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Abstract
Background: With the aging of populations worldwide, Alzheimer's disease (AD) has become a
concern due to its high prevalence and the continued lack of established treatments. Early
diagnosis is required as a preventive intervention to modify the disease’s progression. In our
previous study, we performed peptidomic analysis of serum samples obtained from AD patients
and age-matched healthy subjects to seek peptide biomarker candidates for AD by using
BLOTCHIP®-MS analysis, and identified four peptides as AD biomarker candidates.
Objective: The objective was to validate the serum biomarker peptides to distinguish mild
cognitive impairment (MCI) and AD in comparison to cognitively healthy controls using a new
peptidome technology, the Dementia Risk Test.
Methods: We enrolled 195 subjects with normal cognitive function (NC; n=70), MCI (n=55), and
AD (n=70), The concentrations of cognitive impairment marker peptides (Fibrinogen a chain
(FAC), Fibrinogen B chain (FBC), Plasma protease C1 inhibitor (PPC1I), a2-HS-glycoprotein
(AHSG)) were quantified by using a selected reaction monitoring assay based on liquid
chromatography-MS/MS.
Results: The present study confirmed that three peptides, FAC, FBC, and PPCI1I, were
significantly upregulated during the onset of AD. This three-peptide set was both highly sensitive
in determining AD (sensitivity: 85.7%, specificity: 95.7%, AUC: 0.900) and useful in
distinguishing MCI (sensitivity: 61.8%, specificity: 98.6%, AUC: 0.824) from NC.

Conclusions: In this validation study, we confirmed the high diagnostic potential of the three



peptides identified in our previous study as candidate serum biomarkers for AD. The Dementia

Risk Test may be a powerful tool for detecting AD-related pathological changes.
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Introduction

Alzheimer's disease (AD) is a degenerative brain disease characterized by a decline in

memory, language, problem-solving, and other cognitive abilities. AD, which is the most common

cause of dementia, is estimated to account for about 60-80% of all cases of dementia [1, 2]. In

general, the diagnosis of AD is made by a combination of a medical interview and a Magnetic

Resonance Imaging (MRI) or amyloid positron emission tomography (PET) scan to determine

the state of brain atrophy and amyloid-p (Ap) accumulation. Current diagnostic methods for AD

are generally expensive, which limits their widespread use. Therefore, biomarkers are urgently

needed using available biological fluids such as blood and saliva. This will enable minimally

invasive or non-invasive, and objective assessment of the AD status [3]. Biochemical markers

will also become more important in developing future therapies, such as disease-modifying

treatments. These markers are essential for identifying which patients are at an early stage of AD

and should receive disease-modifying therapies [1]. Recent studies successfully predicted AD

from proteins in plasma and metabolites in saliva, but have not been validated, so further



validation studies are needed [4-6]. It has also been reported that measurement errors can occur
among different measurement institutions, even for biomarkers obtained from the same sample
of the same population, so a greater emphasis should be placed on validity [3, 7].

Proteomics is an exciting technique that might provide additional value as a prognostic
tool, while serum proteome analysis has the potential to facilitate the diagnosis and therapeutic
monitoring of various diseases. Human serum contains thousands of protein-derived peptides
known as peptidomes, which are strongly correlated with physiological and pathological
processes [8-11]. These peptidome markers are reportedly potentially more sensitive and specific
than conventional cancer biomarker approaches [10, 12]. In our previous study, we performed
peptidomic analysis of serum samples obtained from AD patients and age-matched healthy
subjects to seek peptide biomarker candidates for AD. Previously, we employed BLOTCHIP®-
MS analysis, which is based on an analytical technique, matrix-assisted laser desorption—
ionization-time-of-flight mass spectrometry (MALDI-TOF MS), that allowed the electrophoretic
separation of peptidomes involving not only free peptides but also protein-bound peptides, and
were able to identify four peptides as AD biomarker candidates. Interestingly, these peptides were
not AP or tau fragments, but were instead related to the coagulation and
complement/inflammatory systems, each of which has been implicated in the pathogenesis of AD.
A newly established one-step direct transfer technology, BLOTCHIP®-MS analysis, is a rapid
quantitative technology for peptidomic analysis. Serum samples were subjected to electrophoresis

to separate peptides distant from proteins. Next, peptides in the gel were electroblotted onto



BLOTCHIP® (Protosera Inc., Osaka, Japan). A MALDI matrix, o-cyano-4-hydroxycinnamic acid
(CHCA), was applied directly onto BLOTCHIP®, and peptidome profiles were obtained in a
linear mode of ultrafleXtereme MLADI-TOF/TOF (Bruker Corporation, MA, USA), as was
previously described in detail [11]. In the present study, we established a Selected Reaction
Monitoring (SRM) assay based on liquid chromatography (LC)-MS/MS using the Dementia Risk
Test, which improves the performance of SRM for clinical applications [10]. The serum
probability of dementia (SPD) is equivalent to a predicted probability calculated from the
binomial logistic model, and was constructed using the concentrations of the three-peptide set
obtained by the SRM assay with a stable isotope dilution. A higher index corresponds to a higher
risk of dementia, and spans from 0.0 to 1.0. The SRM has become a standard method in the field
of proteomics research and clinical tests since it provides highly quantitative results. Based on the
serum concentrations of candidate peptides, we calculated the positive probabilities obtained from

regression analyses and compared them with normal, MCI, and AD patients.

Participants and Methods
Participants
For the present study, we recruited 234 subjects with normal cognitive function (NC),
mild cognitive impairment core clinical criteria (MCI), and probable AD dementia (AD) at
multiple centers (Okayama University Hospital, Gunma University Hospital, and Showa

University Hospital) from March 2017 to February 2019. The diagnosis of NC, MCI, and AD was



made by expert neurological clinicians based on the NIA-AA criteria (2011) for probable AD

dementia [13] and for mild cognitive impairment core clinical criteria [14]. The criteria for MCI

were a mild cognitive decline in one or more cognitive domains, essentially preserved basic

activities of daily living (ADL), and the absence of dementia, delirium, or other mental disorders

[15]. The cognitive function of participants was examined with the Mini-Mental State

Examination (MMSE) [16]. Specifically, women who were pregnant or of childbearing potential,

patients with a history of sudden onset, gait disturbance, seizures, or early onset of behavioral

abnormalities were excluded. Patients with clinical features such as focal neurological features

and early extrapyramidal signs were also excluded. Patients with other medical disorders severe

enough to account for memory and related symptoms, such as non-AD dementia, major

depression, bipolar disorder, history of schizophrenia, history of alcoholism or other drug

dependence, CVD, toxic and metabolic abnormalities, and FLAIR or T2 abnormalities, were

excluded. Patients with serious or unstable illnesses, and patients for whom the protocol for serum

collection was not strictly adhered to, were also excluded. We enrolled 70 gender- and age-

matched NC and AD patients for the logistic regression analysis to obtain an equation for

calculating SPD as a risk index of cognitive impairment. We also enrolled 55 age-matched MCI

patients. The clinical information of NC, MCI, and AD is summarized in Table 1.

Ethical permission for this study was provided by the Ethics Committee on

Epidemiological Studies of the Okayama University Graduate School of Medicine, Dentistry and

Pharmaceutical Sciences and participating hospitals (approval #163-031). Written informed



consent was obtained from all participants before enrollment.

Serum collection

Serum was collected from participants according to our previous report [11]. Briefly, 8

mL of blood was collected from participants and placed for 1 h at room temperature (RT), then

centrifuged at 1,000 g for 10 min at RT. The resultant supernatant was temporarily stored at —

80°C until the examination described next. For blood sampling, there were no restrictions, such

as fasting.

Peptide extraction and LC-MS/MS measurements

According to the instruction manual and a previous report [10], concentrations of

cognitive impairment marker peptides (Fibrinogen a chain (FAC), Fibrinogen B chain (FBC),

Plasma protease C1 inhibitor (PPC1I), a2-HS-glycoprotein (AHSG)) were determined using the

Dementia Risk Test (Protosera, Inc., Osaka, Japan). Briefly, each serum sample was spiked with

a mixture of internal standards composed of synthetic stable isotope-labeled peptide standards

(SIS) whose sequences were identical to corresponding cognitive impairment marker peptides but

had isotope-labeled amino acids. The stable isotope amino acid L-Arginine (13C6, 99%; 15N4,

99%), which has a mass number increased by 10 atomic weights compared to the original amino

acid, with six stable isotopes of carbon (atomic weight 13) and four stable isotopes of nitrogen

(atomic weight 15) substituted, was used to label SIS. The inter/intra CV% was validated with a



sample size of 4 and the results are shown in Supplementary Table 1. The spiked serum sample

was then applied to solid-phase extraction resin to adsorb peptides, followed by washing and

elution. The extraction resin and buffers for washing and elution were supplied within the kit. The

eluate was concentrated up to 50 pL using a vacuum concentrator (CC-105, TOMY Seiko, Tokyo,

Japan) with a low-temperature trap/Model TU-1000 (TOMY Seiko). The concentrated sample

was subjected to a LC-MS/MS measurement using evo TQ-S micro-equipped with an Acquity

UPLC I-Class system (Waters Corporation, Milford, MA, USA) in the SRM mode. The peak

areas of each endogenous peptide and corresponding SIS peptide were obtained using TargetLynx

software (Waters Corporation). The peak area ratios between each endogenous peptide and

corresponding SIS were used to calculate the concentration of each cognitive impairment marker

peptide in serum samples. Those concentrations in NC and AD subjects were subjected to logistic

regression analysis to obtain the working function. Multiple binomial logistic regression models

with NC and AD marker peptides as independent variables were used to calculate the cognitive

impairment risk index in each subject, i.e., SPD. The model was used not only to discriminate

between NC and AD, but also between NC and MCI.

Statistical analysis

Continuous demographic and clinical data are presented as the mean + standard

deviation (S.D.) in the text and table. Statistical analyses were performed using R statistical

environment software [17] and GraphPad Prism version 8.4.3 (GraphPad Software LCC, CA,



USA). After having checked for normality, we performed Fisher’s Exact test to compare gender

among NC, MCI and AD groups and the Kruskal-Wallis test to compare age, MMSE scores, and

the expression levels of candidate peptides (FAC, FBC, PPC11, AHSG) among NC, MCI, and AD

groups. P-values < 0.05 were considered to be significantly different. Receiver operating

characteristic (ROC) analysis was performed with the ‘Epi’ package [18] within R software. Area

under the curve (AUC) values were calculated from the ROC curve to indicate their diagnostic

value. The optimal cutoff thresholds for diagnosis were determined according to Youden’s index

[19]. Mathematically, Youden's index is defined as the difference between sensitivity and 1 —

specificity. A value of 1 indicates perfect discrimination, where there are no false positives or

false negatives. In practice, Youden's index is often used to determine the optimal cutoff point for

a diagnostic test or classifier by selecting the threshold that maximizes the index. Used in

conjunction with ROC analysis, Youden's index is represented graphically as the height above the

random classifier and is also equivalent to the AUC subtended by a single operating point. The

AUC values' confidence intervals (95% CI) were calculated using the ‘pROC’ package with

default settings [20].

Results

Participants’ characteristics

All participants were diagnosed by expert neurological clinicians, including their

cognitive status, and had their blood drawn. The demographic and clinical features of subjects



with NC (n=70), MCI (n=55), and AD (n=70) are shown in Table 1. There were understandable
differences in MMSE scores (NC: 29.2 + 1.0, MCI: 26.0 £+ 2.6 **p<0.01 vs. NC, AD: 18.5+ 6.4
*#p<0.01 vs. NC ## p<0.01 vs. MCI), and the ratio of male to female (NC: 72.8%, MCI: 49.0%,
AD: 61.4%). The examined age showed no significant differences among the three groups (NC:

74.1 £ 7.8, MCI: 76.5 £ 7.8, AD: 76.3 £ 11.1).

Selection of candidate peptides

We previously reported four diagnostic peptides and their mother proteins for MCI and
AD related to an important pathomechanism of AD using the BLOTCHIP®-MS method [11]. In
this study, we quantified these four peptides (FAC, FBC, PPC11, AHSG) using the Dementia Risk
Test method and investigated the diagnostic performance of a single marker peptide by comparing
NC and AD. The expression levels of candidate peptides in each group are indicated in Table 1.
The expression of the three peptides (FAC, PPC11, FBC) increased significantly in MCI and AD
compared to NC, but AHSG was not different among the three groups (Table 1, Fig. 1b, d, f, h).
We further checked for gender differences in the expression levels of the four peptides and found
no significant differences between males and females for any of the peptides (FAC: male 580.8 +
302.7, female 718.6 = 303.4; PPC1I: male 1168.4 + 408.7, female 1117.6 = 453.5; FBC: male
31.2+£20.1, female 26.4 + 12.1; AHSG: male 376.2 = 133.9, female 384.2 + 98.3, Supplementary
Fig. 1). Next, ROC analysis was performed on each of the four candidate peptides. When the cut-

off value of FBC was set to 17.3 ng/mL, the sensitivity and specificity to discriminate AD from

10



NC were 80% and 89%, respectively (Table 2, Fig. 1a, AUC: 0.852). In the same manner, when

the cut-off value was 962 ng/mL, the sensitivity and specificity of PPC1I were 66% and 94%,

respectively (Table 2, Fig. 1c, AUC: 0.772). In FAC (cut off: 417.4 ng/mL), sensitivity and

specificity were 81% and 93%, respectively (Table 2, Fig. 1e, AUC: 0.877). Although these three

candidate peptides displayed moderate accuracy, AHSG was unable to significantly discriminate

between NC and AD (Table 2, Fig. 1g, cut off: 301.2 ng/mL, sensitivity: 30%, specificity: 81%,

AUC: 0.528). Therefore, we eliminated AHSG as a candidate marker.

A multiple binomial logistic regression model

A multiple binomial logistic regression model was constructed using the remaining three

peptides to improve their performance as a disease risk markers. After examining samples of a

training data set (70 NC subjects and 70 AD patients), an optimized model with the highest

diagnostic performance was obtained as follows: SPD =1/ (1 + e/A( - ( - 4.388 + 9.413E-02

[FBC] +3.896E-04 [PPC1I] +5.679E-03 [FAC]))).

ROC analysis was performed based on the values obtained from the discriminant

equation (SPD) and the diagnosis, and the cut-off values for NC and AD were set by Youden's

index. When the cut-off value of SPD was set to 0.518, the sensitivity and specificity to

discriminate AD from NC were 85.7% and 95.7%, respectively (AUC: 0.900, Table 3, Fig. 2).

Next, SPD was fitted to the NC and MCI samples to determine the cut-off values to discriminate

between NC and MCI. In addition to demonstrating high accuracy in comparing NC and AD,

11



MCI was also detected with high specificity (cut off: 0.667, sensitivity: 61.8%, specificity: 98.6%,

AUC: 0.824, Table 3, Fig. 2).

It was confirmed that SPD can discriminate between NC and MCI or AD by setting a

certain cut-off value. Thus, to show the range of SPD in each group and to check the relationship

with MMSE scores, SPD values were shown as box plots while MMSE scores were shown as dot

plots, and these were superimposed. MMSE scores declined significantly as disease progressed

(Table 1) and there were significant differences between the control and MCI or control and AD

(** p<0.01) in SPD. However, changes in SPD were different from MMSE scores: SPD was low

in NC (0.23 + 0.17) but increased sharply in MCI (0.67 + 0.35) and AD (0.77 £ 0.28), although

there was a wide range of scores (Fig. 3).

Discussion

The present study confirmed that three of the four candidate peptides we previously

reported [11] were significantly upregulated during the onset of AD (Table 2). This three-peptide

set was not only highly sensitive in determining AD but was also useful to distinguish MCI from

normal controls (Table 3, Fig. 3).

In this study, we detected three inflammation-related factors with high sensitivity using

a novel technique. Fibrinogen chains, which are one type of blood coagulation factor, become

fibrin by the effect of another blood coagulation factor (thrombin), accumulating in the damaged

area of blood vessels where it performs its hemostatic function [21]. Fibrinogen chains, which are

12



associated with vascular risk factors, leak into the brain when the blood brain barrier (BBB) is

disrupted, bind to AP, form a fibrin clot, and inhibit the degradation of AP [22-25]. Our previous

study showed that the interaction of fibrinogen chains with pathogenic AP also induced

inflammation through microglial activation and coagulation, and complemented activation [26].

In addition, fibrinogen chains are upregulated in the plasma of AD patients and may be a specific

biomarker [27-30]. The expression of complement regulators (PPC11I and C3) is low in the normal

brain [31], whereas PPC1I and C3 are significantly upregulated in the brain parenchyma of a

mouse model of cerebral hypoperfusion AD [26]. In the pathogenesis of AD, complement

regulators play protective roles by inhibiting the formation of amyloid plaques and contributing

to the clearance of amyloid [32, 33]. On the other hand, complement regulators enter the brain

parenchyma following BBB disruption, and induce inflammation and tissue damage by activating

microglia and astrocytes [8, 33]. In this study, we were able to detect AD sensitively in blood

using this three-peptide set. This blood-based biomarker has the potential to detect alterations

early or even before the onset of AD, and may allow monitoring the course of AD over time. In

other words, the Dementia Risk Test may be an excellent tool to identify patients who should

receive disease-modifying therapy and reduce the number of patients with severe AD by allowing

early intervention, although it needs to be validated with current indicators of AD, including AP

and tau.

AHSG, also known as Fetuin-A, is an anti-inflammatory protein whose concentration is

significantly reduced in the plasma of AD patients [34] and in the brains of AD model mice [35].
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In our previous study, an AHSG-derived peptide also showed significantly reduced serum

concentrations in AD patients [11]. However, we excluded AHSG from the present Dementia Risk

Test because of its lower AUC in the single marker-based discrimination between NC and AD.

Additionally, in Akaike’s and Bayesian information of criterion (AIC and BIC, respectively),

three peptides-based logistic regression analyses (AIC: 113.4027, BIC: 137.0526) showed lower

values than four peptides-based analyses (AIC: 115.3907, BIC: 146.9238), including AHSG,

indicating a higher discrimination ability of the former. Therefore, we selected the three-peptide

sets.

The present study has some limitations: All the participants in this study were Japanese.

In the next study, we would like to investigate this in different races. Secondly, there is no

comparison between the calculated values of this three-peptide set and established methods such

as amyloid PET. However, good correlations between calculated values using four candidate

peptides and amyloid PET were identified in our previous study [11], and similar results may be

obtained for the calculated values in the present study. Thirdly, the NINDIS-ADRA criteria are

old criteria for AD. Since this study was based on our previous study [11], it was difficult to

modify the criteria. We aim to make appropriate modifications in future experiments. Fourth, the

training data set to build SPD should have been separated from the validation data set, but the

number of samples collected was not large enough to validate them separately, so we would like

to validate these separately in a future study.

When collectively observing these findings, we conclude that the Dementia Risk Test

14



may be a powerful tool for detecting AD-related pathological changes. It can also serve as a

surrogate marker to evaluate treatment efficacy in AD patients.
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Figure legends

Fig. 1 The ROC curves to discriminate between NC and AD and the box plots comparing between

the NC, MCI and AD in FAC (a, b), PPC1I (c, d), FBC (e, f) and AHSG (g, h) related to Table 2.

Note that the expression of FAC, PPC11, and FBC was significantly increased in MCI and AD

compared to NC (** p < 0.01), and showed moderate accuracy in ROC analysis. In the FAC, a

significant difference was observed between MCI and AD (# p < 0.05).

Fig. 2 ROC analysis was performed based on the values obtained from SPD and the diagnosis,

and the necessary cut-off values for NC and AD were set (a). When the cut-off value of SPD was

set to 0.518, the sensitivity and specificity to discriminate AD from NC were 85.7% and 95.7%,

respectively (AUC: 0.900). Next, SPD was fitted to the NC and MCI samples to determine the

cut-off values to discriminate between NC and MCI (b). The difference between NC and MCI

was detected with high specificity (cut off: 0.667, sensitivity: 61.8%, specificity: 98.6%, AUC:

0.824). However, the difference between MCI and AD was unable to significantly discriminate

(c, cut off: 0.503, sensitivity: 85.7%, specificity: 36.4%, AUC: 0.568).

Fig. 3 Serum probability of dementia (SPD, boxes) and MMSE (circles) in 70 gender- and aged-

matched normal control (NC) subjects, 55 MCI patients, and 70 AD patients. Open, grey and

black circles represent NC, MCI, and AD, respectively. Note that there were significant

16



differences between the control and MCI or the control and AD in SPD (** p < 0.01). SPD was

low in NC (0.23 £ 0.17) but increased sharply in MCI (0.67 = 0.35) and AD (0.77 £ 0.28).

References

[1] Alzheimer's A (2016) 2016 Alzheimer's disease facts and figures. Alzheimers Dement
12, 459-509.

2] Hishikawa N, Fukui Y, Sato K, Kono S, Yamashita T, Ohta Y, Deguchi K, Abe K (2016)
Characteristic features of cognitive, affective and daily living functions of late-elderly
dementia. Geriatr Gerontol Int 16, 458-465.

[3] Gunes S, Aizawa Y, Sugashi T, Sugimoto M, Rodrigues PP (2022) Biomarkers for
Alzheimer's Disease in the Current State: A Narrative Review. Int J Mol Sci 23.

[4] Jiang Y, Zhou X, Ip FC, Chan P, Chen Y, Lai NCH, Cheung K, Lo RMN, Tong EPS,
Wong BWY, Chan ALT, Mok VCT, Kwok TCY, Mok KY, Hardy J, Zetterberg H, Fu
AKY, Ip NY (2022) Large-scale plasma proteomic profiling identifies a high-
performance biomarker panel for Alzheimer's disease screening and staging. Alzheimers
Dement 18, 88-102.

[5] Huan T, Tran T, Zheng J, Sapkota S, MacDonald SW, Camicioli R, Dixon RA, Li L
(2018) Metabolomics Analyses of Saliva Detect Novel Biomarkers of Alzheimer's
Disease. J Alzheimers Dis 65, 1401-1416.

[6] Gonzalez-Sanchez M, Bartolome F, Antequera D, Puertas-Martin V, Gonzalez P,
Gomez-Grande A, Llamas-Velasco S, Herrero-San Martin A, Perez-Martinez D,
Villarejo-Galende A, Atienza M, Palomar-Bonet M, Cantero JL, Perry G, Orive G,
Ibanez B, Bueno H, Fuster V, Carro E (2020) Decreased salivary lactoferrin levels are
specific to Alzheimer's disease. EBioMedicine 57, 102834,

[7] Janelidze S, Teunissen CE, Zetterberg H, Allue JA, Sarasa L, Eichenlaub U, Bittner T,
Ovod V, Verberk IMW, Toba K, Nakamura A, Bateman RJ, Blennow K, Hansson O
(2021) Head-to-Head Comparison of 8 Plasma Amyloid-beta 42/40 Assays in
Alzheimer Disease. JAMA Neurol 78, 1375-1382.

[8] Paul Morgan B (2018) Correction to: Complement in the pathogenesis of Alzheimer's
disease. Semin Immunopathol 40, 517.

[9] Issaq HJ, Xiao Z, Veenstra TD (2007) Serum and plasma proteomics. Chem Rev 107,
3601-3620.

[10]  Uchiyama K, Naito Y, Yagi N, Mizushima K, Higashimura Y, Hirai Y, Dohi O,

17



Okayama T, Yoshida N, Katada K, Kamada K, Handa O, Ishikawa T, Takagi T, Konishi
H, Nonaka D, Asada K, Lee LJ, Tanaka K, Kuriu Y, Nakanishi M, Otsuji E, Itoh Y
(2018) Selected reaction monitoring for colorectal cancer diagnosis using a set of five
serum peptides identified by BLOTCHIP((R))-MS analysis. J Gastroenterol 53, 1179-
1185.

[11]  Abe K, Shang J, Shi X, Yamashita T, Hishikawa N, Takemoto M, Morihara R, Nakano
Y, Ohta Y, Deguchi K, Ikeda M, Ikeda Y, Okamoto K, Shoji M, Takatama M, Kojo M,
Kuroda T, Ono K, Kimura N, Matsubara E, Osakada Y, Wakutani Y, Takao Y, Higashi Y,
Asada K, Senga T, Lee LJ, Tanaka K (2020) A New Serum Biomarker Set to Detect
Mild Cognitive Impairment and Alzheimer's Disease by Peptidome Technology. J
Alzheimers Dis 73, 217-2217.

[12]  Petricoin EF, Belluco C, Araujo RP, Liotta LA (2006) The blood peptidome: a higher
dimension of information content for cancer biomarker discovery. Nat Rev Cancer 6,
961-967.

[13] McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Jr., Kawas CH, Klunk
WE, Koroshetz WJ, Manly JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Scheltens
P, Carrillo MC, Thies B, Weintraub S, Phelps CH (2011) The diagnosis of dementia due
to Alzheimer's disease: recommendations from the National Institute on Aging-
Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease.
Alzheimers Dement 7, 263-269.

[14]  Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, Gamst A,
Holtzman DM, Jagust WJ, Petersen RC, Snyder PJ, Carrillo MC, Thies B, Phelps CH
(2011) The diagnosis of mild cognitive impairment due to Alzheimer's disease:
recommendations from the National Institute on Aging-Alzheimer's Association
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 7,
270-279.

[15]  Mueller SG, Weiner MW, Thal LJ, Petersen RC, Jack CR, Jagust W, Trojanowski JQ,
Toga AW, Beckett L (2005) Ways toward an early diagnosis in Alzheimer's disease: the
Alzheimer's Disease Neuroimaging Initiative (ADNI). Alzheimers Dement 1, 55-66.

[16]  Folstein MF, Folstein SE, McHugh PR (1975) "Mini-mental state". A practical method
for grading the cognitive state of patients for the clinician. J Psychiatr Res 12, 189-198.

[17]  Dean CB, Nielsen JD (2007) Generalized linear mixed models: a review and some
extensions. Lifetime Data Anal 13, 497-512.

[18]  Carstensen B, Laara E, Hills M (2013) Epi: A package for statistical analysis in
epidemiology. R package Version 1.1.49.

[19]  Youden WIJ (1950) Index for rating diagnostic tests. Cancer 3, 32-35.

18



[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, Muller M (2011)
pROC: an open-source package for R and S+ to analyze and compare ROC curves.
BMC Bioinformatics 12, 77.

Mosesson MW (2005) Fibrinogen and fibrin structure and functions. J Thromb Haemost
3, 1894-1904.

Bennett JS (2001) Platelet-fibrinogen interactions. Ann N Y Acad Sci 936, 340-354.
Uitte de Willige S, de Visser MC, Houwing-Duistermaat JJ, Rosendaal FR, Vos HL,
Bertina RM (2005) Genetic variation in the fibrinogen gamma gene increases the risk
for deep venous thrombosis by reducing plasma fibrinogen gamma' levels. Blood 106,
4176-4183.

Ahn HJ, Zamolodchikov D, Cortes-Canteli M, Norris EH, Glickman JF, Strickland S
(2010) Alzheimer's disease peptide beta-amyloid interacts with fibrinogen and induces
its oligomerization. Proc Natl Acad Sci U S 4 107, 21812-21817.

Cortes-Canteli M, Zamolodchikov D, Ahn HJ, Strickland S, Norris EH (2012)
Fibrinogen and altered hemostasis in Alzheimer's disease. J Alzheimers Dis 32, 599-
608.

Shi X, Ohta Y, Liu X, Shang J, Morihara R, Nakano Y, Feng T, Huang Y, Sato K,
Takemoto M, Hishikawa N, Yamashita T, Abe K (2019) Chronic Cerebral
Hypoperfusion Activates the Coagulation and Complement Cascades in Alzheimer's
Disease Mice. Neuroscience 416, 126-136.

Cocciolo A, Di Domenico F, Coccia R, Fiorini A, Cai J, Pierce WM, Mecocci P,
Butterfield DA, Perluigi M (2012) Decreased expression and increased oxidation of
plasma haptoglobin in Alzheimer disease: Insights from redox proteomics. Free Radic
Biol Med 53, 1868-1876.

Muenchhoft J, Poljak A, Song F, Raftery M, Brodaty H, Duncan M, McEvoy M, Attia J,
Schofield PW, Sachdev PS (2015) Plasma protein profiling of mild cognitive
impairment and Alzheimer's disease across two independent cohorts. J Alzheimers Dis
43, 1355-1373.

Kitamura Y, Usami R, Ichihara S, Kida H, Satoh M, Tomimoto H, Murata M, Oikawa S
(2017) Plasma protein profiling for potential biomarkers in the early diagnosis of
Alzheimer's disease. Neurol Res 39, 231-238.

Rehiman SH, Lim SM, Lim FT, Chin AV, Tan MP, Kamaruzzaman SB, Ramasamy K,
Abdul Majeed AB (2022) Fibrinogen isoforms as potential blood-based biomarkers of
Alzheimer's disease using a proteomics approach. Int J Neurosci 132, 1014-1025.
Singhrao SK, Neal JW, Rushmere NK, Morgan BP, Gasque P (1999) Differential

expression of individual complement regulators in the brain and choroid plexus. Lab

19



[34]

[35]

Invest 79, 1247-1259.

Aiyaz M, Lupton MK, Proitsi P, Powell JF, Lovestone S (2012) Complement activation
as a biomarker for Alzheimer's disease. Immunobiology 217, 204-215.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, Bennett
ML, Munch AE, Chung WS, Peterson TC, Wilton DK, Frouin A, Napier BA, Panicker
N, Kumar M, Buckwalter MS, Rowitch DH, Dawson VL, Dawson TM, Stevens B,
Barres BA (2017) Neurotoxic reactive astrocytes are induced by activated microglia.
Nature 541, 481-487.

Smith ER, Nilforooshan R, Weaving G, Tabet N (2011) Plasma fetuin-A is associated
with the severity of cognitive impairment in mild-to-moderate Alzheimer's disease. J
Alzheimers Dis 24, 327-333.

Shi X, Ohta Y, Liu X, Shang J, Morihara R, Nakano Y, Feng T, Huang Y, Sato K,
Takemoto M, Hishikawa N, Yamashita T, Abe K (2019) Acute Anti-Inflammatory
Markers ITIH4 and AHSG in Mice Brain of a Novel Alzheimer's Disease Model. J
Alzheimers Dis 68, 1667-1675.

Table 1 Participants summary of the present study

NC MCI AD p-values
No. of subjects 70 55 70
Female gender (%) 72.8 49.0 61.4
Age (years) 74.1+£7.8 76.5+7.8 76.3 +6.4 p=0,11$
MMSE 292+£1.0 26.0+£2.6 - 185+64 p<0,()1$
Fibrinogen B chain (FBC)(ng/mL) 143+523 334+339 7 283+160 * p<0.01°

Plasma protease C1 inhibitor

775.3 +£284.3 1031.3+£476.8 ™ 1137.2+440.6 p<0_01$

(PPC1I)(ng/mL) :

sk

Fibrinogen o chain (FAC)(ng/mL) ~ 242.2 + 140.6 524.1+380.7 " 6654+3127 _  p<0.01’

a2-HS-glycoprotein (AHSG)(ng/mL) 382.8 + 97.5 354.0 + 125.3 381.1+ 114.2 p=0.038"
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NC: normal control, MCI: mild cognitive impairment, AD: Alzheimer’s disease, MMSE: Mini-Mental State

Examination. $:Kruskal-Wallis test, . p<0.01 versus control, ‘. p<0.05 versus MCI, " :p<0.01 versus MCL.
Data are expressed mean + SD.

Table 2 Diagnostic performance of single marker peptide

Sensitivity ~ Specificity cut off Fold change
Peptide # Mother protein AUC p-value*
(%) (%) (ng/mL) (AD/NC)
p<0.01
1 FBC 0.852 80 89 17.3 1.77 13
(6.1x10°77)
p<0.01
2 PPC1I 0.772 66 94 962 1.55 ¢
(2.7x107)
p<0.01
3 FAC 0.877 81 93 417.4 3.27 "
(1.5%10™%
4 AHSG 0.528 30 81 301.2 0.98 p=0.568

AUC: Area under the curve, NC: normal control, AD: Alzheimer’s disease, FBC: Fibrinogen B chain, PPC1I: Plasma protease C1 inhibitor,
FAC: Fibrinogen a chain, AHSG: 02-HS-glycoprotein.

* Statistical analysis was performed using the Mann-Whitney’s U test.

Table 3 Diagnostic performance of the three-peptide multi-marker set

Sensitivity Specificity =~ Probability

Sample data AUC Fold change
(%) (%) cut off
NC versus AD 0.900 85.7 95.7 0.518 AD/NC =5.17
NC versus MCI 0.824 61.8 98.6 0.667 MCI/NC =5.07
MCI versus AD 0.568 85.7 36.4 0.503 AD/MCI =1.02

AUC: Area under the curve, NC: normal control, MCI: mild cognitive impairment, AD: Alzheimer’s

disease.
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Supplementary Table 1

Inter-assay (1 operator, n=4)

concentration (ng/mL)

AHSG FBC PPCI1I FAC
379.5 154 823.6 2889.9
day1 301.1 13.5 764.1 2614.2
367.6 15.2 807.4 2970.2
344.7 14.0 819.9 2924.0
383.8 14.4 882.7 2634.1
380.3 14.9 910.9 3001.7
day2

350.4 15.1 867.5 2903.4
357.6 14.4 895.4 3005.9
dayl MEAN 348.2 14.5 803.8 2849.6
dayl SD 29.9 0.8 23.7 138.9
dayl CV% 8.6% 5.6% 2.9% 4.9%
day2 MEAN 368.0 14.7 889.1 2886.3
day2 SD 14.3 0.3 16.0 151.3
day2 CV% 3.9% 2.1% 1.8% 5.2%

FBC: Fibrinogen [ chain, PPC11: Plasma protease C1 inhibitor,

FAC: Fibrinogen a chain, AHSG: 02-HS-glycoprotein.
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Intra-assay (2 operator, n=4)

concentration (ng/mL)

AHSG FBC PPC11 FAC
407.9 14.9 805.6 2721.3
Operator A 393.0 15.1 814.0 2931.3
364.6 13.8 786.2 2919.4
371.6 14.1 789.8 2797.2
365.7 15.2 918.3 2733.7
349.1 15.3 961.8 2922.7
Operator B
334.5 15.1 848.2 2808.7
354.0 15.0 942.9 2875.9
Operator A MEAN 384.3 14.5 798.9 2842.3
Operator A SD 17.2 0.5 11.3 87.4
Operator A CV% 4.5% 3.7% 1.4% 3.1%
Operator B MEAN 350.8 15.1 917.8 2835.3
Operator B SD 11.2 0.1 43.0 71.3
perator B CV% 3.2% 0.7% 4.7% 2.5%

FBC: Fibrinogen B chain, PPC11: Plasma protease C1 inhibitor,

FAC: Fibrinogen a chain, AHSG: 02-HS-glycoprotein.
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