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A B S T R A C T

Alzheimer’s disease (AD) is the most common age-associated dementia. Many studies have sought to predict
cerebral amyloid deposition, the major pathological hallmark of AD, using body fluids such as blood or cerebral
spinal fluid (CSF). The use of blood in diagnostic procedures is widespread in medicine; however, existing blood
biomarkers for AD remain unreliable. We sought to discover blood biomarkers that discriminate Aβ deposition
status in the brain. This study used 107 individuals who were cognitively normal (CN), 107 patients with mild
cognitive impairment (MCI), and 40 AD patients with Pittsburg compound B positron emission tomography (PiB-
PET) amyloid imaging data available. We found five plasma biomarker candidates via mass spectrometry (MS)
based-proteomic analysis and validated these proteins using enzyme-linked immunosorbent assay (ELISA). Our
integrated models were highly predictive of brain amyloid deposition, exhibiting 0.871 accuracy with 79%
sensitivity and 84% specificity overall, and 0.836 accuracy with 68% sensitivity and 90% specificity in patients
with MCI. These results indicated that a combination of proteomic-based blood proteins might be a possible
biomarker set for predicting cerebral amyloid deposition.
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1. Introduction

Alzheimer’s disease (AD) is one of the most prevalent neurodegen-
erative diseases in the elderly. Amyloid-β (Aβ) plaques and neurofi-
brillary tangles of tau protein are the major pathological hallmarks of
AD (Bloom, 2014). Aβ accumulation occurs in the early stages of AD
and plays a critical role in initiating AD pathogenesis (Thal et al., 2002).
However, there is a temporal delay of many years between the earlier
initiation of Aβ deposition in the brain and the onset of clinical
symptoms (Thal et al., 2002), which results in delayed diagnosis.

The development of an Aβ-specific positron emission tomography
(PET) ligand has been a critical breakthrough in AD diagnosis
(Ossenkoppele et al., 2013). Pittsburgh compound B (PiB) has high
specificity for Aβ. Therefore, it can be used to visualize Aβ deposition in
the brain before the onset of clinical symptoms (Bateman et al., 2012;
Hof et al., 1996; Perl, 2010). This early detection of cerebral Aβ de-
position enables early diagnosis of AD, even in those without symptoms
of dementia (Jansen et al., 2015). However, PET is not an easily ac-
cessible method because it is an expensive, time-consuming procedure
and increases radiation exposure (Forsberg et al., 2012; O’Keefe et al.,
2009).

Altered Aβ levels can be detected in the cerebrospinal fluid (CSF) 25
years before symptomatic onset in dominantly inherited AD (Bateman
et al., 2012). Therefore, cerebral Aβ deposition-associated biomarkers
in other body fluids may antedate the diagnosis of AD. As blood is an
easily accessible bio-fluid, the discovery of blood biomarkers associated
with cerebral Aβ deposition may facilitate early diagnosis of AD. Pre-
vious studies have reported some blood-based biomarkers related to
cerebral amyloid deposition, including plasma Aβ levels stabilized by a
mixture of protease inhibitors and phosphatase inhibitors (MPP) (Park
et al., 2017b), serum phosphorus level (Park et al., 2017a), and blood
acetylcholinesterase level (Han et al., 2019). Particularly, MPP-Aβ40
and MPP-Aβ42/40 ratios showed significant difference between the
PiB-positive and -negative groups. However, systemic screening of
blood-based biomarker candidates through discovery study, followed
by validation experiments, would help in determining diverse bio-
markers. Moreover, different combinations of these effective bio-
markers might increase the diagnostic performance for cerebral Aβ
deposition. Mild cognitive impairment (MCI) is a transitional stage
between normal and dementia. Pathological features of MCI show di-
verse types of dementia (Stephan et al., 2009). For this reason, the AD
type of MCI is a critical transitional stage that can help in early diag-
nosis of AD (Petersen, 2009). In this aspect, investigation of the Aβ
deposition status in MCI is important because Aβ-positive individuals
are more susceptible to early AD and may benefit from AD-specific
therapeutic strategies (Wolk et al., 2009). However, PiB-PET could not
be routinely recommended to patients with MCI because of its high cost
and inconvenience (Zhang et al., 2014). Therefore, blood biomarkers
for discriminating cerebral Aβ deposition are remarkably useful for
patients with MCI.

Mass spectrometry (MS)-based proteomics approaches have been
employed to effectively deal with the high complexity and dynamic
range of plasma proteomes when searching for blood biomarkers
(Geyer et al., 2016). In these MS-based proteomics approaches, highly
abundant proteins hinder the detection of less abundant biomarker
candidates. Several strategies for the elimination of such highly abun-
dant proteins have been developed to reduce the complexity and dy-
namic ranges of plasma proteomes (Gingras et al., 2007; Pendyala et al.,
2010). Moreover, multiplex isobaric labeling approaches coupled with
MS-based proteomics analysis have been widely used for the effective
quantification of plasma proteomes in large cohorts of patients (Gingras
et al., 2007).

In the present study, we aimed to discover blood biomarkers that
reveal cerebral Aβ deposition status by MS-based proteomics analysis of
cognitively normal (CN) individuals, patients with MCI, and patients
with AD, followed by validation by enzyme-linked immunosorbent
assay (ELISA). Two different strategies were used to develop two sets of
biomarkers : one set of biomarkers applicable for all diagnostic groups
and the other set applicable for the MCI group alone. Validating these
biomarker panels in independent large cohorts of patients with MCI and
AD demonstrated their validity as surrogate blood biomarkers with
increased specificity and sensitivity when compared with those of
previous conventional biomarkers.

2. Methods

2.1. Participants

This study was part of the Korean Brain Aging Study for the Early
Diagnosis and Prediction of Alzheimer’s Disease (KBASE), which is an
ongoing prospective cohort study started in 2014 and has recruited CN
individuals and patients with MCI and patients with AD as dementia
groups (Byun et al., 2017). Details of recruitment of participants have
been described in a previous study (Byun et al., 2017) and in Supple-
mentary Methods. This study was approved by the Institutional Review
Board (IRB) of the Seoul National University Hospital, South Korea.
Participants, or their legal representatives, provided written informed
consent.

A total of 254 individuals who participated in the KBASE cohort
were included in this study, and they were classified into the following
groups: PiB-positive (CN+, n=28) and PiB-negative (CN–, n=79) CN
participants; PiB-positive (MCI+, n= 54) and PiB-negative (MCI–,
n=53) patients with MCI; and PiB-positive patients with AD dementia
(ADD+, n= 40; Table 1). All participants underwent comprehensive
clinical and neuropsychological assessments, blood sampling, and brain
imaging (PiB-PET and 3D T1-weighted magnetic resonance imaging).
Mini-Mental State Examination (MMSE) score was normalized with
consideration for age, gender, and education levels (MMSE z-score).
Details on full assessment battery have been described previously (Byun
et al., 2017).

Table 1
Demographic data of the participants (n=254).

Characteristics (n) CN- (79) CN+ (28) MCI- (53) MCI+ (54) ADD+ (40) P-value

Gender, M/F 24/45 15/13 16/37 20/34 14/26 0.3348†

Age, years, mean ± SEM 66.90 ± 0.9 74.89 ± 1.2 74.00 ± 1.0 73.91 ± 0.9 71.55 ± 1.3 < 0.001*
Education, mean ± SEM 11.82 ± 0.6 12.71 ± 0.8 8.81 ± 0.6 10.53 ± 0.6 10.15 ± 0.8 0.002*
MMSE raw score, mean ± SEM 27.05 ± 0.3 27.04 ± 0.4 22.89 ± 0.4 21.67 ± 0.4 16.55 ± 0.6 < 0.001*
MMSE z score, mean ± SEM 0.28 ± 0.1 0.31 ± 0.2 −0.83 ± 0.2 −1.57 ± 0.2 −3.35 ± 0.2 < 0.001*
CDR (n) 0 0 0.5 (53) 0.5 (50) 0.5 (15), 1 (25) < 0.001†

ApoE4 positivity, ε4+/N (%) 13/79 (16%) 10/28 (36%) 6/53 (11%) 30/54 (56%) 27/13 (68%) < 0.001†

PiB (SUVR), mean ± SEM 1.11 ± 0.01 1.74 ± 0.07 1.13 ± 0.01 1.92 ± 0.04 2.91 ± 0.05 < 0.001*

CN, cognitively normal; MCI, mild cognitive impairment; ADD, Alzheimer’s disease dementia; PiB, Pittsburgh compound B; - or +, PiB positivity; SEM, Standard
Error of Mean; n, number of participants; MMSE, Mini-Mental State Examination; MMSE z score, a revised value of the MMSE score with consideration for age,
gender, and education level; CDR, Clinical Dementia Rating; ApoE, Apolipoprotein E; SUVR, standardized uptake value ratio; N, total number of participants. - *,
significance by one-way analysis of variance test (ANOVA); †, significance by chi-squared test.
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2.2. PiB-PET

PiB-PET imaging and 3D T1-MR imaging were performed on all
participants using a simultaneous 3.0 T PET-MR scanner (Biograph
mMR scanner [Siemens, Erlangen, Germany]). Detailed information of
image acquisition and preprocessing is described in a previous study
(Han et al., 2019) and Supplementary methods. Briefly, we used the
automatic anatomic labeling algorithm and a region combining method
(Reiman et al., 2009) to define the regions of interest (ROIs) for cal-
culating the 11C-PiB retention level as follows: frontal, lateral parietal,
posterior cingulate-precuneus, and lateral temporal regions (Reiman
et al., 2009). Then, the standardized uptake value ratio (SUVR) for
these ROIs was calculated by dividing the mean value for all voxels
within each ROI by the mean PiB uptake value of cerebellar gray
matter. Each participant was classified as PiB+ if the SUVR value
was>1.4 in at least one of the four ROIs (Choe et al., 2014; Reiman
et al., 2009).

2.3. Blood sampling

Overnight fasting blood samples were collected and stored in K2
EDTA tubes (BD Vacutainer Systems, Plymouth, UK). The tubes were
centrifuged at 700 g for 5min, and plasma supernatants were collected
in 1.5mL microcentrifuge tubes (SPL Life Sciences Co., Gyeonggi-do,
Korea). The collected plasma was immediately stored at −80 °C. Mean
interval between blood testing and amyloid PET was 0.1 month.

2.4. Comprehensive plasma proteome profiling

Comprehensive plasma proteome profiling, including immuno-affi-
nity depletion, tandem mass tag (TMT)-labeling, pH reverse-phase li-
quid chromatography fractionation (mRP fractionation), N-glycopep-
tide enrichment, and LC–MS/MS analysis, was performed
(Supplementary methods). Briefly, 14 most abundant proteins were
eliminated using an IgY14 LC10 column (Sigma-Aldrich, St Louis, MO),
installed on the Agilent 1260 Infinity HPLC system (Palo Alto, CA). For
the resulting samples, in-solution digestion was performed using trypsin
at a trypsin-to-protein ratio of 1:50 (w/w). The tryptic digests were then
labeled using the 6-plex TMT reagent (Thermo Fisher Scientific,
Rockford, IL) according to the manufacturer’s instruction (Thermo
Fisher Scientific). The TMT-labeled peptide sample was subjected to
mid-pH reverse phase (mRP) fractionation as previously described (Lee
et al., 2015). Enrichment of N-glycopeptides was performed using
modified filter-aided capture and elution (FACE) methods, as pre-
viously described (Lee et al., 2015). Finally, the Q Exactive orbitrap
mass spectrometer (Thermo Fisher Scientific, San Jose, CA) coupled to
the modified nanoACQUITY (Waters) was employed for global or N-
glycoproteome profiling (Lee et al., 2015).

2.5. Analysis of LC–MS/MS data

LC–MS/MS data were processed by PE-MMR for correction of pre-
cursor masses of MS/MS data (Shin et al., 2008). The resultant MS/MS
data were searched against a composite database (DB) present in Uni-
prot DB (March 2015 release) and common contaminants (179 entries)
using MSGF+ (v9949)(Kim and Pevzner, 2014) as described in detail in
supplementary methods. Peptides were identified from peptide spec-
trum matches with a false discovery rate< 0.01. The normalized TMT
intensities for the identified peptides from the CN–, CN+, MCI+, ADD
+, and MCI– groups were combined into a master data matrix. The
relative abundance of peptides was calculated for each sample com-
pared with the universal control. For each of the four different (treat-
ment/control) comparisons (CN+/CN–, MCI+/CN–, ADD+/CN–, and
MCI+/MCI–), peptides detected from at least 3 treatment samples
(30%) and 3 control samples (30%) were used for downstream ana-
lyses. From each comparison, peptides with>90% precursor isolation

purity (PIP), t-test p < 0.1, and>1.3-fold change were considered as
differentially expressed (DE) peptides. Proteins with>=2 DE peptides
in the same direction from the global proteome (or glycol-proteome)
were identified as the differentially expressed proteins (DEPs). For each
DEP, the fold change in individual samples was calculated by averaging
the fold changes of the DE peptides.

2.6. Enzyme-linked immunosorbent assay (ELISA)

A second validation was performed by ELISA, according to the
manufacturer’s guidelines. Four different ELISA kits were used for
quantification (galectin-3-binding protein [LGALS3BP], R&D Systems,
MN, USA; periostin [POSTN], CUSABIO, MD, USA; angiotensin-con-
verting enzyme [ACE], R&D Systems; vascular endothelial cadherin 5
[CDH5], R&D Systems). The stability of these markers with time was
determined as shown in Figure S1. We quantified the levels of these
markers in several samples (4–5 CN–, 4–5 ADD+) at baseline and at the
second-year time point (with a two-year interval). All biomarkers were
found to have significant correlation tendency (p < 0.15) between
baseline marker levels and second-year marker levels. Further, a com-
parison of CN– and ADD+ showed similar “different patterns (increase
or decrease in ADD+)” both at baseline and at the second-year time
point (CN–<ADD+at baseline → CN–<ADD+at second year;
CN–>ADD+at baseline → CN–>ADD+at second year).

2.7. Statistical analysis

We compared the differences in the plasma biomarkers between the
groups using analysis of covariance (ANCOVA) with Bonferroni cor-
rection or analysis of variance (ANOVA) with Tukey’s post-hoc test.
Partial correlation analysis was performed to assess the relationship
between plasma protein levels and global cerebral Aß deposition, with
age and sex as covariates. In addition, logistic regression analysis was
performed to integrate the independent variables LGALS3BP, POSTN,
ACE, and CDH5 with apolipoprotein ε4, age, and sex as covariates.
Receiver operating characteristic (ROC) curve analysis was conducted.
Relative risk (RR) analysis was also carried out. Chi-square tests were
performed to compare categorical variables (sex, CDR, and apolipo-
protein ε4). Multicollinearity was tested by multiple regression analysis
(VIF > 10, multicollinearity; VIF < 10, no multicollinearity) (Yoo
et al., 2014). Discrimination powers of ROC curves were assessed using
continuous net reclassification index (NRI) (Nakamura et al., 2018). We
defined PiB-PET positive as “event” and PiB-PET negative as “non-
event.” We also defined “up” as a change with higher predictive
probability based on the new logistic regression model and “down” as a
change with a lower predictive probability (Pencina et al., 2011).
Continuous NRI of the new model increases when the probabilities of
“up” in “event” and “down” in “non-event” are higher than those of the
old model. The mathematical formula of continuous NRI is as follows
(Pencina et al., 2011):

> = > = > =

=

NRI P Q P i event P Q P j non event

P up event P up non event

1
2

( 0) ( | ) ( | )

( | ) ( | )

i i j j

Sensitivity and specificity of each logistic regression model were
determined according to the cut-off criteria, which maximized the sum
of the two values. Medcalc 17.2 (MedCalc Software, Ostend, Belgium)
or GraphPad Prism 7 (GraphPad software, San Diego, CA, USA) soft-
ware was used for the above analyses.

3. Results

3.1. Categorization of subjects for plasma AD biomarker study

Participants were categorized into the following five groups: CN–,
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CN+, MCI–, MCI+, and ADD+ (Table 1). For plasma proteome pro-
filing and ELISA validation, we used SET Ⅰ and II that included the
following groups: SET I for CN– vs. CN+, MCI+, and ADD+ (discovery
cohort, n= 40; and validation cohort, n= 179); and SET II for MCI– vs.
MCI+ (discovery cohort, n= 20; and validation cohort, n= 107). For
ROC curve and RR analyses, we used ROC SET Ⅰ and II that included the
groups as follows: ROC SET I for PiB– vs. PiB+ (PiB– includes CN–/
MCI– and PiB+ includes CN+/MCI+/ADD+, n= 200) and ROC SET
Ⅱ for MCI– vs. MCI+ (n= 107), as we set up PiB-PET positivity as a
classification variable. Details of our population description are given in
Figure S2.

3.2. Comprehensive profiling of plasma proteome

We performed comprehensive proteome profiling of plasma samples
collected from 10 participants in each of the following groups (dis-
covery cohort, SET I and II; n= 50) using LCeMS/MS analysis: CN–,
CN+, MCI–, MCI+, and ADD+ (Fig. 1A). For each plasma peptide
sample, we eliminated 14 highly abundant plasma proteins (Fig. 1B).
After TMT labeling of the low abundant peptides from SET I or II,
tandem mass tag (TMT)-labeled peptide samples were fractionated into
24 and 12 fractions for global proteome and N-glycoproteome profiling,
respectively (Fig. 1B). Each fraction was then analyzed using LCeMS/
MS. MSeGF+database search identified 74,179 peptides and 7,436

protein groups from global proteome profiling and 5,759 N-glycosy-
lated peptides and 1281 N-glycoprotein groups from N-glycoproteome
profiling. The identified plasma proteome was estimated to cover a
dynamic range of approximately 9 orders of magnitude (i.e., 22mg/ml
of A1BG to 4.3 pg/ml of MEGF8; Fig. 1C) (Nanjappa et al., 2014). The
peptide-spectrum match showed that a peptide from MEGF8 was cor-
rectly identified (Fig. 1D). These results demonstrate a high proteome
coverage of our plasma proteome data. Thus, our plasma proteome can
serve as a useful prescreening model for biomarker candidates to be
further tested in an independent validation cohort (n= 254) (Fig. 1E).

3.3. Identification of SET Ⅰ biomarker candidates using proteomics analysis

Among the peptides detected from the discovery cohort SET I, we
next identified the peptides differentially expressed (DE) in CN+, MCI
+, or ADD+when compared with those in CN–, as described in the
Materials and Methods section: for the comparisons of CN+/CN–, MCI
+/CN–, and ADD+/CN–, 2,601, 2,359, and 2,361 DE peptides from
global proteome, respectively, and 169, 257, and 167 DE glycopeptides
from N-glycoproteome, respectively. We then identified a total of 577
DEPs that contain at least two DE peptides: for CN+/CN–, MCI+/CN–,
and ADD+/CN–, 249, 230, and 325 DEPs from global proteome, re-
spectively, and 23, 52, and 32 DEPs from N-glycoproteome, respec-
tively. Among the 325 DEPs, 40 proteins consistently showed

Fig. 1. Experimental design. (A) Categorized groups for biomarker analyses. The SETⅠgroup includes CN–, CN+, MCI+, and ADD+ to represent the progress of AD;
the SET Ⅱ group is composed of MCI– and MCI+. (B) Schematic representation of comprehensive plasma proteome profiling including immunoaffinity depletion,
TMT−labeling, mRP fractionation, N−glycopeptide enrichment, and LC−MS/MS analysis. (C) Distribution of the protein concentration of identified plasma
proteins. Protein concentration estimates were obtained from the Plasma Proteome Database (PPD). (D) Annotated MS/MS spectrum of a peptide (GPDTENMEEVGR)
derived from MEFG8. The fragmentation location in the peptide is denoted in subscript by the number, and the charge state of the fragmented ion is denoted in
superscript. (E) Experimental procedure flowchart of our study. Discovery cohort (n = 50), for proteomics profiles. Validation cohort (n = 254) for ELISA.
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significant changes in both global proteome and N-glycoproteome. Of
these proteins, five (Table S1) were reported as biomarker candidates
from a previous serum proteomics analysis in independent MCI and AD
cohorts, supporting the validity of the biomarker candidates (Kang
et al., 2016).

Among the five proteins, galectin 3-binding protein (LGALS3BP)
and angiotensin 1-converting enzyme (ACE) (Fig. 2A, Table S1, and
Table S3) were prioritized as two top biomarker candidates on the basis
of the SET I criteria (Discussion). LGALS3BP was significantly down-
regulated in all PiB-positive conditions (CN+, MCI+, and ADD+),
compared with that in CN– (Fig. 2B). ACE was significantly down-
regulated in MCI+ and ADD+ (Fig. 2B). Interestingly, mRNA expres-
sion levels of LGALS3BP were significantly downregulated in AD brains
according to transcriptome profiles of AD brain tissues (GSE5281(Liang
et al., 2007)), and ACE protein level and its activity in CSF were lower
in patients with AD (Jochemsen et al., 2014), supporting the potential
of LGALS3BP and ACE as biomarker candidates reflecting the patho-
logical changes in the AD brain tissue.

3.4. Validation of SET Ⅰ biomarker candidates using ELISA

To assess the validity of the marker candidates identified from the
proteomics analyses, we performed ELISA to quantify the plasma pro-
tein concentrations of these biomarkers in an independent validation
cohort. Consistent with the changes detected by LC–MS/MS, the levels
of LGALS3BP were significantly decreased in CN+, MCI+, and ADD+
(PiB-positive conditions) compared with those in CN–, and the levels of
ACE were significantly decreased in MCI+ and ADD+ (Fig. 2C, graphs
in the top row). Furthermore, partial correlation analysis showed that
LGAL3BP and ACE were negatively correlated with global SUVR scores,
which reflect the degree of cerebral amyloid deposition, after control-
ling for age and sex (covariates) (Fig. 2C, graphs in the bottom row).
These data indicated that LGALS3BP and ACE proteins can serve as
possible blood biomarkers reflecting PiB positivity and the degree of Aβ
deposition associated with the pathology of MCI and AD.

3.5. Identification of SET Ⅱ biomarker candidates using proteomics analysis

Among the detected peptides in the discovery cohort SET II, we next

identified 377 DE peptides between MCI+ and MCI– from N-glyco-
proteome as well as 4,735 DE peptides from global proteome. Overall,
357 DEPs were identified by combining the DEPs from global proteome
and glycoproteome. Among them, periostin (POSTN), ACE, and vas-
cular endothelial cadherin 5 (CDH5) proteins were finally prioritized as
the top biomarker candidates depending on the SET II criteria
(Discussion; Fig. 3A, Table S2, and Table S4). POSTN was significantly
upregulated in MCI+ as compared to that in MCI– in both global
proteome and N-glycoproteome (Fig. 3B). ACE and CDH5 were sig-
nificantly downregulated in the MCI+ group from the global proteome
and/or N-glycoproteome (Fig. 3B). Among these proteins, ACE and
CDH5 were reported in a previous serum proteomics study (Kang et al.,
2016) to be downregulated in the serum of MCI+ and ADD+, re-
spectively, compared to normal. These data suggest them as possible
biomarker candidates reflecting the pathological changes toward AD.

3.6. Validation of SET Ⅱ biomarker candidates using ELISA

Consistent with LC–MS/MS analysis, ELISA assays in an in-
dependent validation cohort showed that POSTN was significantly up-
regulated and ACE and CDH5 were upregulated in MCI+when com-
pared with those in MCI– (Fig. 3C, left). In addition, partial correlation
analysis showed that the levels of POSTN had a significant positive
correlation with cerebral amyloid deposition (SUVR scores) and the
levels of ACE had a significant negative correlation (Fig. 3C right). The
levels of CDH5 also had a negative correlation with cerebral amyloid
deposition with marginal significance.

3.7. Prediction of cerebral amyloid deposition based on candidate markers
for PiB– vs. PiB+ (ROC SET Ⅰ)

To test the clinical utility of the selected biomarker candidates, we
developed multivariate models to discriminate PiB positivity and ne-
gativity using RR, logistic regression, and ROC curve analyses (Fig. 4A-
F). The five subject groups in the validation cohort were recategorized
into PiB+ and PiB– (ROC SET Ⅰ) to predict PiB positivity (Fig. 4A). As
expected from the finding in Fig. 2, we found that the levels of
LGALS3BP and ACE in PiB+participants were significantly lower than
those in PiB– participants (Fig. 4B). To identify the relationship of

Fig. 2. Biomarker discovery and validation (SET I). (A) List of biomarker candidates identified from MS-based proteomics analysis (SET Ⅰ group). Uniprot accession
IDs (“Uniprot”) and protein symbols (“Symbol”) are shown. Number of differentially expressed peptides (“#DE Peptide”), average log2-fold changes of differentially
expressed peptides (“FC”), and P-values from t-tests (“P-value”) are shown. (B) Violin plots of relative abundance of candidate marker proteins. Relative abundance of
DE peptides for the proteins with regard to universal references is shown in the plot. *p < 0.1, and **p < 0.05 from ANOVA with Tukey’s post-hoc test. (C) ELISA
validation (n= 179) for the SET Ⅰ group. ANOVA followed by Tukey’s post-hoc test (upper) and partial correlation analysis with correction for age and sex (lower).
*p < 0.05, **p < 0.01, and ***p < 0.001.
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LGALS3BP and ACE with the risk of Aβ deposition in the brain, we first
performed an RR analysis (Fig. 4C and Table 2). Participants were
sorted in the descending order (depending on the protein level) and
divided into four quartiles (Q1 > Q2 > Q3 > Q4). For LGALS3BP,
the RR of PiB positivity gradually increased from Q1 to Q4 and became
significantly higher in Q4 (RR=2.1, ***p=0.0004) than in Q1
(Fig. 4C). Similarly, for ACE, the RR of PiB positivity became sig-
nificantly higher in Q4 (RR=2.1, ***p=0.0006) than in Q1 (Fig. 4C).
These data suggest that individuals with low plasma levels of
LGALS3BP or ACE are highly prone to be PiB positive.

Next, we performed logistic regression and ROC curve analyses using
our plasma markers to assess the discrimination power between the PiB–
and PiB+ individuals (Fig. 4D). Age, sex, and ApoE genotypes were in-
cluded as basic covariates (CV), and we tried to verify whether our candi-
date biomarkers could improve the statistical power for discrimination
ability. The basic CV had an area under the curve (AUC) of only 0.778 with
60.0% sensitivity and 85.6% specificity. However, our integrated multi-
variate model using CV together with LGALS3BP and/or ACE showed a
higher AUC value than CV alone (e.g., AUC=0.839 for CV+LGAL+ACE
with 77.0% sensitivity and 78.4% specificity, ****p < 0.0001; Table 3 and
Fig. 4E). In addition, we further performed the multivariate RR analysis
using CV and LGAL and/or ACE and confirmed that the RR of PiB positivity
gradually increased from Q1 to Q4 in all models. In particular, our in-
tegrated model using CV+LGAL+ACE had the highest RR value (4.9) in
Q4 when compared with other models (Fig. 4F).

Furthermore, we tested an additional candidate, galectin-3 (gal-3),
which is a major receptor of LGALS3BP. LGALS3BP mediates a variety of
functions of gal-3 through its interaction with gal-3 (Tinari et al., 2001).
Although the association between gal-3 and LGALS3BP in plasma is un-
known, the levels of gal-3 were significantly elevated in CN+, MCI+, and
ADD+ (Fig. 4G), as well as in the combined PiB+groups (Fig. 4H),

compared with that in CN–. Partial correlation analysis showed a sig-
nificant positive correlation of gal-3 levels with the degrees of cerebral
amyloid deposition (Fig. 4I). We confirmed the significant increase in the
RR of PiB positivity from Q3 (Q1 < Q2 < Q3 < Q4) (Fig. 4J and Table
S5). Further, the ROC curve analysis for an integrated multivariate model
(CV+LGAL+ACE+gal-3) showed the highest AUC of 0.871 with
79.4% sensitivity and 83.5% specificity even compared with the model
using CV+LGAL+ACE (****p < 0.0001; Fig. 4K, L and Table S6).

3.8. Prediction of cerebral amyloid deposition based on candidate markers
for MCI– vs. MCI+ (ROC SET Ⅱ)

We performed RR analyses and logistic regression followed by ROC
curve analysis for MCI participants in ROC SET Ⅱ (Fig. 5A). RR analysis
first showed that among all three candidates selected (POSTN, ACE, and
CDH5) for MCI+/MCI–, POSTN and ACE had a significantly higher RR of
PiB positivity (RR=1.9 for POSTN; and RR=2.2 for ACE) in Q4 than in
Q1 (Fig. 5B and Table 2). RR values of CDH5 showed an increasing trend
in Q4 but no statistical significance. These data suggest that participants
who had high plasma POSTN or low plasma ACE levels are strongly prone
to be MCI positive. Logistic regression and ROC curve analyses showed
that AUC of the CV was 0.775 with 58.0% sensitivity and 88.2% specifi-
city, and an integrated multivariate model using CV+POSTN
+ACE+CDH5 had the highest AUC of 0.836 with 68.0% sensitivity and
90.2 specificity (Table 3) (*p < 0.05; Fig. 5C and D). RR analysis for the
multivariate model (CV+POSTN+ACE+CDH5) showed a significant
increase in the RR even from Q2 and the highest RR (7.4) of PiB positivity
in Q4 than in Q1 (Fig. 5E and Table 2).

In summary, for the combined use of the selected candidate markers in
clinical settings, the SET I multivariate model with CV+LGALS3BP
+ACE+Gal-3 can be first used to predict PiB positivity (AUC=0.871)

Fig. 3. Biomarker discovery and validation (SET II). (A) List of biomarker candidates identified from MS-based proteomics analysis. Uniprot accession IDs (“Uniprot”)
and protein symbols (“Symbol”) are shown. For each of the Glyco and Global profiles, up- or downregulation (“Direction”), number of differentially expressed
peptides (“#DE Peptide”), average log2-fold changes of differentially expressed peptides (“FC”), and P-values from t-tests (“P-value”) are shown. (B) Violin plots of
relative abundance for candidate marker proteins. Relative abundance of DE peptides for the proteins with regard to universal references is shown in the plot.
*p < 0.1, **p < 0.05, and ***p < 0.01 from the t-test. (C) ELISA validation (n= 107) for the SET Ⅱ group. ANOVA followed by Tukey’s post-hoc test (left) and
partial correlation analysis with correction for age and sex (right). #p < 0.10 and *p < 0.05.
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Fig. 4. Receiver operating characteristic (ROC) curve and relative risk (RR) analyses for PiB-PET positivity (SET I). (A) Categorized subject groups for ROC curve and
RR analyses. ROC SET Ⅰ group (n=200) is divided into PiB– (CN–/MCI–) and PiB+ (CN+/MCI+/ADD+) groups. (B) Decreased levels of LGALS3BP and ACE in
PiB+ compared to those in PiB– (****p < 0.0001, unpaired t-test). (C) RR analysis for the ROC SET Ⅰ group. Subjects were categorized into quartiles after sorting in
the ascending order of biomarker levels (Q1 < Q2 < Q3 < Q4), and Q1 was counted as the control group. ***p < 0.001 for LGALS3BP; &&p < 0.01 and &&&

p < 0.001 for ACE. (D) ROC curve analysis for the ROC SET Ⅰ group. (E) Comparison of ROC curves for the ROC SET Ⅰ group. *p < 0.05, **p < 0.01, and
****p < 0.0001. (F) RR analysis using predicted probabilities after the logistic regression. (*p < 0.05, **p < 0.01, and ****p < 0.0001 for CV; &&p < 0.01 and &

&&&p < 0.0001 for CV+LGAL; †††p < 0.001 and ††††p < 0.0001 for CV+ACE; ‡‡‡p < 0.001 and ‡‡‡‡p < 0.0001 for CV+LGAL+ACE). (G) Increased levels of
plasma gal-3 in CN+, MCI+, and ADD+ compared with those in CN– ****p < 0.0001; ANOVA followed by Tukey’s post-hoc test. (H) Higher levels of plasma gal-3
in PiB+ participants than in PiB– participants. ****p < 0.0001; unpaired t-test. (I) Significant correlation between gal-3 and cerebral amyloid deposition
(****p < 0.0001, r= 0.4238; partial correlation analysis). (J) RR analysis. Subjects were categorized into quartiles after sorting in the ascending order of plasma
gal-3 levels (Q1 < Q2 < Q3 < Q4), and Q1 was counted as the control group. **p < 0.01 and ***p < 0.001. See details in Table S4. (K-L) ROC curve analysis
and comparison of ROC curves. CV+LGAL+ACE+Gal-3, AUC: 0.871; CV+ LGAL+ACE, AUC: 0.841; ****p < 0.0001.
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during general check-ups, and the SET II multivariate model with
CV+POSTN+ACE+CDH5 can be then used to predict MCI+
(AUC=0.836) for patients with mild cognitive impairment (Fig. 5F).

3.9. Further increase in AUC values by adding plasma Aβ42/40 as a
variable

We previously suggested that the MPP-treated plasma Aβ42/40
ratio (MPP-Aβ42/40) is a potential biomarker for the discrimination of

Table 3
Detailed information of ROC curve analysis.

PiB- vs PiB+ AUC Sensitivity (%) Specificity (%) P-value Cut off- criterion 95% CI of AUC z-statistic

CV only 0.778 60.00 85.57 < 0.0001 > 0.560 0.713 to 0.834 8.357
CV+ACE 0.795 59.00 88.66 < 0.0001 > 0.611 0.732 to 0.849 9.354
CV+LGAL 0.827 72.00 82.47 < 0.0001 > 0.518 0.767 to 0.877 11.089
CV+LGAL+ACE 0.839 77.00 78.35 < 0.0001 > 0.506 0.780 to 0.887 12.123

MCI- vs MCI+ AUC Sensitivity (%) Specificity (%) P-value Cut off-Criterion 95% CI of AUC z-statistic

CV only 0.775 58.00 88.24 < 0.0001 > 0.539 0.681 to 0.852 5.913
CV+CDH5 0.795 72.00 82.35 < 0.0001 > 0.544 0.703 to 0.868 6.619
CV+ACE 0.793 60.00 88.24 < 0.0001 > 0.515 0.701 to 0.867 6.595
CV+POSTN 0.833 78.00 84.31 < 0.0001 > 0.438 0.746 to 0.900 7.885
CV+POSTN+ACE+CDH5 0.836 68.00 90.20 < 0.0001 > 0.486 0.750 to 0.903 8.528

-CV, covariates: ApoE, age, and sex.
-PiB-, n=97; PiB+, n= 100; MCI-, n= 51; MCI+, n= 50.
-AUC, area under the curve; LGAL, lectin galactoside-binding soluble 3 binding protein; Gal-3, galectin-3; ACE, angiotensin converting enzyme; POSTN, periostin;
CDH5, VE-cadherin; Q, quartile.

Fig. 5. Receiver operating characteristic (ROC) curve and relative risk (RR) analyses for PiB-PET positivity (SET II). (A) Categorized subject groups for ROC curve and
RR analyses. ROC SET Ⅱ group (n= 107) is divided into MCI– and MCI+ groups. (B) RR analysis for the ROC SET Ⅱ group. Subjects were categorized into quartiles
after sorting in the ascending order of biomarker levels (Q1 < Q2 < Q3 < Q4), and Q1 was considered as the control group. *p < 0.05 for POSTN; &p < 0.05, &&

p < 0.01 for ACE. See details in Table 2. (C) ROC curve analysis for the ROC SET Ⅱ group. (D) Comparison of ROC curves for the ROC SET Ⅱ group. *p < 0.05,
**p < 0.01. (E) RR analysis using predicted probabilities after the logistic regression. (***p < 0.001 for CV; &&p < 0.01 and &&&p < 0.001 for CV+Peri;
†p < 0.05 and †††p < 0.001 for CV+VEc; ‡p < 0.05 and ‡‡‡p < 0.001 for CV+VEc; #p < 0.05 and ###p < 0.001 for CN+Peri+ACE+CDH5). (F) Sum-
mary of our SET I and SET II biomarker models.
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PiB-PET positivity (Park et al., 2017b). This finding led us to evaluate
whether MPP-Aβ42/40 can increase AUC values when added to our
ROC SET model. As expected, the MPP-Aβ42/40 ratio increased the
discriminative performance of our ROC SET I model (0.871 to 0.884;
Figure S3A) and ROC SET II model (0.836 to 0.840; Figure S3B).

3.10. Other potential confounders have no influence on the correlation
between plasma markers and cerebral amyloid deposition

Although we already controlled for age and sex as covariates for all
analyses (Figs. 2–5), we thought there could be several potential con-
founders when we tested the direct correlation between our individual
biomarkers and brain amyloid deposition. As all biomarkers demon-
strated relationship with brain amyloid deposition, it was quite natural
that several correlations with one another could exist (Figure S4A).
However, when we controlled for other biomarkers except for own
biomarker (e.g., partial correlation between LGALS3BP and brain
amyloid deposition: with ACE and galectin-3 as covariates; partial
correlation between ACE and brain amyloid deposition: with LGALS3BP
and galectin-3 as covariates; partial correlation between galectin-3 and
brain amyloid deposition: with LGALS3BP and ACE as covariates), most
of the biomarkers maintained their correlation tendency except CDH5
(which already had less correlation with brain amyloid deposition)
(Figure S4B). Further, partial correlation showed that the significant
correlation between biomarkers and brain amyloid deposition remained
after controlling for age, sex, and even ApoE genotypes or vascular risk
scores (Figure S4C and Figure S5). Furthermore, as variance inflation
factors (VIFs) for all biomarkers showed no multicollinearity (VIF <
10) (Figure S4D), we could conclude that all our biomarkers have di-
rect correlation with cerebral amyloid deposition.

4. Discussion

Among DEPs from MS-based proteomics analysis, 40 proteins were
selected as biomarker candidates in SET I according to consistent al-
teration in global proteome and N-glycoproteome. Among them, 5
proteins that have been reported in our previous study were reselected
(Kang et al., 2016); alpha-2-macroglobulin (α2M), endoplasmic re-
ticulum aminopeptidase 2 (ERAP2), CDH5, ACE, and LGALS3BP. α2M
and ERAP2 were excluded because of the lack of novelty and antibody
unavailability, respectively, and CDH5 were excluded by weak dis-
crimination power. Finally, we chose LGALS3BP and ACE as biomarker
candidates and validated their efficiency to discriminate PiB positivity
(ROC SET I). For ROC SET I, we further included MCI– (MCI without
brain amyloid deposition) in the PiB– group but did not include De-
mentia– (dementia without brain amyloid deposition) in that group
because i) the sample size was very small (n= 15), ii) their protein
levels relatively fluctuated as compared to other groups, and iii) we did
not know the factors that caused these phenomena (it may because
their dementia-patient types were mixed). Therefore, we had to decide
to exclude them for the exact experimental results. Nevertheless, we
could perform a further test including Dementia– groups (PiB– = CN–,
MCI–, Dementia–; PiB+ = CN+, MCI+, Dementia+; Figure S6A).
ROC SET I markers still showed significant differences between PiB– vs.
PiB+ (Figure S6B) and showed high performance (AUC=0.858 with
80.4% sensitivity and 78.6% specificity; Figure S6C). In SET II, the top 5
DEPs were initially selected as biomarker candidates from MS-based
proteomics analysis, namely, von Willebrand factor (VWF), zinc-alpha-
2-glycoprotein precursor (AZGP1), carboxypeptidase N subunit 2
(CPN2), attractin (ATRN), and POSTN. We tested these biomarkers in a
validation cohort using ELISA and then finally selected POSTN because
of its high efficiency to discriminate MCI+ . Moreover, LGALS3BP,
ACE, and CDH5, which showed meaningful discriminatory power for
PiB positivity in SET I, were also tested in SET II, finally chosen as
biomarker candidates and validated their efficiency to discriminate MCI
positivity. These ROC SET I and SET II biomarkers (without covariates;

CV) have meaningful performance only to discriminate PiB– vs.
PiB+ or MCI– vs. MCI+ (***p < 0.001; Figure S7). However, we
combined our biomarkers with covariates (age, sex, and ApoE geno-
types) to maximize the discriminative power of our models.

ACE is an endopeptidase that converts inactive angiotensin I to
potent angiotensin II (Reid, 1992). This conversion process is important
for blood pressure control, body fluid homeostasis, and sodium con-
centration maintenance (Inagami, 1994; Reid, 1992). ACE is widely
distributed as a membrane-bound ectoenzyme in various cells, and its
soluble form occurs through cleavage by zinc metalloprotease (Ikeda
et al., 1999). Many studies have reported that ACE is related to AD;
purified ACE inhibits Aß aggregation in a dose-dependent manner in
vitro, and ACE inhibitors such as lisinopril abolish ACE-mediated in-
hibition of Aß aggregation by ACE (Hu et al., 2001). ACE degrades Aß1-

40 by cleavage (Hu et al., 2001) and modulates susceptibility to AD
through inhibition of aggregation and cytotoxicity of Aß (Hemming and
Selkoe, 2005; Hu et al., 2001; Oba et al., 2005). Particularly, ACE is the
major enzyme that converts Aß 1-42 to less toxic Aß1-40 (Zou et al.,
2007). Even though some studies have failed to show that ACE activity
enhances Aß degradation in the brain (Hemming et al., 2007), many
reports have supported the association between ACE and Aß degrada-
tion.

AD pathology upregulates neuronal ACE expression (Miners et al.,
2009). Increased ACE activity and adjusted ACE protein levels are
found in the frontal cortex of AD, and the exposure of neuronal cells to
oligomeric Aß in vitro increases ACE level and activity (Miners et al.,
2009). The allelic genotype of ACE is significantly associated with AD;
the ACE1 gene variant rs179975 is associated with elevated ACE levels
in the plasma and reduced risk of AD (Kehoe et al., 1999), which have
been shown in different ethnic populations (Hu et al., 1999). Therefore,
changes in ACE seem to be tightly associated with AD pathogenesis. For
this reason, central and peripheral alterations in ACE may be critical
during AD pathogenesis through its influences on Aß clearance and
deposition. In particular, ACE protein level and activity were lower in
CSF and serum in patients with AD than in controls (Jochemsen et al.,
2014). However, no definitive evidence has been provided for an as-
sociation between blood ACE and brain Aß accumulation or AD se-
verity. In the present study, we demonstrated that this decrease in ACE
level in the blood in AD+, MCI+, and CN+groups is correlated to the
degree of brain amyloid deposition (Fig. 2).

POSTN was first discovered as osteoblast-specific factor 2 (OSF-2),
and it was identified as a novel matricellular protein (Horiuchi et al.,
1999). POSTN is related to several inflammatory diseases and various
pathological conditions including tumorigenesis/metastasis (Liu et al.,
2014). Serum POSTN levels are increased in type-2/eosinophilic in-
flammation, and elevated POSTN levels facilitate eosinophil recruit-
ment and adhesion (Johansson et al., 2013). Eosinophilic bodies were
found in the cerebral cortex of patients with AD, and some of these
eosinophilic bodies exhibited positive staining with paired helical fila-
ments, tau-2, phosphorylated neurofilaments, and ubiquitin (Inoue
et al., 1996). Therefore, it is probable that inflammation is activated
during AD pathogenesis, and the level of POSTN is elevated to facilitate
eosinophil adhesion and recruitment. Taken together, our result
showed that POSTN was closely associated with AD, and an increased
blood POSTN level in patients with AD indicated the possibility of this
protein as a possible blood biomarker for AD.

LGALS3BP is an extracellular matrix glycoprotein and implicated in
tumor suppression, progression, and metastasis (Grassadonia et al.,
2002). Further, it demonstrates immune stimulation by modulating
natural killer cell activity and interleukin production (Ullrich et al.,
1994). Furthermore, it shows a broad spectrum of expression including
that in brain (Ullrich et al., 1994) and plays a role as an adhesion
protein after secretion (Sasaki et al., 1998). gal-3 is a novel ligand for
LGALS3BP (Inohara and Raz, 1994), and the binding of LGALS3BP to its
ligand inhibits neutrophil activation (Laubli et al., 2014).

Interestingly, we found decreased levels of LGALS3BP in the plasma

J.-C. Park, et al. Progress in Neurobiology 183 (2019) 101690

10



in CN+, MCI+, and AD+groups compared with CN–. In addition,
comparison between PiB– and PiB+ individuals, regardless of symp-
tomatic diagnosis, showed a significant decrease in LAGLS3BP in
PiB+ individuals when compared with that in PiB– individuals (Fig. 4).
This finding is strongly supported by the results of ELISA experiments
showing the increased plasma level of the binding partner for
LGALS3BP, gal-3, in the PiB+ group (Fig. 4) because a decrease in
LGALS3BP would result in an increase in its ligand, gal-3. This result is
supported by the results of a previous study reporting elevated gal-3
levels in serum from patients with AD (Wang et al., 2015). Interestingly,
there was no alteration of gal-3 in patients with MCI in the previous
study, which is contrary to our result. It is possible that the lack of
performing PiB PET examination in the previous study might have led
to the inclusion of some MCI– individuals along with MCI+ patients
and have led to a the failure to detect any changes in gal-3 when most
patients with AD are AD+ . Our result explains that elevated gal-3 is
tightly related to the degree of cerebral amyloid deposition, and addi-
tional annexation of gal-3 to candidate biomarkers discovered in our
study, such as LGALS3BP and ACE, enhances the PiB discrimination
power from 0.841 to 0.871 (Fig. 4). Unfortunately, insufficient peptides
of gal-3 were detected from our LCeMS/MS analysis, which can be
ascribed to the under-sampling issue because the gal-3 protein is pre-
sent at low abundance in the blood.

Cadherin is an integral membrane protein and part of the adhesion
junction in endothelial cells (Zlokovic, 2008). CDH5 is a principal
cadherin located on the lateral endothelial surface. Soluble CDH5 is
released into the blood by the metalloprotease ADAM 10 and is asso-
ciated with permeability of vasculature (Schulz et al., 2008). CDH5
expression is decreased along with increased formation of fibrinogen-
Aß complexes in brain vessels of hyperhomocysteinemia, which ac-
companies many cognitive disorders including AD (Muradashvili et al.,
2014). However, no previous studies have assessed the association
between blood soluble CDH5 level and AD pathology. In our study,
reduced CDH5 levels were found in the plasma of the PiB+ group,
which is consistent with the result of a previous study showing de-
creased expression of CDH5 and increased formation of the fibrinogen-
Aß complex.

The AUC for the composite markers LGALS3BP, ACE, and gal-3 for
discriminating PiB– vs. PiB+ in SET I (0.871 with 79.4% sensitivity
and 83.5% specificity) is higher than that of the composite markers for
MCI only (POSTN, ACE, and VE–cadherin; SET II) (0.836 with 68%
sensitivity and 90.2% specificity). However, the latter has better effi-
ciency for discriminating the RR of cerebral amyloid deposition in each
quartile. In terms of the cohort size, SET I (n=200) is much larger than
SET II (n=107); therefore, we expected that the AUC for the composite
markers POSTN, ACE, and CDH5 for MCI– vs. MCI+would increase if
we test in a cohort as large as SET I. Therefore, further studies with
larger numbers of MCI– and MCI+ for SET II are required to clarify the
specificity of these MCI biomarkers.

While ACE is related to brain Aß accumulation because of its as-
sociation with Aß aggregation and degradation, other biomarkers have
interesting features in common; they are all adhesion proteins related to
immune response. LGALS3BP, POSTN, and CDH5 are related to neu-
trophil activation, eosinophil recruitment/adhesion, and inflammation
processes, respectively. Changes in POSTN were detected in dis-
criminating brain amyloid deposition in MCI (SET II) but not in all
stages of CN, MCI, and AD (SET I). This indicated that peripheral eo-
sinophil recruitment/adhesion may be related to specific immune re-
sponses for Aß-related events during MCI. In future studies, the re-
levance of neutrophil activation, eosinophil recruitment/adhesion, and
inflammation should be investigated along with changes in biomarker
levels in MCI and AD. From our results, we propose that specific al-
terations of immune response in each stage of AD pathogenesis might
be the critical factors in terms of diagnosis and therapy, and these
immune response-related proteins and cell alterations could be pro-
mising biomarkers for AD. In this study, we performed the validation

experiment to identify potential biomarkers and prioritize them.
Recently, some studies have suggested a strategic framework to develop
the clinical validation of AD biomarkers (Frisoni et al., 2017), and one
study particularly focused on amyloid PET (Chiotis et al., 2017). Our
validation is restricted to only phase 1 preclinical exploratory studies
out of a five-phase framework, and further structured validation will be
needed for clinical use.

5. Conclusions

In our study, 40 biomarker candidates were discovered from MS-
based proteomics analysis, and four proteins were further confirmed
and validated here. These validated biomarkers and their performance
proved the efficiency of proteomics-based discovery, and the remaining
candidate biomarkers could be further tested in future studies.
Improved sensitivity and specificity would be expected by a diverse
combination of effective biomarkers. Furthermore, a longitudinal study
would be essential to test whether these biomarkers could serve as the
indicator for AD progression.
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