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Study background 

Alzheimer’s disease (AD) is the most common cause of dementia. Its relentlessly progressive 

course, spanning a period of three decades, covers a continuum of preclinical, prodromal and 

clinical stages. Recent studies implementing biomarker information have strengthened and 

refined this concept1,2. Although outcomes of potential disease-modifying trials for AD have been 

mixed, there is a general consensus that interventions in the earliest/mildest stages of the disease 

have the best chance of proving efficacy3,4.  

Identification of individuals with preclinical/prodromal AD for primary and secondary 

prevention trials, as envisioned by the Global Alzheimer Platform (GAP)5, the European 

Prevention of Alzheimer's Dementia (EPAD)6, Australian Imaging, Biomarker and Lifestyle 

Study of Aging (AIBL)7, and the ORANGE registry in Japan8 has become crucial. For the 

identification of preclinical/prodromal AD individuals, accurate AD-specific biomarker 

information is necessary. The accumulation of amyloid-β (Aβ) is the earliest pathognomonic 

signature of AD, however, currently available validated methods to assess Aβ deposition (Aβ-

PET imaging or CSF-Aβ levels) are invasive and/or costly9,10. Therefore, blood-based biomarkers, 

which are simple, minimally invasive and cost-effective, are needed11,12. Such biomarkers, 

especially for plasma Aβ levels, have been extensively investigated, but most have failed to 

demonstrate clinical utility11,12, some even showing changes in opposite directions13. There have 

been only a few studies that assessed biomarker performances of plasma Aβ at an individual level; 

for example, Fei et al. (2011)14 demonstrated that the ratio of plasma Aβ1-42/Aβ1-40 could identify 

incipient AD in individuals with mild cognitive impairment (MCI) with sensitivity 85.7% and 

specificity 69.7%. However, other large-scale cohort studies could not replicate such high 

performance. The AIBL group reported15 that the plasma Aβ1-42/Aβ1-40 ratio was slightly reduced 

in AD by group comparisons among AD, MCI and cognitively normal (CN) subjects, and it was 

negatively correlated with Aβ-PET burden. In ADNI (the Alzheimer's Disease Neuroimaging 

Initiative, http://adni.loni.usc.edu/) study16, the ratio of plasma Aβ1-40/Aβ1-42 (the ratio is inverted 

to that in the AIBL study) showed a weak positive correlation with Aβ-PET burden in only APOE4 

negative individuals, and group differences between clinical stages, or between Aβ-positive and 

Aβ-negative subject were not found. Furthermore, the most recent large-scale study failed to 

demonstrate any differences between preclinical AD subjects, who later developed AD, and 

dementia-free individuals, using plasma Aβ1-40, Aβ1-42, and Aβ1-42/Aβ1-40, and therefore concluded 

there was no clinical utility in these plasma Aβ biomarkers17. Thus, there has not yet been any 

study which successfully validates the clinical utility of blood-based Aβ markers. 
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Pilot study 

At the starting point of this international collaboration, a blinded pilot study was conducted to 

judge whether the project was worthy to proceed or not, by testing the plasma biomarker 

performance in a small-scale sample provided by AIBL. The AIBL group selected 20 Aβ+ subjects 

(9 AD and 11 CN, age 72.2 ± 3.7 yrs., 14 females, 13 APOE4 carriers) and 20 Aβ- subjects (20 

CN, age 72.1 ± 3.6 yrs., 12 females, 8 APOE4 carriers) at their choice, and sent 40 plasma samples 

to Koichi Tanaka Mass Spectrometry Research Laboratory (Shimadzu) without any clinical or 

imaging information. After the IP-MS measurements, the composite biomarker values were 

generated before getting any sample information from AIBL. For each APP669-711/Aβ1-42 and Aβ1-

40/Aβ1-42, the mean and SD values of the pilot 40 samples were computed and used for the 

normalization to z-scores. Then, individual z-scores of APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42 were 

averaged and used as a value for the composite biomarker. The receiver operating characteristic 

(ROC) analyses demonstrated that the area under the curves (AUCs) were high in APP669-711/Aβ1-

42 (0.923) and Aβ1-40/Aβ1-42 (0.930), and the highest in the composite biomarker (0.975) (Extended 

Data Fig. 1b). Compared with both APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42, the composite biomarker 

showed significant improvements in the net reclassification improvement (NRI) (P < 0.001 and 

P = 0.007, respectively) and in the integrated discrimination improvement (IDI) (P < 0.001 and 

P = 0.002, respectively). 

Afterwards, the weights of APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42 were estimated using the 

binominal logistic regression analysis inputting the z-scores of these two biomarkers as variables. 

Results demonstrated that both normalized values of APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42 

significantly contributed to the model with coefficients of 2.60 (P = 0.037) and 2.57 (P = 0.017), 

respectively. This indicated the pre-determined weight of 1:1 was appropriate to use for the main 

analyses. 
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Supplementary Discussion 

Differences in discriminating power between PIB-PET and F-18 amyloid radiotracers 

Our results showed that the performance of the plasma biomarkers varied between the PET tracers 

used for determining brain Aβ status. Compared to PIB, the performance estimates for FLUTE 

and FBP yielded about 10% lower accuracy. Given that there were no significant differences in 

the two independent PIB datasets, it is unlikely that this difference is attributable to variability in 

the biomarker performance, but rather the consequence of higher variance and lower performance 

of the 18F-tracers compared to PIB18-21. When Mormino and colleagues (2014 + Suppl Materials)21 

compared the discriminating power of FBP and PIB, they found that the discriminating power of 

FBP was much lower than that of PIB. For example, the “ambiguity area” (the area between high 

and low Aβ burden as determined by each tracer) is 10 times larger for FBP than for PIB. In other 

words, F-18 radiotracers are less sensitive than PIB to discriminate between high and low Aβ 

burden at the intermediate or peri-threshold levels. Thus, these differences in discriminating 

power likely explain the lower biomarker performances when compared to 18F-tracers observed 

in our study. It is also likely that the higher variance and lower performance of the 18F-tracers 

affected the results of the correlation analyses, where the correlation coefficients were relatively 

lower in the 18F-tracers compared with PIB (Fig. 3a). This finding is consistent with our previous 

report22 that the correlations between CSF-Aβ1-42 levels and FLUTE, and FBP SUVR values 

(Spearman’s ρ -0.51 and -0.38, respectively) were lower than that of PIB (Spearman’s ρ -0.76).  

While this difference was already known, it was important not to restrict the analysis to PIB, 

but to also include 18F Aβ tracers because these are the ones approved for clinical use and the ones 

being used in therapeutic trials. 

Possible explanations for the high performances of the plasma Aβ biomarkers 

The high performance of the plasma Aβ assays may be attributable to the following factors: 1) 

Analytic factors: It has been difficult to measure plasma Aβ1-42 and Aβ1-40 levels accurately using 

the conventional ELISA-based techniques which employ only antibody affinity, because 

compared with CSF, the concentration of total protein in plasma is about 100-fold higher23, and 

that of Aβ about 50-fold lower24. Our IP-MS method can accurately distinguish the mass of each 

Aβ peptide fragment in addition to the enrichment by IP25. There have been two other studies that 

also applied IP-MS technique for plasma Aβ assays. Although the study by Pannee et al.26 was 

not robust enough to discriminate AD from control individuals, a very recent study by Ovod et 

al.27 has demonstrated that the plasma ratio of Aβ42/Aβ40 using liquid chromatography tandem 

mass spectrometry technique could predict brain Aβ burden with AUC of 0.8865 (n = 41). The 

reliability of our IP-MS method for the quantitative biomarker measurements, and 

detailed 
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methodological differences with other IP-MS studies are discussed in next section. 2) Post-

analytical factors: In our IP-MS system, plasma Aβ1-42 level by itself showed strong biomarker 

performance, however, the ratios of plasma Aβ1-42 with reference peptides, APP669-711/Aβ1-42 and 

Aβ1-40/Aβ1-42 significantly improved the performance. In addition, the composite score further 

enhanced the performances in the AIBL dataset and also increased correlations with Aβ-PET 

SUVR values, performing as the most stable biomarker. Many pathophysiological conditions 

including inflammation and renal function15, hypertension, diabetes and ischemic heart disease28, 

as well as circadian fluctuations24, influence Aβ plasma levels, and are thought to be responsible 

for the inter-individual variances of plasma Aβ levels, which are considered to be much larger 

than those observed in CSF. In addition, it is known that some individuals might express anti-Aβ 

auto-antibodies3,29 or anti-mouse antibody (HAMA) which could bind 6E1030, and thereby mask 

or block 6E10 binding in IP. However, since these reference peptides have similar amino acid 

sequence and molecular size as Aβ1-42, these individual systemic factors are largely canceled out 

by calculating ratios, therefore minimizing inter-individual variances. 

Validity of our IP-MS method for quantitative biomarker measurements 

The reliability of our IP-MS methods for quantitative biomarker measurements were carefully 

validated by several steps. First, we plotted standard curves of synthetic peptides, Aβ1-42, APP669-

711 and Aβ1-40, in PBS containing 3 mg/mL bovine serum albumin, by measuring the normalized 

signal intensity with stable-isotope-labeled (SIL)-Aβ1-38 using the IP-MS method, that is, treated 

by IP and then measured in MALDI-TOF MS as plasma sample. The results showed very solid 

linearity with the coefficient of determination (R2) 0.996 to 0.998 (Extended Data Fig. 5a). Second, 

we measured normalized intensity of endogenous Aβ1-42, Aβ1-40, and APP669-711, which are present 

in human plasma (Tennessee Blood Services), and tested the linear relationship with peptide 

concentration by diluting the plasma with PBS. The results also demonstrated very solid linearity 

for all peptides with the coefficient of determination (R2) 0.986 to 0.996 (Extended Data Fig. 5b). 

This linearity appears as good as that reported using ELISA31. Third, we analyzed the dose-

dependency of the normalized intensity for each synthetic peptide of Aβ1-42, Aβ1-40, and APP669-

711 which were spiked into the human plasma. The results also showed very good linearity for 

each peptide with 0.999 to 1.000 of R2 (Extended Data Fig. 5c), which values are as high or even 

higher than those reported by Pannee et al32 measured in CSF. Note that the regression lines have 

intercepts in the y-axis because of the existence of each endogenous peptide in the plasma. On 

the other hand, the regression lines reported by Pannee et al 32 do not show the intercepts. This 

was because they used stable isotope labeled peptides, which are not natural forms, so they can 

be measured separately from the endogenous peptides in the CSF on the basis of their mass. These 

results indicate that the quantitative nature of our IP-MS method is very reliable in a human 
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plasma assay within specific ranges shown in Extended Data Fig. 5c. In addition, if we convert 

the normalized signal intensity to absolute peptide concentration using the standard curves shown 

in Extended Data Fig. 5a, then the averaged concentration of Aβ1-42 of the Aβ- and Aβ+ groups in 

NCGG+AIBL overall dataset would be 38.5±5.7 (14.8%) [mean ± SD (% coefficient variance)] 

ng/L and 28.3±2.5 (8.8%) ng/L, respectively. These values are similar with those reported by 

Ovod et al.27 using IP-MS with liquid chromatography tandem mass spectrometry (LC-MS/MS). 

The averaged concentration of Aβ1-40 of the Aβ- and Aβ+ groups in the NCGG+AIBL overall 

dataset are estimated as 233.5±43.1 (18.5%) ng/L and 220.7±36.8 (16.7%) ng/L, respectively. 

These values lie between the reported values of other IP-MS based studies by Pannee et al.26 and 

Ovod et al27. 

  There are considerable differences between our IP-MS methodology and those reported by 

Pannee et al.26,32, and Ovod et al27. First, we used MALDI-TOF for mass spectrometry whereas 

other groups used LC-MS/MS technology. In general, LC-MS/MS is considered to be more 

sensitive in protein quantification, however, MALDI-TOF MS can also be used for reliable 

protein quantification25,33-36. We also used SIL-Aβ1-38 as a common internal standard for all Aβ-

related peptides, whereas other groups used individual internal standards corresponding to each 

peptide (SIL-Aβ1-42 for Aβ1-42, and SIL-Aβ1-40 for Aβ1-40). Since each peptide has different self-

assembly tendency and some degree of peptide loss may occur during the measurements due to 

self-aggregation, especially for Aβ1-42, one could argue that our method partially sacrifices the 

reliability of quantitative peptide measurements. However, this possibility is very unlikely, 

because aggregation of Aβ1-42 was not observed within a period of 48h at a concentration of less 

than 300 mg/L (pH2.5, room temperature)37, which is 6,000,000 and 1,500,000 times higher than 

the reported concentration of plasma Aβ1-42 (~50 ng/L)17 and the target range of the IP-MS 

measurement for Aβ1-42 (~40 pM = ~180ng/L), respectively. In addition, the aggregation of Aβ1-

42 is also known to be pH dependent. At pH 7.4, the self-assembly tendency becomes much weaker 

than the above-mentioned acidic environment (pH2.5); the concentration to allow the aggregation 

of Aβ1-42 is reported to be about 750 mg/L37. Since the IP process of our method is performed at 

pH7.4 (on ice, 1h x 2 times), it is very improbable that aggregation of Aβ1-42 and/or Aβ1-40 affects 

the reliable quantification of our IP-MS method. In addition, the very solid linearity shown in 

Extended Data Fig. 5c clearly indicated that our IP-MS method is very reliable in peptide 

quantification within the range less than 40pM for Aβ1-42 and APP669-711, and less than 160pM for 

Aβ1-40. Furthermore, we conducted additional analyses to compare our method with the method 

using individual internal standards. We employed commercially-available SIL-Aβ1-42 and SIL-

Aβ1-40 (rPeptide, Bogart, GA) and measured biomarkers for 19 subjects’ plasma samples derived 

from NCGG. These subjects, including 1 AD, 7 MCI, and 11 CN cases, were a part of the NCGG 

dataset in the main analyses, but the time point for the plasma sampling was different. 

According 
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to PIB-PET imaging, 9 and 10 of them were classified as Aβ+ and Aβ-, respectively. The biomarker 

measurements were performed in totally blinded manner as in the main analyses. Extended Data 

Fig. 5d shows correlations of the Aβ1-40, Aβ1-42, and Aβ1-40/Aβ1-42 values between the two methods. 

All of them showed statistically significant strong correlations with the coefficients r > 0.8. 

Moreover, ROC analyses demonstrated that both methods showed high performances in 

predicting the individual Aβ status (Aβ+ or Aβ-) (Extended Data Fig. 5e and f). These results 

indicate that both methods can generate reliable biomarkers. We cannot state which method is 

superior, but our method has one advantage when computing peptide ratios, which are our target 

biomarker. For example, the biomarker value for Aβ1-40/Aβ1-42 is computed from the following 

formula with the signal intensity. 

(Aβ1-40/SIL-Aβ1-38) / (Aβ1-42/SIL-Aβ1-38) = Aβ1-40/Aβ1-42 

As shown in the formula, the factor SIL-Aβ1-38 is completely erased. This indicates that using 

the common internal standard can cancel out any implicit errors for added SIL-Aβ1-38 amounts 

caused by production, preparation, and/or handling, when computing the peptide ratio. On the 

other hand, the method using individual internal standards cannot cancel out these types of errors. 

Therefore, our IP-MS method allows for a more reliable and robust generation of peptide ratios, 

which can be computed for each sample without requiring any standard regression formula to 

convert a signal intensity to an absolute plasma concentration value. This was also why we used 

normalized signal intensity values, but not peptide concentration values, for the biomarker 

analyses. 

Possible causes of the site differences 

The between-site differences are largely influenced by both pre-analytic and analytic factors. In 

particular, pre-analytic factors are known to be the largest source of variability in laboratory 

testing38. In our study, there were substantial differences in the procedures and processes from 

blood sampling to plasma storage applied to the samples between NCGG and AIBL (see Methods, 

Blood processing and plasma storage). However, the influence of the analytic factor on our assay 

appears to be similar or even smaller compared with the CSF assay, because the coefficients of 

variance (CVs) of our intra- and inter-day assays yielded 1.6% to 10.7% (see Methods, Plasma 

Aβ measurements), whereas these were 5% to 19% in within-laboratory CSF assays39. Therefore, 

we consider the main causes of the between-site differences of our study are mainly due to the 

pre-analytic factors. 

Assessments of clinical utility of the plasma biomarker for clinical trials 

Using the validation AIBL PIB data, we assessed clinical utility of the composite 

biomarker 
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assuming two specific settings, screening for prodromal AD or preclinical AD for clinical trials. 

  In the setting of prodromal AD screens, the prevalence of Aβ+ MCI (prodromal AD) among 

MCI individuals is about 66%40 in the age range similar to this study (around 75 years). With this 

prevalence, the Diagnostic performance plots (DP-plots) of the composite biomarker within MCI 

individuals in the AIBL PIB data was drawn including PPV and NPV (Extended Data Fig. 8a). In 

this case, the representative optimal cut-off points, which were determined by the Youden’s index 

(Y-point) in this dataset, appeared to represent the optimal cut-off point indicating, sensitivity = 

0.900, specificity = 0.923, PPV = 0.958, and NPV = 0.826. With these values, the following 

estimate might be reasonable: if a clinical trial requires 300 prodromal AD individuals, Aβ-PET 

scans are needed for about 455 MCI individuals without the plasma biomarker. But if about 506 

MCI individuals are screened by the plasma biomarker, Aβ-PET scans would be needed only for 

about 313 plasma biomarker positive individuals. The plasma biomarker may therefore be able to 

reduce unnecessary PET scans from 155 to 13. 

  In a preclinical AD screen scenario, the prevalence of Aβ+ individuals among general elderly 

people aged around 75 years is about 30%40. The DP-plots of the composite biomarker within CN 

in the AIBL PIB data at prevalence = 30% are shown in Extended Data Fig. 8b. In this case, 

performances of the composite biomarker at the Y-point were; sensitivity = 0.880, specificity = 

0.868, PPV = 0.741, and NPV = 0.944. With these values, the following estimate can be made: if 

a clinical trial requires 300 individuals at risk for AD, Aβ-PET scans are needed for 1000 general 

elderly people. But if about 1137 elderly individuals are screened by the plasma biomarker, Aβ-

PET scans would be needed for about 405 plasma biomarker positive individuals. In this setting, 

the plasma biomarker may be able to reduce unnecessary PET scans from 700 to 105. Other 

estimations can be derived by shifting a cut-off to higher specificity/PPV point where the 

composite biomarker performs with sensitivity = 0.520, specificity = 0.974, PPV = 0.894, and 

NPV = 0.826 (red dashed vertical line in Extended Data Fig. 8b, left). At this cut-off value, a 

blood-based screen for 1924 cognitively normal people would detect about 336 plasma 

biomarker-positive individuals who need Aβ-PET scans to detect 300 Aβ+ individuals at risk for 

AD. Although it depends on the cost for the plasma biomarker measurements, this estimate might 

provide the best cost-performance outcome.  

Plasma biomarker performance in AD and other types of dementing disorders 

In order to test the clinical utility of the plasma biomarkers in the differential diagnosis of AD, 

we conducted an additional study with a new dataset. Since the current study’s cohorts (NCGG 

and AIBL) are focusing on the AD continuum, there are only a small number of non-AD cases, 

therefore, we needed to add another cohort as a source for this analysis. The additional cohort is 

a multicenter study aiming at validating the clinical utility of the plasma biomarker that 

extended 
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the target to all types of dementing disorders. The study just started in 2016 involving three 

Japanese institutes, NCGG, The Tokyo Metropolitan Institute of Gerontology (TMIG), and Kindai 

University Faculty of Medicine (Kindai). The study protocol is similar to NCGG’s cohort 

described in the main text and all participants underwent PIB-PET imaging. The study was 

approved by the appropriate institutional ethics committee, and written informed consent was 

obtained from all participants (or the respective legal guardian) prior to participation. 

There were 51 new subjects (n = 9, 23 and 19 from NCGG, TMIG, and Kindai, respectively) 

who were clinically classified, without biomarker information, as 31 AD (age 75.6 ± 6.0, 23 

females) and 20 non-AD (age 74.4 ± 5.6, 8 females) cases (Extended Data Figure 8c and d). 

Plasma samples and PIB-PET data of these cases were analyzed in a blinded and independent 

manner as described in the main text. According to PIB-PET imaging (CAPAIBL, cut-off SUVR 

= 1.4), AD cases were classified as Aβ+ (n = 22) and Aβ- (n = 9), respectively. With the Aβ-PET 

information, these 22 Aβ+ AD cases are considered as high-likelihood AD, whereas the 9 Aβ- 

cases are deemed as dementia unlikely due to AD. In the non-AD group, there were 8 Aβ+ and 12 

Aβ- cases. These 8 Aβ+ cases are therefore deemed as mixed dementias or atypical AD, whereas 

the Aβ negativity supports 12 cases as other types of dementing disorders. Note that the primary 

endpoint of this additional analysis is the same as the main study, the performance of plasma Aβ 

biomarkers in determining the individual status of Aβ deposition (Aβ+ or Aβ-) using PIB-PET as 

the standard of truth, and not to distinguish between AD and non-AD individuals. Thus, there 

were 30 Aβ+ and 21 Aβ- cases and these numbers satisfied the sample size as described in the 

Methods, Sample size considerations section. 

The ROC analysis demonstrated that the composite biomarker showed the highest performance 

(Extended Data Figure 8e). Using the same common cut-off value (0.376), as determined in the 

Discussion section (and Extended Data Fig.7) of the original manuscript, the composite biomarker 

showed 96.7% sensitivity, 81.0% specificity, and 90.2% accuracy in overall data to predict the 

individual Aβ status (Aβ+ or Aβ-) (Extended Data Figure 8f and g). The performances were also 

high for both within AD or within non-AD group analyses. These results suggest that the plasma 

biomarker may be useful in distinguishing individuals with or without Aβ burden, and while 

independent of clinical classification, helpful information for the accurate differential diagnosis 

as well as determining therapeutic strategies. 

We acknowledge the results still need to be further validated with larger sample size. This study 

analyzed the mixture of several types of dementing disorders with a small number of cases 

together, and it could be a similar to routine clinical practice. However, future studies focusing on 

larger groups of specific types of dementia are also needed. 
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Optimal generation of the composite biomarker 

In this study, we pre-determined the weight of the APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42 normalized 

values (z-scores) as 1:1, however, there could have been better proportions calculated to generate 

the composite biomarker. To test this possibility, we estimated the weight optimal to each NCGG 

PIB and AIBL PIB dataset using the binominal logistic regression analysis inputting z-scores of 

these two biomarker data sets as variables. Results demonstrated that in the NCGG PIB data, the 

coefficients for APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42 were 1.14 (P = 0.052) and 3.59 (P < 0.0001), 

whereas in the AIBL PIB data, they were 3.04 (P < 0.0001) and 1.95 (P < 0.0001), respectively. 

We then tested the impact of these weightings on the biomarker performance. We generated two 

different composite biomarkers using the weight estimated by the NCGG data (1.14:3.59) and by 

the AIBL data (3.04:1.95), and compared the performance with the original composite biomarker 

(1:1 weight) using the ROC analyses. The results demonstrated that in the NCGG discovery data, 

the impact of different weightings was very small, i.e. the AUCs were almost identical (0.962 to 

0.969) irrespective of the weights (Extended Data Fig. 9a left, and 9c left). In the validation AIBL 

PIB data, the weight estimated by the discovery NCGG data (1.14:3.59) slightly diminished the 

performances from the original composite biomarker (AUC 0.941 to 0.919, and accuracy 0.883 

to 0.847). However, the weight (3.04:1.95) estimated by its own dataset (AIBL PIB data) did not 

improve the performance (AUC 0.943 and accuracy 0.883) (Extended Data Fig. 9a right, and 9c 

right). These results suggest that in this study, the original weight 1:1 was optimal or close to 

optimal. 

In generating the composite biomarker, the discovery NCGG dataset was used for a standard 

database that all individual z-scores, including the AIBL dataset, of the APP669-711/Aβ1-42 and Aβ1-

40/Aβ1-42 were computed using the mean and SD of the NCGG data. This was because we 

considered that referring to a shared database created by the discovery data should be better for 

strict validation. However, since there were considerable site differences between NCGG and 

AIBL in the plasma Aβ levels, referring a database created by its own site may improve the 

performance of the composite biomarker. To test this, we generated alternative composite 

biomarker by using mean and SD of the AIBL PIB data, and compared with the original composite 

biomarker using the ROC analyses. Results demonstrated that the performance was almost 

identical between the two normalization methods (Extended Data Fig. 9b). These results point to 

the potential general versatility of the composite biomarker. 

However, optimal generation of the composite biomarker should be further validated in other 

large-scale datasets, preferably under the controlled standardized operating procedures (SOP). In 

those future studies, adding information of other Aβ peptides such as Aβ1-38 and Aβ1-39, which are 

also measurable by IP-MS25 but were not analyzed in this study, might also improve biomarker 

performance. Otherwise, the performance of the Aβ1-40/Aβ1-42 ratio alone might prove to be 
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sufficient. 
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Additional experiment 1: Secretion of Aβ-related peptides from neuronal cells 

Methods 

Cell Culture 

BE(2)-C cell (CRL-2268) was purchased from American Type Culture Collection. Cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (WAKO) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone), 50 units/mL 

penicillin (Invitrogen), and 50 mg/mL streptomycin (Invitrogen) at 37 °C under humidified air 

containing 5% CO2. We routinely check mycoplasma contamination by DAPI staining and PCR 

analysis. For collection of conditioned medium, BE(2)-C cells were seeded at 3 x 107 cells/10 cm 

dish. After 120 hours of incubation, the conditioned medium was centrifuged at 1,200 rpm for 3 

min. The culture supernatants were obtained and stored at -80 °C until use. 

Culture supernatant Aβ-related peptide measurement 

Measurement of Aβ-related peptides in culture supernatants were performed by IP-MS as 

described in the Methods, “Plasma Aβ measurements” section except for using 20 pM SIL-Aß1-

38 peptide as an internal standard. MS/MS analysis for identification of Aβ-related peptides was 

obtained using a MALDI-QIT reflectron TOF mass spectrometer (AXIMA Resonance, 

Shimadzu/KRATOS) in the positive ion mode and MS/MS fragments were generated by collision-

induced dissociation with argon gas. 2,5-dihydroxybenzoic acid (DHB) was used instead of 

CHCA as the MALDI matrix. Peak lists were created from the raw MS/MS spectra by Mascot 

Distiller (Matrix Science), followed by analysis using Mascot software Version 2.4 (Matrix 

Science). The significance threshold for peptide identification was set at P < 0.05. 

Results 

Aβ-related peptides produced from human neuroblastoma cell line BE(2)-C were analyzed by IP-

MS (Extended Data Fig. 6a). Mass spectrum of the culture supernatant from BE(2)-C cells was 

very similar to that of human plasma from Aβ- subjects. APP669-711 as well as Aβ1-40 and Aβ1-42 

were detected in the culture supernatant from BE(2)-C cell, whereas no Aβ-related peptide except 

for an internal standard was detected in medium without cell culture. These Aβ-related peptides 

ware identified using MS/MS analysis. This result indicated that APP669-711 is secreted from 

BE(2)-C cell to the culture supernatant. 

Discussion 

APP669-711 has been found in human plasma25,41, but it was unclear whether APP669-711 is produced 

from neuronal cells. We demonstrated the secretion of APP669-711 in BE(2)-C cells. Furthermore, 
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Beyer et al. also reported APP669-711 is produced by SH-SY5Y neuroblastoma cells transfected 

with wild-type APP69542. These results confirmed that the APP669-711 can be generated from 

neuronal cells. 
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Additional experiment 2: Determination of self-assembly tendency of APP669-711 

Determination of self-assembly tendency of APP669-711 

Methods 

Peptides 

Aβ1−42 and APP669–711 were purchased from Peptide Institute (Ibaragi, Japan). The peptides were 

dissolved in 0.02% ammonia on ice, and any large aggregates that may have acted as a seed for 

aggregation were removed by ultracentrifugation in 500 μL polyallomer tubes at 540,000×g and 

4 °C for 3 h. The peptide concentrations of the supernatants were determined in triplicate by the 

Micro BCA protein assay (Pierce, Rockford, IL). The supernatants were collected and stored at 

−80 °C prior to being used. Just before the experiment, the stock solution was mixed with an equal 

volume of double concentrated PBS [16.0 g/L NaCl, 0.40 g/L KCl, 2.3 g/L Na2HPO4, and 0.4 g/L 

KH2PO4 (pH 7.4)]. 

Thioflavin T (Th-T) Assay 

The peptides (15 μM) were incubated in PBS at 37 °C. Peptide assembly into fibrils was 

monitored by the Th-T assay43,44. The sample (final Aβ concentration of 0.5 μM) was added to a 

5 μM Th-T solution in 50 mM glycine buffer (pH 8.5). Fluorescence at 490 nm was measured at 

an excitation wavelength of 446 nm at 25 °C. The blank fluorescence (buffer) was subtracted. 

Size Exclusion Chromatography 

Each sample was centrifuged at 10,000×g for 10 min and the supernatant (25 μL) was injected 

into a Sephacryl S-300 HR column with an exclusion limit of 150,000Da (GE Healthcare 

Bioscience, NJ), which had been pretreated with an excess of BSA to block the non-specific 

binding of peptides. The column was eluted with PBS, pH7.4, at a flow rate of 0.5 mL/min and 

the peptides were detected by measuring UV absorbance at 220 nm. Molecular mass was 

estimated with FITC-dextrans (MW 4,400, 21,200 and 42,000) as standards. 

Circular Dichroism (CD) 

CD spectra of the peptides (15 μM) were measured on a Jasco J-820 apparatus at 37 ºC, using a 

1-mm path length quartz cell to minimize the absorbance due to buffer components. Eight scans

were averaged for each sample. The blank spectra (buffer) were subtracted. 

Results 

Self-assembly tendency of the peptides was monitored by the Th-T assay (Extended Data Fig. 6b), 

size exclusion chromatography (Extended Data Fig. 6c), and CD spectroscopy (Extended Data 

Fig. 6d). APP669–711 was much less prone to self-aggregate than Aβ1−42. In the case of Aβ1−42, the 

Th-T fluorescence started to increase after a lag time of 3 h and reached plateau at 6 h. No 

monomer was detected in the supernatant after 6 h, suggesting the complete formation of amyloid 
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fibrils. CD spectra were characteristic of a random coil structure until 3 h. After 6 h, the presence 

of a minimum at 220 nm indicated the formation of β-sheets. In contrast, in the case of APP669–

711, the Th-T fluorescence gradually increased after 6 h, and the monomer fraction was 

concomitantly decreased. The formation of ß-sheets was only partial, and a significant fraction of 

monomer was still detectable even at 24 h. 

Discussion 

It remains to be elucidated why the APP669-711/Aβ1-42 and Aβ1-40/Aβ1-42 ratios in the plasma highly 

correlate with the presence of amyloid in the brain. Given that APP669-711 has almost the same size 

as Aβ1-42 but it lacks C-terminal 2 hydrophobic amino acids of Aβ1-42 just like Aβ1-40
41, it is possible 

to assume that its self-assembly tendency is extremely lower than that of Aβ1-42 as previously 

reported with Aβ1-40
45. Indeed, this possibility has been confirmed in this study (Extended Data 

Fig. 6b, c, d). Thus, APP669-711 as well as Aβ1-40 likely functions as a good reference to monitor the 

assembly and deposition of Aβ1-42 in the brain. 
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