C(LYZ), and one derived from heat shock cognate protein
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(HSPABS). Three out of the four precursor ions monitored from lysozyme C had p-values <
0.05 in male participants (Figure 5). Although previous proteomic studies in CSF have
observed different magnitude fold changes of disease-associated proteins between males and
femalesl[1°], here this difference may reflect statistical power limitations due to samples size.
Lysozyme C plays a bacteriolytic role in humans, stemming from macrophages, which
supports the continued theme of immune activation and inflammation signals being elevated
in participants with AD. Evidence for the coincidence of AD with bacterial infection of the
brain67:68]1 and other tissues existst89:701 which could promote upregulation of bactericidal

pathways. Lysozyme C also increases the activity of other inflammatory signaling molecules
[71],

Discussion

Using a streamlined approach, we quantify more than 700 proteins across all 20 samples of
our participant cohort, laying the groundwork for future large-scale proteomic analyses of
CSF. This protein number encompasses > 20% of all proteins identified in the deepest CSF
proteome analysis to date using a fraction of the preparation and analysis time [131. A large
collection of the proteins quantified have been previously associated with AD and
neurodegeneration. Increased depth was achieved both with the addition of FAIMS and a
parallel analysis of fractionated CSF. This proteomic depth was acquired without the use of
immune depletion of high-abundance proteins or fractionation of the participant samples,
allowing for efficient sample preparation and accurate reflection of protein abundances.
Methods ran nearly one hour in total, providing a technique with excellent scaling potential
to larger sample sizes.

This rapid analysis proved both efficient and effective, identifying multiple disease-
associated proteins despite statistical limitations of sample size and large variations in
protein abundance that occur in CSF. When comparing proteomic profiles of individual
samples, several strong correlations arose not completely explained by sex or disease state
groups. Upon closer examination we observed a possible effect of age, although an altered
study would be required to confirm these findings. When comparing across case-control
pairs, proteins were identified as significantly disease-associated in a single sex (GSN in
males) and both sexes (1433G, 1433Z and CXCL16), showing the interconnected effects of
sex and disease state on CSF protein composition.

PRM allowed for comparison of the relative abundance of specific peptides with high
significance or AD-related functions. Several peptide ions from Lysozyme C exhibited
significant shifts in abundance in males, with an increase in AD+ samples. Identification of
Lysozyme C in follow-up analyses using PRM indicates the potential of this global profiling
followed by targeted analysis to identify additional disease-associated proteins when
equipped with greater statistical power. Although we controlled here for distribution of age
and sex using our paired study design, these are only two of the myriad sources of between-
individual variation in protein abundances in CSF. Alternative study structure would be
required to identify the interaction between age, sex and disease in an expanded study.
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This study highlights the advantages of CSF as an incredibly reactive and dynamic fluid that
undergoes significant changes with neurodegeneration. Here, we present a next step in
utilizing proteomic analysis of this tissue to gain a better understanding of the biochemical
and cellular environment in AD. Given the promising findings detailed in this small pilot
study, we expect that a coming study with expanded statistical power utilizing the same
approach will identify more nuanced changes in this biological fluid.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

We combine here a well-structured age- and sex-matched sample cohort with a collection
of strategies to increase proteomic depth, including the addition of ion mobility and
parallel analysis of a fractionated sample. The study shows the capacity of this matched
experimental design and streamlined approach, without high-abundance protein depletion
or individual fractionation, to identify proteins and peptides significantly associated with
Alzheimer’s disease in cerebrospinal fluid.
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Figure 1. Experimental Design.
20 individuals were age- and sex-matched to form 10 AD case-control pairs. CSF samples

were collected by lumbar puncture, after which proteins were extracted, denatured, and
digested before being analyzed by tandem mass spectrometry. Three different analysis
strategies were utilized: single-shot (orange), addition of FAIMS (yellow), and single-shot
analyses run in parallel with a fractionated commercial CSF sample (green).
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Figure 2. Distribution of proteins quantified across three methods.
(A) Number of proteins quantified in each sample for each analysis method. (B) Proteins

quantified overall for each analysis method. Solid bar shows proteins quantified in all 20
samples. Translucent bar shows number of proteins quantified in at least 50% of each of the
four sex-disease groups. Additional proteins quantified include several previously implicated
in AD. (C) Relative standard deviation (RSD) distribution for each sex-disease group. AD
groups exhibit higher median RSDs than healthy normal counterparts for all sexes and

analysis strategies.
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Figure 3. Pairwise Pearson correlations.
(A) Pairwise Pearson correlation across all samples. Samples are separated by sex and

disease state. Within disease/sex groups, samples are ordered by age with youngest samples
at left on the x-axis and at top on y-axis. Black boxes indicate comparisons expanded in B
and C. (B) Scatterplot of z-score normalized protein expression between youngest male AD
+ sample and youngest female AD+ sample. Points are colored by significance when
including age as explanatory variable in linear model (C) Scatterplot of z-score normalized
expression between youngest male AD+ sample and oldest male AD+ sample. A high
number of age-related proteins are present in the quadrants driving protein correlations in
both B and C.
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Figure 4. Differentially expressed proteins in disease.
(A) Wolcano plot showing average fold change and significance for protein expression

differences between female AD+/normal pairs. No proteins were found to be significant
after correction for multiple comparisons. (B) Volcano plot showing fold change and
significance for protein expression differences between male AD+/normal pairs. Only N-
acetylglucosamine-6-sulfatase (GNS) was found to be significant after correction for
multiple comparisons. (C) Volcano plot showing fold change and significance for protein
expression across all AD+/normal pairs. Three proteins were identified to be significantly
associated with disease 1433G, 1433Z and CXCL16.
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Figure 5. Intensities and example transitions for Lysozyme C peptides targeted in parallel

reaction monitoring experiments.

(A, B) TPGAVNCHLSCSALLQDNIADAVACAK, 3+ charge state (C,D)
TPGAVNCHLSCSALLQDNIADAVACAK, 4+ charge state (E,F) STDYGIFQINSR, 2+
charge state (G,H) YWCNDGK, 2+ charge state. Dotted lines connect sample pairs. All four
peptide ions exhibited increased intensity with addition of AD across a majority of disease/
normal pairs. P-values were determined by paired sample t-test. * = p-value <0.05, ** = p-
value <0.01. M = male, F = female, AD+ = Alzheimer’s disease, AD— = cognitively healthy

control.
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Table 1.
Sample Characteristics.

Mean and standard deviation of age, AB42 concentration, amyloid ratio and phosphorylated tau concentration
for each sex-diagnosis group

Age CSF AB42 (pg/mL) CSF AB42:AB40 CSF ptau (pg/mL)
Diagnosis ~ Sex Mean SD Mean SD Mean SD Mean sD
AD Female 720 7.2 395.0 58.3 0.06 0.006 76.6 16.0
Control Female 721 7.3 757.2 134.0 0.11 0.012 38.8 115
AD Male 721 7.3 505.8 287.1 0.06 0.012 86.0 28.2
Control Male 720 7.0 773.8 150.2 0.11 0.013 422 12.5
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