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ABSTRACT: Efficient intercellular transfer of RNAs, proteins, and lipids as protected exosomal cargo has been
demonstrated in theCNS,butdistinct physiologic andpathologic roleshavenotbeenwell defined for thispathway.
The capacity to isolate immunochemically human plasma neuron-derived exosomes (NDEs), containing neuron-
specific cargo, has permitted characterization of CNS-derived exosomes in living humans. Constituents of the
amyloid b-peptide (Ab)42-generating system now are examined in 2 distinct sets of human neural cells by quan-
tification in astrocyte-derived exosomes (ADEs) and NDEs, enriched separately from plasmas of patients with
Alzheimer’s disease (AD) or frontotemporal dementia (FTD) andmatched cognitively normal controls. ADE levels
of b-site amyloid precursor protein-cleaving enzyme 1 (BACE-1), g-secretase, soluble Ab42, soluble amyloid pre-
cursor protein (s)APPb, sAPPa, glial-derived neurotrophic factor (GDNF), P-T181-tau, and P-S396-tau were sig-
nificantly (3- to 20-fold) higher than levels in NDEs for patients and controls. BACE-1 levels also were a mean of
7-fold higher in ADEs than inNDEs from cultured rat type-specific neural cells. Levels of BACE-1 and sAPPbwere
significantly higher and ofGDNF significantly lower inADEs of patientswithAD than in those of controls, but not
significantly lower inpatientswithFTD than in controls.Abundantproteins of theAb42peptide-generating system
in ADEs may sustain levels in neurons. ADE cargo proteins may be useful for studies of mechanisms of cellular
interactions and effects of BACE-1 inhibitors inAD.—Goetzl, E. J.,Mustapic,M.,Kapogiannis,D., Eitan, E., Lobach,
I. V., Goetzl, L., Schwartz, J. B., Miller, B. L. Cargo proteins of plasma astrocyte-derived exosomes in Alzheimer’s
disease. FASEB J. 30, 000–000 (2016). www.fasebj.org
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Astrocytes in the brain and spinal cord associate with
neuronal synapses, are distinguished by their prominent
network of intermediate filaments, and are rich in glial
fibrillary acidic protein (GFAP) and glutamine synthetase
(GluSyn) (1). The diversity of astrocyte functional

phenotypes may be attributable developmentally to sig-
nals from proteins such as sonic hedgehog and later
to activation by mediators such as IFN-g and cGMP-
adenosine monophosphate (2, 3). Astrocytes have many
neuronal supportive functions including supplying nu-
trients, regulating extracellular ion concentrations, pro-
moting myelinating activity of oligodendrocytes, and
modulating synaptic transmission (4–7).

Astrocytes accumulate at sites of deposition of Ab
peptides in the brain, where they internalize and degrade
aggregated peptides in an apparently protective process
(8, 9). At high intracellular levels, but in the absence of Ab
plaques, soluble Ab peptides modify many astrocyte ac-
tivities, ranging from mitochondrial functions to protein
transcription (10–12). However, it has only recently been
appreciated that some subsets of astrocytes also contain
the amyloid precursor protein (APP) and the b-secretase,
termed b-site APP cleaving enzyme 1 (BACE-1), and
g-secretase required for generation of Ab peptides from
APP, and that levels of these components in astrocytes are
increased by fibrillary Ab42 and several inflammatory
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cytokines (3, 13, 14). In the same studies, microglia con-
tained no proteins of the Ab42-generating pathway.
Mechanisms of regulation of expression of BACE-1 in-
volve several transcriptional elements, such as type 1
specificityprotein type 1 (Sp1) andNFAT3, aswell as post-
transcriptional events (15, 16). BACE-1 stability and
function also are influenced by other neural proteins, in-
cluding ubiquilin-1 and septin-8 (17, 18). A greater un-
derstandingof therelative roleof theseastrocytepathways
in generation of Ab peptides in the brain has come from
recent analyses of human induced pluripotent stem cell–
derived neural cells (19). With these methods, astrocytes
were shown to secrete high levels of Ab peptides, and
astrocyte-like cells were prominently represented among
the highest producers of Ab peptides.

Exosomesnoware being considered asdistinct vehicles
of intercellular communication in the CNS, but neither
physiologic nor pathologic roles havebeendefined for this
pathway (20, 21). Immunochemical isolation of human
plasma neuron-derived exosomes (NDEs), containing
neuron-specific cargo, has permitted the first character-
ization of CNS-derived exosomes in living humans (22,
23). We now examine the Ab42-generating system in
astrocyte-derived exosomes (ADEs) and NDEs.

MATERIALS AND METHODS

Patient and control subject selection
and evaluation

We retrospectively identified 12 patients with amnestic mild
cognitive impairment (aMCI) or early dementia from AD, 14
patients with behavioral variant FTD (bFTD), and 20 age- and
gender-matched cognitively normal control subjects with 10 in
the healthy controls for AD (AC) group and 10 in the healthy
controls for FTD (FTC) group, who had donated blood in the
Clinical Research Unit of the National Institute on Aging, the
Jewish Home of San Francisco, or the Memory and Aging
Center of the University of California San Francisco (UCSF).
Patients and normal control subjects underwentmental status
testing before blood sampling, and most patients had mea-
surements of cerebrospinal fluid (CSF) Ab1-42, total tau, and
P-T181-tau when they first received a diagnosis of dementia.
All subjects studied and some patient designates signed a
consent form with the approved protocol at each institution.

Patients were classified as having aMCI from AD accord-
ing to the Petersen criteria and had a clinical dementia rating
(CDR) global score of 0.5 (24, 25). Those with mild dementia
andprobableADhad their condition diagnosedby theDubois
criteria and had a CDR global score of 1.0 (26, 27). A CSF level
of Ab1-42, 192 pg/ml supported their diagnosis of AD (28).
The Mini-Mental State Examination and the Alzheimer’s
Disease Assessment Scale-Cognitive Subscale (ADAS-cog)
were conducted as described (29, 30). Patients with bFTD had
been evaluated at the Memory and Aging Center of UCSF.
Diagnosis and assessment were based on standard clinical
and mental status criteria, including discriminant analyses of
neuropsychiatric and other elements that distinguish bFTD
from AD (31, 32).

Tenmilliliters of venous bloodwasdrawn into 0.5ml of saline
withEDTAor100U/mlof heparin, incubated for 10min at room
temperature, and centrifuged for 15 min at 1500 g. Plasma was
stored in 0.5 ml aliquots at 280°C. Laboratory studies were
performed without knowledge of donor identity.

Exosome isolation from plasma for extraction and
ELISA quantification of cargo proteins

One-fourth milliliter aliquots of plasma from frozen stocks each
were defrosted, received 0.1 ml of thromboplastin, and were in-
cubated for 60 min at room temperature with continuous
mixing before addition of 0.15 ml of Dulbecco’s calcium- and
magnesium-free salt solution containing the suggested final
concentrations of protease inhibitor cocktail (Roche Applied
Sciences, Inc., Indianapolis, IN, USA) and phosphatase inhibitor
cocktail (PierceHalt;ThermoFisherScientific,Rockford, IL,USA)
(22, 33).After thecontentsweremixedat roomtemperature for 10
min, all tubes were centrifuged at 3000 g for 20 min at 4°C.
ExoQuick exosome solution (EXOQ; System Biosciences, Inc.,
Mountain View, CA, USA) was added at 126 ml per tube fol-
lowed by incubation for 60 min at room temperature to pre-
cipitate total exosomes as described (22). Each exosome pellet
was resuspended in 350 ml of distilled water with inhibitor
cocktails before immunochemical enrichment of exosomes
from neural sources.

To enrichADEs, exosome suspensionswere incubated for 1 h
at 4°C with 1.5 mg of mouse anti-human glutamine aspartate
transporter (GLAST) (ACSA-1) biotinylated antibody (Miltenyi
Biotec, Inc., Auburn, CA, USA) in 50 ml of 3% bovine serum
albumin [BSA; 1:3.33 dilution of Blocker BSA 10% solution in
DBS22 (ThermoFisher Scientific)] per tubewithmixing, followed
by addition of 10 ml of streptavidin-agarose UltraLink Resin
(Thermo Fisher Scientific) in 40 ml of 3% BSA and incubation for
30min at 4°C. After centrifugation at 400 g for 10min at 4°C and
removal of the supernatant, each pellet was suspended in 100 ml
of 0.05 M glycine-HCl (pH 3.0) by gentle mixing for 10 s and
centrifuged at 4000 g for 10 min at 4°C. The supernatants then
were transferred to clean tubes containing 50 ml of 10% BSA
and 10 ml of 1 M Tris-HCl (pH 8.0) and mixed. Then each tube
received 0.59 ml of mammalian protein extraction reagent
(M-PER; Thermo Fisher Scientific), that had cocktails of
protease and phosphatase inhibitors at recommended
concentrations. These suspensions were incubated at room
temperature for 10min before storage at280°C. NDEswere
enriched as described (22, 23).

Exosome proteins were quantified by ELISA kits for neuro-
filament light chain, Ab42, g-secretase, and the tetraspanning
exosome marker human CD81 (American Research Products-
Cusabio, Waltham, MA, USA) with verification of the CD81
antigen standardcurveusinghumanpurified recombinantCD81
antigen (Origene Technologies, Inc., Rockville, MD, USA); glu-
tamine synthetase (GluSyn;AmericanResearchProducts-Cloud-
Clone Corp., Waltham, MA, USA); neuron-specific enolase
(NS-enolase; R&D Corp., Minneapolis, MN, USA); human
BACE-1, soluble (s)APPa and sAPPb (Fivephoton Biochemicals,
San Diego, CA, USA); rat/human BACE-1 (IBL-Fivephoton
Biochemicals); GFAP (EMD–Millipore Corp., Billerica, MA,
USA); andglial-derived neurotrophic factor (GDNF) P-T181-tau,
and P-S396-tau (Thermo Fisher Scientific, Carlsbad, CA, USA),
according to the suppliers’ directions. The mean value for all
determinations of CD81 in each assay groupwas set at 1.00, and
the relativevalues for individual sampleswereused tonormalize
their recovery.

Exosomes from cultured rat neural cells

Rat brain cortical cells from embryos (E 18.5) were cultured on
polyethyleneimine-coated plastic dishes to generate neurons
(34). Astrocytes were differentiated from rat cortical stem cells in
medium with growth factors and replated after 2 wk (35). Neu-
ron and astrocytemediawere collected on d 7 and centrifuged at
2500 g for 10 min at 4°C. Two milliliters of ExoQuick-TC were
added to 10 ml of medium, followed by incubation overnight at

2 Vol. 30 November 2016 GOETZL ET AL.The FASEB Journal x www.fasebj.org
 Vol.,  No. , pp:, September, 2016The FASEB Journal. 202.253.249.4 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org
http://www.fasebj.org/


4°Candcentrifugationat 1500 g for 30min. Exosomepelletswere
resuspended in 50 ml DBS from which 5 ml were removed for
counts and the rest diluted with 205 ml of M-PERwith inhibitors
and stored at280°C as for plasma exosomes.

Exosome counts

Each suspension of extracellular vesicles was diluted 1:200 in PBS.
The mean diameter (in nanometers ) and concentration (particles/
milliliter) of extracellular vesicles in each suspension were de-
termined with the Nanosight NS500 system with a G532nm laser
module and NTA 3.1 nanoparticle tracking software (Malvern In-
struments,Malvern, UnitedKingdom). Camera settingswere gain,
366; shutter, 31.48; and frame rate, 24.9825 frames per second;
Brownianmotionwascapturedby5repeated20svideorecordings.

Statistical analyses

The statistical significance of differences between means for
cross-sectional patient groups and between each patient group
and their respective control group was determined with an un-
paired Student’s t test including a Bonferroni correction (Prism 6;
GraphPad, San Diego, CA, USA). The discriminatory ability of
each exosomal protein is presented using receiver operating
characteristic (ROC) analyses with confidence intervals esti-
mated based on the binomial exact distribution (STATA 13.1;
College Station, TX, USA). Discriminant classifier analyses were
performed to evaluate the conjoint ability of exosomal proteins to
differentiate the subject groups (STATA 13.1).

RESULTS

Plasma ADEs were significantly less numerous than
plasma NDEs in patients with AD and matched AC
controls, based on exosome counts and exosome extract
levels of CD81 per milliliter of plasma (Table 1). The
relationship between exosome count and CD81 level
was the same for ADEs as for NDEs. In patients with
FTD,mean6 SEM counts of recoveredADEswere 86.06
12.9 3 109/ml of plasma and were not different from
those of FTC controls at 82.5 6 14.3 3 109/ml or of
patients with AD and AC controls. CD81 levels for pa-
tients with FTD and FTC controls were indistinguish-
able at 1145 6 75 and 1498 6 157 pg/ml, respectively.

ADEs had the same size distribution as NDEs, with
respective mean6 SEM diameter values of 1966 10.8 and
1656 27.6 nm for patientswithADand 1896 21.0 and 173
6 15.4 nm formatched controls. For patientswith FTD and
FTC controls, ADE values also were similar at 224 6 11.5
and171614.8nm, respectively.CD81-normalized levels of
the astrocytemarkersGFAP andGluSynwere significantly
higher in ADEs thanNDEs, whereas levels of the neuronal
markers neurofilament light chain (NF-Lch) and neuron-
specific (NS)enolasewere significantlyhigher inNDEs than
in ADEs (Table 1). The detection of GFAP in NDEs is con-
sistent with its previously observed presence in neurons in
relation to aging, hypoxia, and neurodegeneration (36, 37).

Levels of BACE-1, g-secretase, sAPPb, and sAPPa all
were a mean of 10-fold higher in ADEs than in NDEs of
patients with AD and their matched AC controls (P ,
0.0001; Fig. 1). ADE levels of BACE-1 were significantly
higher in patients with AD (398 6 81.6 pg/ml, mean 6
SEM) than in matched AC controls (209 6 16.4 pg/ml),
using a polypeptide antigen-based ELISA, whereas no
such difference was found for the lower BACE-1 levels in
NDEs. A second ELISA (from IBL), based on a full-length
recombinant human BACE-1 antigen, and 2 differently
specific antibodies were used to quantify levels in the same
subjects. With this ELISA, the mean 6 SEM of AD level in
patientswas 1191661.0 pg/ml (range, 1083–1471) and that
formatchedcontrolswas173622.9pg/ml(range,77.3–285;
P , 0.0001). In contrast, neither ADE levels nor the much
lower NDE levels of g-secretase differed significantly be-
tween patients with AD andmatched AC controls. Neither
BACE-1 nor g-secretase levels in ADEs or NDEs of patients
with FTD were different than in matched FTC controls.

ADE levels of sAPPb, but not of sAPPa, were signifi-
cantly higher in patients with AD than those in the AC
controls (P = 0.0159), with no differences in patients with
FTD compared with the controls. ROC plots showed that
both BACE-1 and sAPPb levels in ADEs significantly
distinguished patients with AD from controls, whereas
only sAPPb levels in ADEs distinguished AD from pa-
tientswith FTD (Supplemental Figs. 1, 2). Themuch lower
levels of sAPPb and sAPPa in NDEs are significantly
higher for patients with AD than in the AC controls (P =
0.0028 and P = 0.0008, respectively). The neural protein

TABLE 1. Distinctive protein markers of plasma ADEs and NDEs

Analyte (pc/ml)

Plasma source Exosome count (3109/ml) CD81 GluSyn GFAP NF-Lch NS-enolase

A. ADEs
AD patients 69.8 6 14.9 1305 6 100 672 6 145 33,533 6 1976* 94.8 6 7.89 295 6 25.7
Matched controls 88.5 6 16.1 1074 6 56.1 660 6 137 59,708 6 6869 104 6 4.21 291 6 30.5
B. NDEs
AD patients 229 6 49.2** 4269 6 234** 42 6 7.03* 8395 6 817** 1412 6 56.9** 6024 6 139**
Matched controls 307 6 53.4** 5145 6 257** 53 6 8.49* 2016 6 267** 1075 6 37.6** 3383 6 131**

Data are the means 6 SEM of results for 12 subjects per group, except for exosome counts that are for 8 subjects per group. Levels of GluSyn,
GFAP, NF-Lch, and NS-enolase were normalized to the levels of CD81 in the same samples. *P , 0.01; **P , 0.001, by 2-sample Student’s t test.
The double asterisks in B indicate significantly higher or lower values than for the corresponding levels in A and the single asterisk in A shows the
level of significance of the difference between ADE GFAP levels in patients with AD and matched controls. In NDEs, levels of CD81 (P = 0.022)
and GluSyn (not significant) are lower, whereas those of GFAP, NF-Lch, and NS-enolase are higher (P , 0.001) in patients with AD than in
controls.
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septin-8 has been implicated in normal synaptic plasticity
and in the regulation of amyloidogenic processing of APP
through control of sorting and expression of BACE-1 (18).
ADE, but not NDE, levels of septin-8 were significantly
lower in patients with AD than in the AC controls (P ,
0.0001),without adifference inADE levels of patientswith
FTD than in controls.

To investigate further the respective levels of BACE-
1 in ADEs and NDEs, separate astrocyte and neuron
cultures were established using well-validated meth-
ods for embryonic rat brain cells (34, 35). Mean exo-
some counts were the same at 1.2 3 108/milliliter for
media from both types of cells. The rat BACE-1 ELISA
(from IBL) results for those sets of ADEs and NDEs
were a mean of 2170 pg/ml/108 ADEs (n = 3 prepa-
rations) for astrocyte-conditionedmedium and amean
of 369 pg/ml/108NDEs (n = 3) for neuron-conditioned
medium. The relative ratio of ADE/NDE levels of
BACE-1 thus were similar for cultured rat cell exo-
somes and human plasma exosomes.

The exosome levels of the neuronal trophic-survival
factor GDNFwere examined with extracts from the same
group of subjects as in Figs. 1 and 2 (Table 2). The ADE
levels ofGDNFweremuchhigher than those in theNDEs.
ADE levels in patients with AD were significantly lower
than those in matched controls, whereas no difference in
NDE levels of GDNF was observed between the groups.

For 3 factorsputatively pathogenic inAD, levels of each
weresignificantlyhigher inADEs than inNDEsofpatients
with AD and in the AC control subjects (Fig. 2). For each
factor, levels in NDEs were significantly higher (P ,
0.0001) in patients with AD than in the AC controls. In
contrast, despite the much higher levels of all 3 factors
in ADEs than NDEs, only those of Ab42 distinguished
between patients with AD and AC controls where
paradoxically the former had significantly lower con-
centrations (P = 0.015; Fig. 2).

DISCUSSION

ADEs were enriched from the total population of human
plasma exosomes in patients with AD or FTD and their
matched AC and FTC controls by specific positive im-
munochemical selection (Table 1). Plasma ADEs had the
same size characteristics and similar CD81 exosome
marker level per exosome as NDEs, but prominently
expressed the expected GFAP and GluSyn astrocyte
markers, but not neuronal markers of NDEs. Most strik-
ingly, ADEs of patients and controls had up to 20-fold
higher concentrations of BACE-1, g-secretase, sAPPb,
sAPPa, and GDNF than in NDEs (Fig. 1 and Table 2).
ADEs from cultured rat astrocytes also had much higher
levels of BACE-1 thanNDEs fromcultured rat neurons.Of

Figure 1. Components of the Ab42 peptide-generating system in ADEs and NDEs. Each point depicts the value for one patient or
control subject and the mean for each group of points is shown by a solid horizontal line. The mean 6 SEM levels in pg/ml are:
BACE-1 ADEs: AC, 209 6 16.4; AD, 398 6 81.6; FTC, 211 6 18.0; FTD, 233 6 27.5 and NDEs: AC, 26.9 6 0.74; AD, 23.3 6 1.70.
g-Secretase ADEs: AC, 1406 6 154; AD, 1329 6 131; FTC, 1317 6 109; FTD, 1357 6 140 and NDEs: AC, 82.1 6 14.1; AD, 83.4 6
15.0. sAPPa ADEs: AC, 187 6 27.4; AD, 191 6 30.5; FTC, 284 6 22.2; FTD, 150 6 18.4 and NDEs: AC, 18.1 6 1.10; AD, 23.3 6
0.76. sAPPb ADEs: AC, 6048 6 483; AD, 11243 6 1747; FTC, 4684 6 605; FTD, 5127 6 547 and NDEs: AC, 2266 6 112; AD, 2992
6 184. Septin-8 ADEs: AC, 18436 269; AD, 4976 86.6; FTC, 11836 109; FTD, 11526 144 and NDEs: AC, 3086 36.7; AD, 3506
26.3. Statistical significance of differences between disease and control groups for ADEs are shown above the disease group
clusters of data, and those between values in NDEs and corresponding values in ADEs are shown above the NDE clusters of data;
+P , 0.05; * P , 0.01; **P , 0.001.
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pathogenic importance, levels of BACE-1 and sAPPb, but
not sAPPa, were significantly higher and those of GDNF
significantly lower inADEsofpatientswithADthan in the
ACcontrols (Fig. 1 andTable 2). Theputativelypathogenic
proteins P-T181-tau and P-S396-tau and solubleAb42 also
were present at much higher levels in ADEs than inNDEs
of patientswithADand theAC controls, but only levels of
Ab42differed in patientswithADandparadoxicallywere
lower than in AC controls (Fig. 2). As has been demon-
strated, NDE levels of these same 3 proteins all are sig-
nificantly higher in patients with AD than in their AC
controls (Fig. 2) (33).

The potential mechanisms that elevated BACE-1 in
ADEs of patients with AD compared to AC controls re-
main to be elucidated. However, it is of interest that ADE
levels of septin-8 were significantly lower in patients with
AD than in AC controls (Fig. 1). Septin-8 is a member of a
family of conserved GTPases implicated in synaptic ve-
sicular trafficking and plasticity. Each of the 4 transcript
variants of septin-8, termed TV1-4, alters levels of BACE-1
in neural cells differently by post-translational mecha-
nisms and coordinately affects levels of sAPPb and Ab
peptide (18). A decreased level of total septin-8 protein in
ADEsof patientswithADcorrelates bestwith lower levels
of TV1 mRNA documented in autopsy brain tissue from
patients with AD and a consequently higher level of
BACE-1.Theoverallnetworkof factors regulatingBACE-1

expression is quite complex, and further studies are
needed, however, as Sp1 and NFAT3 transcriptionally
enhance levels of BACE-1 and ubiquilin-1 stabilizes
BACE-1 protein post-translationally (15–17).

Neurons are exposed for long periods to greater
amounts of BACE-1, g-secretase, and sAPPb of the Ab42-
generating system from ADEs than are exported in their
NDEs, so that ADEs are likely to be a major vehicle for
astrocyte maintenance of the neuronal machinery to pro-
duce Ab42. The higher ADE levels of BACE-1 and sAPPb
in patients with AD than in AC controls also may explain
in part the higher levels of the Ab42-generating system in
neurons affected by AD. Elevated levels of the Ab42-
generating system in ADEs, without observable amyloid
plaques on astrocytes, further suggests that astrocytes are
much more efficient than neurons at exosome-mediated
elimination or proteolytic destruction of Ab42-generating
proteins, or that only a small subset of astrocytes load
ADEs with Ab42-generating system cargo. Optimal
astrocyte–neuron interactions through ADE trafficking
may require astrocyte phenotypic changes to a previously
postulated state of activation. If an activated astrocyte–
neuron axis represents a central pathway in the patho-
genesis of AD, ADEsmay provide a valuable window for
further research on neural cellular interactions.

The modest differences in ADE levels of BACE-1 and
sAPPb between patients with AD and AC controls in the
peptide antigen ELISAs do not suggest significant value
in quantifying these ADE constituents as a means for
detecting preclinical AD. However, such small differ-
ences may lead to major increases in amyloid peptide
deposits in the central nervous system after decades of
augmented generation and accumulation. Such is true for
deposition of amyloid-like deposits of some mucopoly-
saccharides, where only modest differences are detected
between synthesis rates in mild cases as contrasted with
controls (38, 39). Nonetheless, ADEs will be a valuable
target for testing drugs directed to inhibiting BACE-1 or
g-secretase, if results of further investigations validate a
role for an activated astrocyte-neuron axis in proteino-
pathic dementias.

TABLE 2. Differences in GNDF levels of ADEs and NDEs

Plasma Source GDNF (pg/ml)

ADEs
AD patients 82.3 6 5.17*
Matched controls 109 6 7.98

NDEs
AD patients 7.40 6 2.50
Matched controls 5.56 6 2.28

Data are the means 6 SEM of the same subject groups for which
results are reported in Figs. 1 and 2. Statistical significance was
calculated by a 2-sample Student’s t test; *P = 0.013.

Figure 2. Primary pathogenic proteins of AD in ADEs and NDEs. Each point depicts the value for a single patient or control
subject and the mean for each group of points is shown by a solid horizontal line. The mean 6 SEM levels are: P-T181-tau ADEs:
AC, 496 6 76.0; AD, 355 6 60.4 and NDEs: AC, 6.55 6 0.94; AD, 66.0 6 7.47. P-S396-tau ADEs: AC, 116 6 20.2; AD, 111 6 32.1
and NDEs: AC, 9.766 0.75; AD, 24.16 2.63. Ab42 ADEs: AC, 56.66 9.25; AD, 30.96 4.38 and NDEs AC, 4.436 0.25; AD, 7.586
0.25. Statistical significance of differences between disease and control groups for ADEs are shown above the disease group
clusters of data and those between values in NDEs and corresponding values in ADEs are shown above the NDE clusters of data;
+P , 0.05; *P , 0.01; **P , 0.001.
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Supplementary Figure 1. Receiver operating characteristic (ROC) curves for AD vs. AC; area 
under the ROC curve and 95% confidence intervals. Discriminant classifier analyses correctly 
classified 91.7% of AC subjects and 63.6% of AD patients; with Wilk’s Lambda of 0.63 and F = 
5.08 (p=0.0179). 



0.
00

0.
25

0.
50

0.
75

1.
00

Se
ns

iti
vi

ty

0.00 0.25 0.50 0.75 1.00
1-Specificity

BACE-1 0.78 (0.56, 0.99) sAPPβ 0.83 (0.66, 1.0)
Reference



Supplementary Figure 2. Receiver operating characteristic (ROC) curves for AD vs. FTD; area 
under the ROC curve and 95% confidence intervals. Discriminant classifier analyses correctly 
classified 66.7% of AD subjects and 92.9% of FTD patients; with Wilk’s Lambda of 0.63 and F = 
6.78 (p=0.0048). 
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