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Abstract.
Background: Phosphatidylethanolamine binding protein 1 (PEBP1) is a multifunctional protein, mainly known for its
specific binding of phosphatidylethanolamine and the ability to suppress the Raf1-MAPK pathway. Its potential role as an
Alzheimer’s disease (AD) biomarker has been proposed in several studies. However, evaluation of its discriminative value
in clinical cohorts is missing.
Objective: We aimed to develop a new immunoassay for the measurement of PEBP1 in cerebrospinal fluid (CSF) and assess
the possible role of this protein as AD biomarker.
Methods: We developed a sandwich enzyme-linked immunosorbent assay (ELISA) for detection of PEBP1 in CSF and
performed a technical and a clinical validation on two well-characterized cohorts. The first cohort included 14 mild cognitive
impairment due to AD (MCI-AD) and 11 other neurological diseases (OND) patients. The second, larger cohort, included
25 MCI-AD, 29 AD dementia (AD-dem), and 21 OND patients.
Results: PEBP1 is highly sensitive to pre-analytical conditions, especially to prolonged storage at room temperature or 4◦C.
Analysis of the first cohort showed a trend of an increase of PEBP1 level in MCI-AD patients versus OND subjects. Analysis
of the second cohort did not show significant differences among diagnostic groups. Weak, positive correlation was found
between CSF PEBP1 and t-tau, p-tau, and A�40 in the AD-dem group.
Conclusion: A novel ELISA for the detection of PEBP1 in CSF was developed. Further research is needed to assess the
potential of PEBP1 in AD diagnostics. The observed dependence of the PEBP1 signal on operating procedures encourages
its potential application as CSF quality control.
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INTRODUCTION

Alzheimer’s disease (AD) is a global problem,
which affects a constantly growing part of the society
and represents the most common cause of dementia,
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accounting for 60% to 80% of all the cases [1]. AD
is a progressive neurodegenerative disease, charac-
terized by the accumulation of extracellular amyloid
plaques, intraneuronal neurofibrillary tangles, and
brain atrophy caused by neuronal and synaptic/axonal
degeneration [2]. It is currently well established that
pathologic brain changes leading to the development
of AD, start years before onset of the clinical symp-
toms [3, 4]. Nevertheless, AD is often diagnosed at
the late stages of the disease, when neuronal dam-
age reaches an advanced and not reversible phase.
Considerable efforts have been made to better char-
acterize the early phases of the disease (such as mild
cognitive impairment, MCI), to understand where
the window of opportunity for effective treatments
lies [5].

Biomarkers implemented in a clinical practice
include imaging and fluid biomarkers. Although
accuracy offered by both types is similar [6], cere-
brospinal fluid (CSF) biomarkers positivity precedes
the abnormalities revealed by PET and MRI imag-
ing [7]. Concurrently, the use of imaging biomarkers
is limited by a significantly higher cost of a single
test, as expensive radioactive tracers and specialized
equipment are required. CSF AD biomarkers cur-
rently used in the clinical routine include amyloid-�
peptides (A�42, A�40, and A�42/A�40 ratio), total
tau (t-tau), and tau phosphorylated at threonine 181
(p-tau) [8]. An indisputable turning point in the field
of AD diagnosis became the implementation of the
AT(N) system, clearly defining three core features
of the disease—brain amyloidosis, tauopathy, and
neurodegeneration occurring over the disease pro-
gression [9].

While the specificity and sensitivity of the bio-
markers already implemented in the clinical prac-
tice is high [10], these CSF biomarkers do not
fully describe the complexity of AD pathology.
Impairment of other pathways, like those involving
inflammation processes or synaptic dysfunction, is
proposed to play a crucial role in the disease onset
and progression [11, 12]. Establishment of novel
biomarkers, enabling the detection of pathological
changes related to these pathways, would signifi-
cantly support the diagnostic process, allowing for
an earlier diagnosis, precise disease staging, and tar-
geted therapeutic approaches [13]. Principles of the
AT(N) system presume its flexibility, leaving the door
open for new biomarkers, both fitting into existing
categories as well as defining new ones [9].

The urgent need to discover novel AD biomark-
ers to be integrated in a diagnostic panel together

with the core AD biomarkers, is one of the aims of
the MIRIADE project (Multi-omics Interdisciplinary
Research Integration to Address Dementia diagno-
sis), the Marie Curie training network that includes
several academic and private partners (Mavrina et al.,
unpublished data).

Within the consortium an integrated dataset of
candidate biomarkers for dementia disorders was pro-
duced through the combination of several omics data
sources. In this work, we focused on a single candi-
date for AD coming from the bioinformatic analysis
of the MIRIADE integrated dataset, the phos-
phatidylethanolamine binding protein 1 (PEBP1).
PEBP1, also known as the Raf kinase inhibitor protein
(RKIP1) or hippocampus cholinergic neurostimula-
tory peptide precursor protein (HCNPpp), is a 21 kDa
protein which acts as a precursor of hippocampus
cholinergic neurostimulatory peptide (HCNP) [14,
15]. Physiological presence of PEBP1 in CSF has
been confirmed by mass spectrometry studies [16].
Changes in PEBP1 level were observed in human
brain tissue [17] as well as in CSF of AD patients
[18, 19]. Additionally, potential connection of PEBP1
with various dementias was reported in animal studies
[15, 20].

Based on this evidence, we developed a sandwich
enzyme-linked immunosorbent assay (ELISA) for
detection of PEBP1 in CSF. We also evaluated pre-
analytical factors influencing PEBP1 measurement in
CSF. Subsequently, the diagnostic performance of the
CSF PEBP1 ELISA was evaluated on well-defined
cohorts of AD dementia (AD-dem), MCI due to AD
(MCI-AD) patients, and control subjects.

MATERIALS AND METHODS

Selection of candidate AD biomarker

The list of dementia biomarker candidates
available within the MIRIADE consortium was thor-
oughly analyzed by means of bioinformatic online
tools such as UniProt [14], CSF Proteome Resource
[16], Human Protein Atlas [21], STRING [22], and
Reactome [23]. A holistic process leading to selection
of PEBP1 as candidate AD biomarker is described in
detail by (Mavrina et al., unpublished data).

Human CSF samples

All the CSF samples used in this study were col-
lected and biobanked at the Section of Neurology,
Department of Medicine and Surgery, University of
Perugia (Perugia, Italy).
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CSF samples were collected following the same
standard operating procedures (SOP) throughout the
study and international guidelines [24]. LP was
performed between 8:00 and 10:00 a.m. CSF was
collected into sterile polypropylene tubes and cen-
trifuged for 10 min at 2000× g (RT). 0.5 mL aliquots
(72.730.007, Sarstedt, Germany) were immediately
frozen at –80◦C pending analysis. Demographic and
clinical data of each patient were confidentially stored
in an online electronic database.

All patients and neurological controls underwent a
comprehensive clinical and neuropsychological eval-
uation. Diagnosis of AD was made according to the
NIA-AA criteria [9] and supported by the analysis of
core CSF AD biomarkers (A�42, A�40, A�42/A�40
ratio, t-tau, p-tau) measured with the Lumipulse®
G600II (Fujirebio, Japan). According to their cogni-
tive performance and to the Clinical Dementia Rate
(CDR) scale, patients were stratified in MCI-AD
(0.5 ≤ CDR < 1.0) or AD-dem (CDR ≥1.0) groups.
Patients qualified as OND (other neurological dis-
orders) were adult patients, diagnosed with minor
neurological diseases, other than inflammatory or
degenerative disease of the CNS or of the peripheral
nervous system. Only properly stored and unthawed
CSF aliquots were used for the analysis.

Two CSF pools were generated as unified test-
ing material for the assay development. One pool
consisted of selected CSF samples collected from
AD patients at the stage of dementia (“CSF AD
pool”). The other pool (“CSF Control pool”) con-
sisted of CSF samples collected from patients
cognitively intact, but affected by neurological,
not neurodegenerative disorders (i.e., headache,
peripheral neuropathy, etc.), showing no cognitive
impairment after at least a 2-year follow-up.

For the clinical validation, CSF samples collected
between 2016 and 2021 were selected from the CSF
Biobank (age, gender, and the CSF levels of the clas-
sical AD biomarkers of the patients included in the
selected cohorts are reported in the Supplementary
Table 1).

The study was approved by the local Ethical
Committees; written informed consent was obtained
from all the subjects included in this study. All the
procedures were performed following the Helsinki
Declaration.

Antibody testing by immunoblot

The ability of three human anti-PEBP1 antibod-
ies (sc-376925, monoclonal, mouse, Santa Cruz

Biotechnology, USA; 372100 monoclonal, mouse,
Invitrogen, USA; HPA063904, polyclonal, rabbit,
Sigma-Aldrich, USA) to detect the target protein was
tested by western blot (WB) on different matrices
(i.e., neat and 5x-concentrated CSF pools, human
brain homogenate, and human recombinant PEBP1).

Part of each pool described above, underwent 5x
concentration with use of the Vivaspin® (Sartorius,
Germany) filter (4 mL, 5 kDa). The total protein con-
centration of neat and concentrated CSF pools was
estimated based on the Bradford assay.

A human brain homogenate sample (HBH) of an
AD patient (frontal lobe) [25] was resuspended in 1:5
weight/volume ratio with RIPA lysis buffer. The sam-
ple underwent a manual homogenization and then,
sonication (3 × 15 s). The sample was incubated on
ice for 30 min and then centrifuged for 10 min at
16,000× g. Supernatant was collected and the total
protein concentration was measured by the Bradford
assay.

Finally, 100 ng human recombinant protein PEBP1
(AR09265PU-N, OriGene, USA) was prepared by
diluting it in 20 mM Tris-HCl (pH 8), 150 mM
NaCl.

For each anti-PEBP1 antibody (sc-376925/3721
00/HPA063904) the WB experiment was performed
separately. A 12% polyacrylamide gel was prepared
and CSF samples, HBH and recombinant protein
samples were run in reducing conditions. The sam-
ples were transferred from the gel to a nitrocellulose
blotting membrane (SF110B, Himedia, India). The
quality of the transfer was evaluated by a reversible
Ponceau S staining. The membrane was blocked
and subsequently probed overnight at 4◦C (shaker)
with the selected primary antibodies (sc-376925/
372100/HPA063904, 1:1000) diluted in 5% bovine
serum albumin (BSA), 0.02% NaN3 in Tris-buffered
saline with 0.1% Tween®20 (Sigma-Aldrich, USA)
(TBST) with addition of a phenol red as a pH
indicator. After the incubation, the membrane was
washed with TBST and the secondary antibodies
diluted 1:5000 in a blocking buffer were applied
for 1 h at RT. Depending on the used primary
antibodies, goat anti-mouse (170–6516, Bio-Rad,
USA) (for sc-376925 and 372100) or goat anti-
rabbit IgG-HRP (170–6515, Bio-Rad, USA) (for
HPA063904) were added. Signal development was
performed with use of the enhanced chemilu-
minescence (ECL) solution (SuperSignal™ West
Pico Plus, ThermoFisher Scientific™, USA) and
the radiographic film (Amersham™ Hyperfilm™,
GEhealthcare, USA).
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For each anti-PEBP1 antibody (sc-376925/3721
00/HPA063904), dot blot analysis was performed to
evaluate the potential unspecific binding of human
serum albumin (HSA), the most abundant CSF
protein. Four types of samples, 50 ng of PEBP1
recombinant protein (AR09265PU-N), 50 ng HSA,
100 ng HSA, and blank (Phosphate-buffered saline,
PBS), were applied on the nitrocellulose membrane.
The membrane was left for drying and then blocked
with 5% milk powder in TBST. The membrane
was incubated with the selected primary antibod-
ies (sc-376925/372100/HPA063904, 1:1000) for 1 h
at RT. After the incubation with the appropriate
secondary antibodies (170–6516/170–6515, Bio-Rad
1:5000 in the blocking buffer), the signal was devel-
oped on the radiographic film with use of the ECL
solution.

PEBP1 sandwich ELISA development

The ELISA assay was developed and validated
following recommendations provided by [26, 27].

In addition to the WB experiments, evaluating per-
formance of the antibodies in reducing conditions,
all the antibodies were tested for the ability to rec-
ognize PEBP1 in native conditions. To perform this
test, PEBP1 recombinant protein (AR09265PU-N)
was coated in 96-wells plate (655061, Microlon®,
high binding, Greiner Bio-One, Austria) at final con-
centration of 2 �g/mL and 0.2 �g/mL.

Six different antibody pairs were tested as the
capture and detection antibody (see Supplementary
Table 2). The best concentration of both capture and
detection antibody was estimated by testing range of
different concentrations of each antibody (2 �g/mL,
1 �g/mL, and 0.5 �g/mL) and by comparison of the
obtained signal-to-noise ratio.

To improve the performance of the assay, we
compared signal obtained with use of PBS-based ver-
sus TBS-based buffers as well as different block-
ing buffers (1% milk powder, 3% milk powder, 1%
BSA, 3% BSA). To decrease the background signal,
we tested assay diluents and blocking buffers pre-
pared with use of three different BSA reagents (0311
7332001, Roche, Switzerland, A9647-100G, Sigma-
Aldrich, USA, P6154-100GR, Biowest, France).
Diverse sample incubation times, various concentra-
tions of the secondary antibody (goat anti-mouse-
HRP, Bio-Rad, 170–6516), as well as addition of a
detergent (Tween®20) were tested for the ability to
increase the CSF signal.

PEBP1 ELISA protocol

The polyclonal rabbit HPA063904 antibody was
selected as the most suitable capture antibody. The
96-wells plate was coated with the capture antibody
at the final concentration of 1 �g/mL (100 �L/well)
in a 100 mM bicarbonate buffer, pH 9.5, overnight,
at 23◦C. Empty wells, not predestined for the fur-
ther use, were coated with 100 �L of the 100 mM
bicarbonate buffer, pH 9.5. The plate was sealed and
incubated overnight at 23◦C.

After the overnight incubation, the plate underwent
a single wash with 300 �L of an in-house prepared
PBS buffer, pH 7.4 and subsequently was blocked
with 1% BSA-PBS (BSA – Roche, 03117332001)
for 1.5 h at 23◦C. After blocking, the plate was
washed three times with 300 �L of PBST buffer
(PBS with 0.05% Tween®20). The 7-point standard
curve, ranging from 100 ng/mL to 1.56 ng/mL was
prepared by diluting the human PEBP1 recombinant
protein in 0.1% BSA-PBS-0.05% Tween®20 (see
Supplementary Table 3). Blank sample consisted of
0.1% BSA-PBS-0.05% Tween®20. Undiluted CSF
samples, standard curve dilutions, and blank were
added to the plate (100 �L/well) and underwent 2 h
incubation at 23◦C and 400 rpm. Subsequently, the
samples were removed, and all the wells were washed
three times with 300 �L of PBST buffer. 100 �L of
the detection antibody sc-376925 at the final con-
centration of 1 �g/mL was added to each well and
underwent 1 h incubation at 23◦C and 400 rpm. After
the incubation, the wells were washed three times
with 300 �L of PBST buffer. Goat anti-mouse-HRP
antibody (Bio-Rad, 170–6516) diluted 1:3000 in
0.1% BSA-PBS-0.05% Tween®20 was added to each
well (100 �L/well) and the plate was incubated for 1 h
at 23◦C and 400 rpm. Finally, the plate was washed
four times with 300 �L of PBST buffer and 100 �L of
tetramethylbenzidine (TMB; T2885, Sigma-Aldrich,
USA) solution was added to each well and incubated
for 10 min at 23◦C and 400 rpm in the dark.

The reaction was stopped by addition of 100 �L
of 1 M H2SO4 to each well. The plate was briefly
mixed on the shaker for approximately 1 min and
the optical density (OD) was read at 450 nm (ref-
erence wavelength 630 nm) in the Clariostar (BMG
Labtech, Germany) plate reader. The 4-parameter
logistic model was applied to generate a standard
curve. Concentrations of CSF samples were interpo-
lated based on the blank subtracted ODs related to
the standard curve. Graphs were generated with use
of the GraphPad Prism software (USA).
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Technical validation of the developed assay

The ELISA assay underwent thorough techni-
cal validation. This consisted in the estimation of
the assay range, intermediate precision (inter-assay
reproducibility within the laboratory), repeatability
(intra-assay), sensitivity (Lower Limit of Quantifica-
tion, LLOQ; Upper Limit of Quantification, ULOQ),
and sample stability (freeze-thaw, prolonged incu-
bation at diverse conditions). Range of the standard
curve was established, and the intra- and inter-assay
variabilities were assessed based on % coefficient of
variation (CV%) of the replicates. In order to moni-
tor performance of the subsequent measurements, an
internal control was included in each run.

Evaluation of the preanalytical factors
influencing PEBP1 stability

A freeze-thaw experiment was conducted using
five consecutively collected CSF samples. Each sam-
ple was divided into four 250 �l aliquots. One aliquot
of each freshly collected sample was immediately
stored at –80◦C pending analysis, while remaining
aliquots of each sample underwent 2, 3, or 4 freeze
(30 min at –80◦C) and thaw (30 min at RT) cycles.
Subsequently, all the samples were measured by the
developed ELISA assay.

Sample stability was controlled in a dedicated
experiment, employing a CSF pool generated from
three individual patients’ samples. CSF pool was
divided into ten identical 250 �l aliquots. One of the
aliquots was stored at –80◦C immediately after gener-
ation of the pool and served as a reference. Remaining
aliquots were subjected to incubation at RT, +4◦C or
–20◦C for 6 h, 24 h, and 48 h (Fig. 1), after which were
stored at –80◦C pending analyses. Upon completion
of the incubation of all the samples, the PEBP1 con-
centration was measured by the ELISA assay.

Statistical analysis

Continuous variables are represented as the
mean ± standard deviation (SD). Statistical analysis
was performed with use of the GraphPad Prism soft-
ware (USA). Shapiro-Wilk test was applied to assess
data normality. The data did not exhibit normal distri-
bution, hence non-parametric tests were applied. We
implemented Mann-Whitney test for two-group com-
parisons (OND and MCI-AD) and Kruskal-Wallis
test for multiple group comparisons (OND, MCI-
AD, AD-dem) followed by Dunn’s test for multiple

Fig. 1. A schematic illustration presenting the workflow of the
sample-stability experiment.

comparisons correction. When non-parametric tests
were not applicable, data were log-transformed and
analyzed with parametric two-way ANOVA test, fol-
lowed by Dunnet’s test for multiple comparisons.
Correlations between PEBP1 concentration in CSF
and core AD biomarkers or PEBP1 concentration and
age were assessed by Spearman’s correlation coeffi-
cients. A p-value < 0.05 was considered statistically
significant.

RESULTS

Assay development

To evaluate the diagnostic performance of PEBP1
we developed an in-house ELISA.

Three different antibodies recognizing different
regions of the PEBP1 were selected. All the anti-
bodies exhibited specific recognition of the protein
of interest both in reducing conditions (WB) and in
native conditions (direct ELISA), while no cross-
reactivity with HSA was observed for any of the
antibodies (dot blot) (data not shown).

Once the assay was developed (capture antibody
HPA063904, detection antibody sc-376925), we con-
ducted several experiments aimed at its optimization.
Comparison of PBS-based versus TBS-based assay
buffers resulted in a similar reading of the background
signal. While the initial premises pointed to possible
dependence of CSF signal on Tween®20 addition,
the experiments designed to evaluate such effect did
not confirm influence of detergent addition on the
intensity of CSF signal. Assessment of the assay per-
formance with use of four different blocking buffers
(1% milk powder/3% milk powder/1% BSA/3% BSA
in PBS buffer) pointed to 1% BSA-PBS as the
most effective blocking solution. No difference in
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blocking effectiveness was observed among buffers
prepared with BSA reagent provided by three dif-
ferent vendors (03117332001, Roche, Switzerland,
A9647-100G, Sigma-Aldrich, USA, P6154-100GR,
Biowest, France) (data not shown).

The range of the standard curve extended from
100 ng/mL to 1.56 ng/mL. LLOQ and ULOQ of
PEBP1 detection in CSF were, respectively, 4.7 ng/
mL and 100 ng/mL. The CV% for the inter- and
intra-assay variability were, respectively, 13.54% and
3.38%.

Analysis of pre-analytical factors for PEBP1
measurement in CSF

To analyze pre-analytical factors which may influ-
ence PEBP1 levels in CSF, we performed an experi-
ment evaluating PEPB1 concentration of the consec-
utively collected CSF samples, subjected to a number
of freeze-thaw cycles. We observed a significant
increase (p < 0.01 at 4th cycle) of PEBP1 concentra-
tion, dependent on the number of freeze-thaw cycles
(see Supplementary Figure 1). Such observation led
us to perform another experiment, evaluating con-
centration of PEBP1 in CSF samples being subject to
diverse incubation times and conditions. We observed
that the samples subjected to prolonged incubation
at RT, +4◦C or –20◦C instead of –80◦C, exhibited
a visibly elevated concentration of PEBP1 (Fig. 2),
while compared to the reference sample (p ≤ 0.0001
for –80◦C (7.38 ng/mL) versus RT 6 h (22.03 ng/mL),
p ≤ 0.05 for –80◦C (7.38 ng/mL) versus +4◦C 6 h
(11.82 ng/mL), p ≤ 0.05 for –80◦C (7.38 ng/mL)
versus –20◦C 6 h (11.75 ng/mL), p ≤ 0.0001 for
–80◦C (7.38 ng/mL) versus RT 24 h (50.58 ng/mL),
p ≤ 0.0001 for –80◦C (7.38 ng/mL) versus +4◦C
24 h (18.71 ng/mL), p ≤ 0.01 for –80◦C (7.38 ng/mL)
versus –20◦C 24 h (13.78 ng/mL), p ≤ 0.0001 for
–80◦C (7.38 ng/mL) versus RT 48 h (134.58 ng/mL),
p ≤ 0.0001 for –80◦C (7.38 ng/mL) versus +4◦C
48 h (25.23 ng/mL), non-significant for –80◦C
(7.38 ng/mL) versus –20◦C 48 h (7.18 ng/mL)).

Diagnostic performance of PEBP1 for AD
diagnosis

The first validation included a cohort of 25 patients
consisting of 14 MCI-AD subjects (50% female,
age (Mean ± SD) = 68 ± 6.1) and 11 OND sub-
jects (45.5% female, age (Mean ± SD) = 67 ± 9.9).
Although a strong trend was visible, no statis-
tically significant difference was observed when

Fig. 2. PEBP1 concentration in CSF pool sample undergoing incu-
bation at different conditions. Change related to concentration of
the CSF pool sample properly stored at –80◦C. Two-way ANOVA
test, followed by Dunnet’s test for multiple comparisons were
applied after log transformation of the data. Actual values in pg/mL
are reported in the figure. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001,
∗∗∗∗p ≤ 0.0001 versus reference sample (–80◦C).

comparing both groups (p = 0.137) (Fig. 3A). The
MCI-AD group exhibited higher level of PEBP1 con-
centration in CSF (MCI-AD = 32.47 ± 12.6 ng/mL,
OND = 27.5 ± 15.03 ng/mL).

To confirm these results, a second validation
was performed, with a larger cohort encompassing
three diagnostic groups. For this analysis, 25 MCI-
AD subjects (56% female, age (Mean ± SD) = 73 ±
5.5), 29 AD-dem subjects (72% female, age (Mean ±
SD) = 74 ± 6.7), and 21 OND subjects (48% female,
age (Mean ± SD) = 56 ± 15.7; 5 samples measured
also in the first validation) were included. No statisti-
cally significant difference was observed among the
groups (p = 0.644) (MCI-AD 22.41 ±12.17 ng/mL,
AD-dem 19.10 ± 7.29 ng/mL, OND 20.38 ± 11.19
ng/mL) (Fig. 3B).

Correlation analysis between CSF PEBP1 level
and AD biomarkers (A�42, A�40, A�42/A�40, p-tau,
t-tau) was then performed. CSF PEBP1 concentration
had a significant, though weak, positive correla-
tion with t-tau (ρ = 0.25, p < 0.05), p-tau (ρ = 0.23,
p < 0.05), and A�40 (ρ = 0.26, p < 0.05) when eval-
uated in the whole cohort (Fig. 4). Analysis of
the individual groups showed that correlations were
driven by the AD dementia group (PEBP1 versus t-
tau ρ = 0.51, p < 0.05, PEBP1 versus p-tau ρ = 0.53,
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Fig. 3. A) PEBP1 concentration (ng/mL) in CSF of OND and MCI-AD groups included in the first clinical validation (p = 0.137, assessed
by Mann-Whitney test). B) PEBP1 concentration (ng/mL) in CSF of OND, MCI-AD, and AD-dem groups included in the second clinical
validation (p = 0.644, assessed by Kruskal-Wallis test, followed by Dunn’s test). In boxplots, heights of boxes represent the interquartile
range (from 25th to 75th percentile). The line in the middle of the box represents the median. Whiskers and outliers are plotted according to
the Tukey’s method.

p < 0.05 and PEBP1 versus A�40 ρ = 0.60, p < 0.01).
Correlation between CSF PEBP1 and age, A�42 or
A�42/A�40 was not significant.

DISCUSSION

In the current study, we report the development
of an ELISA assay for detection of PEBP1 level in
CSF. We performed several experiments aimed at
a technical validation of the assay. Additionally, a
clinical validation involving two well-characterized
cohorts of MCI-AD, AD-dem and OND patients was
performed.

Previous studies showed that PEBP1 might be
strongly linked to AD pathogenesis [17–20]. Cholin-
ergic hypothesis of AD suggests that a loss of
cholinergic innervation in the cerebral cortex of
patients with AD and the subsequent deficiency in the
synthesis of acetylcholine are early pathogenic events
correlated with cognitive impairment [28]. Interest-
ingly, PEBP1 takes part in the positive regulation
of acetylcholine metabolic processes and shows a
decreased expression of its mRNA in the hippocam-
pal CA1 field, but not in CA3 field or dentate gyrus of
late-onset AD patients [17]. Remarkably, the early-
onset AD patients showed a wide range of expression
levels in the hippocampal sub-regions [17]. Evidence
of PEBP1 role in AD has also been reported in some
animal studies [20]. The authors found a significant
correlation between decreased PEBP1 expression and
accumulation of A� in the Tg2576 murine model of
AD [20].

Despite the evidence of possible involvement of
PEBP1 in the pathogenic processes of AD, our ret-
rospective analysis in two different cohorts did not
confirm PEBP1 diagnostic utility as a biomarker
for differentiation between MCI-AD, AD-dem, and
OND groups.

Although the level of the statistical significance
was not reached, it is noteworthy that the observed
trend of increased CSF PEBP1 in MCI-AD group
versus control group, is consistent with recent find-
ings [19]. The authors of the study used a parallel
reaction monitoring mass spectrometry to quantify a
panel of synaptic proteins in CSF, including PEBP1,
in two cohorts involving, in total, 52 AD subjects
and 37 controls. As the authors report, a significant
increase in AD compared to neurological controls
was observed for CSF PEBP1 (p ≤ 0.001) [19]. As the
method used by authors does not rely on a native pro-
tein but on tryptic peptides derived from it, the results
may differ from those obtained when using ELISA.
Assessing the levels of PEBP1 using two orthogonal
techniques, such as immunoassay and mass spec-
trometry, could contribute to clarifying the biomarker
value of PEBP1 for AD diagnosis. The biomarker
potential of PEBP1 is also confirmed by our cor-
relation analysis, in which the significant positive
correlation between PEBP1 levels and core CSF AD
biomarkers was mainly driven by the AD dementia
group.

It is worth mentioning that full-length PEBP1 in
CNS is processed into physiologically active pep-
tides that are present in CSF and may have biomarker
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Fig. 4. Scatterplot of (A) CSF PEBP1 (ng/mL) versus t-tau (pg/mL) in the whole cohort, (B) CSF PEBP1 (ng/mL) versus p-tau (pg/mL) in
the whole cohort, (C) CSF PEBP1 (ng/mL) versus A�40 (pg/mL) in the whole cohort, (D) CSF PEBP1 (ng/mL) versus A�42 (pg/mL) in the
whole cohort. Correlations assessed by Spearman’s correlation coefficients. Lines are added only for the visualization purposes. Statistically
significant correlation coefficients are reported for the whole cohort (in black) and subgroups (with the relative color).

potential. Indeed, a previous study [18] showed
that HCNP, a PEBP1-derived peptide, can be mea-
sured in CSF by a radioimmunoassay method. The
study found a statistically significant increase of the
PEBP1-derived peptide in a subgroup of early-onset
AD compared to late-onset AD and control groups.
Therefore, further studies using techniques able to
measure PEBP1-derived peptides in CSF may con-
tribute to the characterization of the PEBP1 profile in
CSF of AD patients.

Our experimental data show that PEBP1 is sensi-
tive to pre-analytical conditions. In particular, storage
before freezing at either 4◦C or room temperature
significantly increased the signal obtained by our
ELISA. If this sensitivity to pre-storage conditions is
confirmed, our PEBP1 assay might also be used for

monitoring CSF sample quality, an issue that is fun-
damental for both research and routine applications
of AD biochemical diagnostics. In the past years,
several guidelines and standard operating procedures
have been developed to assess and ensure CSF sample
quality [29–31] for dementia diagnostics. A simple
tool that can detect CSF samples stored improperly
would support decision making on sample inclusion
in large multicenter studies and ongoing clinical tri-
als. The reasons behind the variability of PEBP1
levels upon improper storage are currently unknown
and might depend on several factors, including anti-
bodies used in the assays or partial unfolding of the
epitopes recognized by the antibody pair. For this
reason, we assume that only samples with a short
interval before deep freezing and not being subject to
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freeze-thaw cycles (unthawed) can be used to mea-
sure PEBP1 with our assay in the current format. A
separate study should be planned to fully evaluate
the “quality control” potential of CSF PEBP1 mea-
sured with our ELISA assay, to define cut-offs able
to distinguish properly stored CSF samples.

In conclusion, we have developed a new ELISA
assay to measure PEBP1 levels in CSF. Further stud-
ies are needed to assess the biomarker potential of
PEBP1 in AD and other neurodegenerative diseases.
At the same time, we believe that routine measure-
ment of PEBP1 in CSF samples may be a useful tool
to perform quality control of samples, which can be a
crucial factor in large multicenter studies and clinical
trials.
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