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Minimally invasive biomarkers are urgently needed to detect molecular
pathology in frontotemporal dementia (FTD) and amyotrophic lateral
sclerosis (ALS). Here, we show that plasma extracellular vesicles (EVs)

contain quantifiable amounts of TDP-43 and full-length tau, which allow the
quantification of 3-repeat (3R) and 4-repeat (4R) tauisoforms. Plasma EV
TDP-43 levels and EV 3R/4R tau ratios were determined in a cohort of 704

patients, including 37 genetically and 31 neuropathologically proven cases.
Diagnostic groups comprised patients with TDP-43 proteinopathy ALS, 4R
tauopathy progressive supranuclear palsy, behavior variant FTD (bvFTD)
asagroup with either tau or TDP-43 pathology, and healthy controls. EV tau
ratios were low in progressive supranuclear palsy and high in bvFTD with
tau pathology. EV TDP-43 levels were highin ALS and in bvFTD with TDP-43
pathology. Both markers discriminated between the diagnostic groups with
areaunder the curve values >0.9, and between TDP-43 and tau pathology
inbvFTD. Both markers strongly correlated with neurodegeneration, and
clinical and neuropsychological markers of disease severity. Findings were
replicated inanindependent validation cohort of 292 patients including 34
genetically confirmed cases. Taken together, the combination of EV TDP-43
levels and EV 3R/4R tau ratios may aid the molecular diagnosis of FTD, FTD

spectrumdisorders and ALS, providing a potential biomarker to monitor
disease progression and target engagement in clinical trials.

FTD encompasses different neurodegenerative disorders, including
bvFTD, semantic variant primary progressive aphasia (svPPA) and
nonfluent variant primary progressive aphasia. FTD, progressive
supranuclear palsy (PSP), corticobasal degeneration (CBD) and ALS
are part of a disease continuum with overlapping symptoms, genet-
ics and molecular pathology’. Although ALS, FTD-ALS and roughly
half of bvFTD cases are characterized by intracellular protein inclu-
sions of TAR DNA-binding protein (TDP-43)? PSP, CBD and approxi-
mately 40% of bvFTD cases have been linked to tau pathology at
autopsy (frontotemporal lobar degeneration, FTLD-tau)’. Together,
FTLD-tauand FTLD-TDP-43 account for nearly 90% of bvFTD cases. The
microtubule-binding protein existsin six differentisoforms caused by

alternative splicing*. Based on the presence of three or four repetitive
protein domains, so-called repeats, 3-repeat or 4-repeat isoforms are
distinguished (3R, 4R tau). FTLD-tau can be characterized by the pre-
dominance of 3R tau aggregates (Pick’s disease) or 4R tau pathology
PSP, CBD, argyrophilic grain disease or globular glial tauopathy (GGT)’.

So far, disease-modifying therapies are not available for FTD
and ALS spectrum disorders. This is partially caused by the lack of
biomarkers detecting the molecular pathology, which is a prereq-
uisite for patient stratification in sporadic bvFTD. Currently, diag-
nosis of molecular pathology is only possible postmortem, with the
exception of genetic cases in which a pathogenic mutation allows
ante-mortem deduction of the associated molecular pathology.
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Adiagnostic biomarker may further helpin cases of diagnostic uncer-
tainty and could facilitate early diagnosis, which isimportant because
disease-modifying, novel therapies are expected to be more success-
fulin the early disease stages when irreversible neuron loss is less
progressed. Delayed and incorrect diagnoses have been reported for
asubstantial proportion of patients with ALS®, PSP’ and bvFTD®. There-
fore, pathology-specific biomarkers are urgently needed.

Plasma glial fibrillary acidic protein/neurofilament light chain
(NfL) ratios have been suggested to distinguish FTLD-tau from TDP-
43 (ref. 9). Other studies have investigated TDP-43, phosphorylated
or aggregated TDP-43 in blood or cerebrospinal fluid (CSF)'°™, CSF
p-taul8l/tau ratio® or CSF peptides encoded by cryptic exons as
markers of TDP-43 pathology', albeit with conflicting results. CSF
tau isoforms have been proposed as diagnostic markers for 3R or 4R
predominant tauopathies”, but detection is hampered by tau fragmen-
tationin extracellular fluids™ resulting in extremely low concentrations
of full-length tau. We recently published a CSF assay employing immu-
noprecipitation followed by mass spectrometry that could overcome
this obstacle”. However, because of the invasiveness of lumbar punc-
ture, we turned to blood, more specifically to plasmaEVs.

EVs contribute to intercellular communication or serve to clear
toxic cellular content®. They can transport pathological tau*>* and
TDP-43 (ref. 25) species between cells and induce aggregate forma-
tion in target cells. Importantly, the presence of TDP-43 in EVs could
reflect its disease-associated mislocalization from the nucleus to the
cytosol, because extranuclear localization of TDP-43 is a prerequisite
foritssortinginto EVs.

Here, we show that plasma EVs contain substantial amounts of
unfragmented tau. This allows the measurement of 3R and 4R tau
isoform ratios, which has not been possible from blood, so far. We
quantified the plasma EV 3R/4R tau ratio and TDP-43 in a large neuro-
degenerative disease cohort (DESCRIBE cohort) to test the hypothesis
that a combination of both markers may distinguish FTLD-tau from
FTLD-TDP-43 pathology. As diagnostic groups we selected bvFTD,
whichis largely associated with either FTLD-tau or FTLD-TDP-43 pathol-
ogy, PSP based on its association with 4R tau pathology, Alzheimer
disease (AD) asasecondary tauopathy with equally balanced 3Rand 4R
tau pathology, and svPPA and ALS as disorders with almost exclusive
TDP-43 pathology, in addition to healthy controls (HC). Our cohort
included 68 genetically and/or neuropathologically proven cases. Find-
ings were validated in asecond, independent cohort (Sant Pau cohort),
comprising 287 participants with ALS, ALS-FTD, bvFTD, PSP and HC,
including 34 genetically confirmed cases (Extended Data Fig. 1).

Intriguingly, we find that the combination of plasma EV 3R/4R tau
ratio together with plasma EV TDP-43 allows the distinction of FTLD-tau
from FTLD-TDP-43 in FTD and the detection of ALS-TDP-43 in ALS.
Furthermore, the plasma EV 3R/4R tau ratio can serve as a biomarker
to distinguish 4R tauopathy PSP from other FTD spectrum disorders
and fromHC.

Results
Detection of full-length tau in CSF and plasmaEVs
We prepared medium-sized CSF and plasma EVs (mEVs) after sequential
centrifugation from the 10,000g centrifugation pellet?®. Small EVs
(sEVs) were isolated from the 10,000g supernatant by size-exclusion
chromatography as previously described® (Supplementary Dataand
Supplementary Fig.1c,d). Mass spectrometry revealed full-length tau
in CSF and plasma EVs, allowing the distinction of 3R and 4R isoforms
(Supplementary Data and Supplementary Fig. 2). Because venous punc-
tureislessinvasive than lumbar puncture, we decided to assess 3R and
4Rtauisoform concentrationsin plasmaEVs, using sandwichimmuno-
assays (Methods, Supplementary Fig. 3a-e and Supplementary Table1).
To test whether plasma EV tau stems from brain or peripheral
nerve cells”, thrombocytes™ or lymphocytes®, we immunoiso-
lated anti-L1 cell adhesion molecule-positive EVs (LICAM EVs) from

plasma EV preparations. LICAM EVs are considered brain-neuron
derived, although this notion is controversial*°. As shown in Sup-
plementary Fig. 4, the vast majority of plasma EV tau resided in
LICAMEVs.

PlasmaEV 3R/4R tauratioislowin PSP and highin bvFTD

We performed a pilot study on plasma EV 3R and 4R tau contentina
subcohort of the DZNE multicenter DESCRIBE cohort (subcohort 1)
(Extended Data Table 1and Extended Data Fig. 1).

The plasma EV 3R/4R tau ratio did not correlate with age, sex
and disease duration (Supplementary Table 2). HC, AD and svPPA
groups showed plasma sEV 3/4R tau ratios of -1, consistent with the
balanced ratios of 3R and 4R tau described in physiological condi-
tions and in AD tau aggregates® (HC median 1.16, interquartile range
(IQR) [0.99-1.28]; AD median 0.91, IQR [0.57-1.25]; svPPA median
1.00, IQR [0.98-1.11]) (Fig. 1a). SEV 3R/4R tau ratios were lower in the
4R tauopathy PSP (median 0.18, IQR [0.13-0.29]; P < 0.0001 for all
comparisons), and higher in bvFTD compared with all other groups
(bvFTD median 2.59,1QR[2.02-3.87], P < 0.001 versus HC; P < 0.0001
versusall other groups). Individual bvFTD values overlapped partially
with HC, svPPA and groups. Receiver operating characteristic (ROC)
curve analysis revealed high diagnostic accuracies for the distinction
of PSP (Fig.1b-e) and bvFTD (Fig. 1f-h) from all other groups (AUC PSP
versusHC 0.96, 95% confidence interval (CI) [0.83-0.98]; PSP versus AD
0.99, C1[0.90-1.00]; PSP versus svPPA 0.96, CI[0.90-0.98]; PSP versus
bvFTD 0.99, CI[0.94-1.00]; bvFTD versus HC 0.93, C1[0.88-1.00];
bvFTD versus AD 0.90, C1[0.90-1.00]; bvFTD versus svPPA 0.95, CI
[0.90-0.98]) (Supplementary Table 3).

Plasma sEV 3R/4R tau ratios correlated positively (r=0.68,
P <0.0001) with plasma NfL levels in bvFTD, and negatively in the
4R tauopathy PSP (Fig. 1i,j (SEV r=-0.48, P= 0.001)). High plasma EV
3R/4R tau ratios in bvFTD corresponded to more severe clinical and
cognitive impairment, as did low ratios in PSP, consistent with 4R tau
predominancein PSP (Fig.1k-n, Supplementary Fig. 5 and Supplemen-
tary Tables 4 and 5).

We next tested for a potential correlation of 3R/4R tau ratios
between CSF and plasma sEV (Supplementary Fig. 6). However, low
sample numbers and the need for larger CSF sample volumes prevent
aclear conclusion on whether CSF and plasma sV 3R and 4R tau cor-
relate with each other (Supplementary Table 6).

We validated our findings in additionally available samples of the
DZNE DESCRIBE cohort (subcohort2: 56 HC,165ALS, 179 bvFTD and 163
PSP samples). Patient demographics are givenin Extended Data Table 2.
ALS was chosen as a TDP-43 control group because the vast majority of
ALS cases are associated with TDP-43 pathology®. PlasmasEV 3R/4R tau
ratios were lowest in PSP (median sEV:3R/4R tau 0.45,1QR[0.34-0.60])
and differed from all other diagnostic groups (median seV: HC 0.99,
IQR[0.91-1.03], PSP versus HC P < 0.0001; ALS 0.95,IQR[0.88-1.01],
PSP versus ALS P<0.0001; bvFTD 1.10, IQR [0.99-1.76], PSP versus
bvFTD P<0.0001) (Fig. 2a). ROC analysis (Fig. 2b-d), revealed high
accuracy for the distinction of PSP from HC (AUC 0.98, C1[0.96-1.00]),
ALS (AUC 0.96, C1[0.94-0.99]) and bvFTD (AUC 0.98, C1[0.73-1.00])
(Supplementary Table 3 (sEV) and Supplementary Fig. 7a-d and
Supplementary Table 3 (mEV)).

Increased EV 3R/4R tau ratios were detected in bvFTD. Approxi-
mately 50% (54.19%) of bvFTD values were above the control group
median, suggesting tau pathology in these cases (median sEV 3R/4R
tauinbvFTD2.28,IQR[1.13-2.4]; median mEV 3R/4R tauinbvFTD 1.84,
IQR [1.19-2.13]; bvFTD versus all other diagnostic groups P < 0.0001
(median sEV); bvFTD versus all other diagnostic groups P < 0.0001
(medianmEV)). PlasmaEV 3R/4R tau ratios distinguished bvFTD from
HC, ALS and PSP with high diagnostic accuracy (sEVs AUC 0.89-0.98
(Fig. 2d-f) and mEVs AUC 0.86-0.97 (Supplementary Fig. 7d,f); Sup-
plementary Table 3). Asinsubcohort1, EV tauratios were not correlated
with age, sex and disease duration (Supplementary Table 7).

Nature Medicine | Volume 30 | June 2024 | 1771-1783

1772


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-02937-4

*kkk

*kk kkkk
—

PSP versus HC

Plasma sEV 3R/4R tau ratio

*kkk

*kk

8ol e 8.
L S AN

0.8+

0.6 -

0.4+

0.2

Plasma sEV 3R/4R tau ratio

N
o

1

r=-0.481
P=0.001

PSP versus AD

PSP versus svPPA

T
10

T
20

T
30

40

Plasma NfL (pg ml™)

PSP versus bvFTD

Sensitivity

— sEV AUC: 0.96

Sensitivity

— sEV AUC: 0.99

Sensitivity

— sEV AUC: 0.96

Sensitivity

— sEV AUC: 0.99

0 20 40 60 80 100
100-specificity

0 20 40 60 80 100
100-specificity

0 20 40 60 80 100
100-specificity

0 20 40 60 80 100
100-specificity

Plasma sEV 3R/4R tau ratio ‘wme

g
o
1

o o
1 1

o
2
1

o
1

bvFTD

r=0.680
P <0.0001

00500

00001

<0.00001

500500

bvFTD versus HC 9 bvFTD versus AD

bvFTD versus svPPA

F 100 100 - —
z El Bl
= = 60 = 60H
: : =
c c 40 c 40H
[0} Q (7]
w w w
20 20 H
o — sEV AUC: 0.93 — sEV AUC: 0.90 o — sEV AUC: 0.95

0 20 40 60 80 100
100-specificity

0 2‘0 46 6‘0 Bb 160
100-specificity
Fig.1|3R/4R tauratio in plasmasEV in DESCRIBE subcohort 1. a, The long
horizontal line represents the median and the short horizontal lines represent
the IQR. Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
(HC versusbvFTD P=0.0003, HC versus PSP P=0.0000044, AD versus bvFTD
P=0.0003, AD versus PSP P=0.0000052, svPPA versus bvFTD P=0.0007,
SsVPPA versus PSP P=0.0000057, bvFTD versus PSP P=0.0000019; *P < 0.05,
**P<0.001, **P<0.0001, ***P < 0.00001. Biologically independent samples:
HCn=15,ADn=23,svPPAn=17,bvFTD n=42,PSP n=44.b-h,ROC curve for
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versus svPPA (h).i,j, Two-tailed Spearman correlation analysis of associations
and monotonic regression splines between sV 3R/4R ratio and plasma NfL levels
within PSP (i) and bvFTD (j) (P=0.00009) diagnostic groups. k-n, Correlation
matrix depicting results of two-tailed Spearman correlations, visualized by
plotting strength of correlation (r) as aheat map along with Pvalues (right): PSP
(k,I) and bvFTD (m,n). PSP: MoCA**, PSP-RS*, PSP-CDS*, SEADL*, CGI-s*;
PSP-SS**, MDS-UPDRS Part I1I*, SAS** and the PSP-QoL* (Supplementary Fig. 7a,b
and Supplementary Table 5). bvFTD: MMSE**, MoCa, FAQ*?, CDR-SB*, CDR plus
NACCFTLD, previously termed CDR-SB FTD*, NPI-Q* and CBI-M*°.

Plasma EV 3R/4R tau ratios correlate with disease severity

Similar to subcohort 1, plasma EV 3R/4R tau ratios correlated with
plasmaNfLinbvFTD (r=0.28,P<0.0001(sEV) andr=0.36,P=0.002
(mEV)) and inversely in PSP (r=-0.33, P<0.0001 (sEV) and r=-0.24,
P=0.005(mEV)) (Extended DataFig.2a,band Supplementary Fig. 7g,h).

Plasma EV 3R/4R tau ratios correlated with clinical, neurological
and cognitive measures of disease severity in the PSP group, with low
plasmaratios indicative of increased severity (PSP: Mini Mental State
Examination (MMSE)*’, Montreal Cognitive Assessment (MoCA)**, PSP
rating scale (PSP-RS)*, PSP clinical deficits scale (PSP-CDS)**, Schwab
and England disability scale (SEADL)¥, Clinical Global Impression
Severity Scale (CGl-s)* (Fig. 2g,h and Supplementary Table 8 (SEV)
and Supplementary Fig. 8i,j and Supplementary Table 8 (mEV)), PSP
staging system (PSP-SS)*, MDS-Unified Parkinson’s Disability Rating
Scale part Il (MDS-UPDRS I11)*, Starkstein Apathy Scale (SAS)*° and
PSP quality of life scale (PSP-QoL)* (Supplementary Fig. 8a,b and
Supplementary Table 8).

InbvFTD, high plasma sEV 3R/4R tau ratios were associated with
impaired cognition, compromised functional activities, increased
symptom severity and a higher burden of behavior symptoms (MMSE,
MoCA, Functional Activities Questionnaire (FAQ)*, Clinical Dementia

Rating-Sum of Boxes (CDR-SB)**, Clinical Dementia Rating (CDR)
plus National Alzheimer’s Coordinating Center (NACC) Behavior
and Language Domains Frontotemporal Lobar Degeneration (NACC
FTLD)*, Neuropsychiatric Inventory Questionnaire (NPI-Q)*, and
the modified version of the Cambridge Behavior Inventory-Revised
Version (CBI-M)*¢ (Fig. 2i,j and Supplementary Table 9)). Similar
results were observed for mEVs (Supplementary Fig. 7k,I and
Supplementary Table9).

PlasmaEV tau ratios in pathology-confirmed cases
We stratified cases with known mutations (n = 37) or neuropathologi-
cally confirmed diagnoses (n = 31) into TDP-43, tau and non-TDP-43/
non-tau pathology groups (number of individual cases n = 63, 5 of these
had both genetic and neuropathological diagnosis) (Supplementary
Tables10 and 11). Most mutations were linked to TDP-43 pathology (18
C90rf72,4 GRN, 4 VCP and 2 TBK1), with the exception of three MAPT
mutations (MAPT P301L, MAPT P364S and MAPTIVS10+16C>T) inbvFTD.
Neuropathological diagnoses of nongenetic cases included 22
with TDP-43 (16 ALS-TDP, 6 FTLD-TDP) and 4 with tau pathology (3
PSP-type,1GGT-type). All genetic and neuropathologically confirmed
cases with TDP-43 pathology were combined into a ‘TDP-43 pathology’

Nature Medicine | Volume 30 | June 2024 | 1771-1783

1773


http://www.nature.com/naturemedicine

https://doi.org/10.1038/s41591-024-02937-4

a — b PSP versus HC PSP versus ALS PSP versus bvFTD
*kkk
Z > >
Z 2 £
NS = = >
*kkk = = =
[ — B E z
5 2 g
Kkkk  kkkk ®» 2 3
74 — sEV AUC: 0.98 — sEV AUC: 0.96 — sEV AUC: 0.98
2 o . 0 L A
[ 6 1 0O 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
§ 5 4 100-specificity 100-specificity 100-specificity
x 9
N
=4 e bvFTD versus HC f bvFTD versus ALS
> 100 100
K
- z 80 > 80
£ 2 =
3 S 60 2 60
K > =
& G 40 § 40
@ &
20 20
— sEV AUC: 0.91 — sEV AUC: 0.89
0 L L L L L o L L L L L
0 20 40 60 80 100 0 20 40 60 80 100
100-specificity 100-specificity
*kkk
k *kkk L
== = | MsE <0.0500
= S B vocs NS *kkk *kkk
- = |psp-Rs <0.0001 - 1
] = | rsrcos *kkk  kkkk *kkk
\ o ) L
PSP S cois oot o5 g *kkk  kkkk  kkkk
T pesman . ® o TDP-43 e © TDP-43
om0 = v Tau (PSP/GGT) type 2 &* ¥ Tau (PSP/GGT) type
© 4 MAPT mutations + 4 MAPT mutations
iyt Non-tau/non-TDP-43 % Non-tau/non-TDP-43
g S
. ] I 3
= o ™
l “ o, > 2
| B
83 [z}
E @ 1 E 1 % @ e
= 4 o 0 T T T T T
<0001 o O > @ o
F &SR
000001 Q é\\ LS
bvFTD \O ,\& S
= >00500 Q &
RN \)
RIS
4 $o°

Fig.2|3R/4R tauratio in plasma sEV in DESCRIBE subcohort 2. a, Horizontal
lines indicate median and IQR. Kruskal-Wallis test with Dunn’s correction

for multiple comparisons. HC versus bvFTD P=0.0000057, HC versus PSP
P=0.000009, ALS versus bvFTD P=0.0000074, ALS versus PSP P=0.0000023,
bvFTD versus PSP P=0.0000067; ****P < 0.00001. Biologically independent
samples:HC n=56,ALS n=165,bvFTD n=179, PSP n=163.b-f, ROC curve for
plasmasEV 3R/4R tau ratio: PSP versus HC (b), PSP versus ALS (c), PSP versus
bvFTD (d), bvFTD versus HC (e) and bvFTD versus ALS (f). g-j, Correlation
matrix depicting the results of two-sided Spearman correlations, visualized by
plotting strength of correlation (r) as a heat map along with Pvalues (right): PSP
(g,h) and bvFTD (ij). k.1, 3R/4R tau ratio in plasma-derived sEV in genetically
(n=37) or autopsy-confirmed (n = 31) cases from DESCRIBE subcohort 2

(total number of individual cases n = 63, 5 of these cases had both genetic and
neuropathological diagnosis). k, sEV 3R/4R tau ratios in the different pathology
groups, stratified by clinical diagnosis. HC versus bvFTD P= 0.0000052, HC
versus PSP P=0.0000012, ALS versus bvFTD P=0.0000097, ALS versus

PSP P=0.0000056, bvFTD versus PSP P=0.0000041; ****P < 0.00001.

1, sEV 3R/4R tauratios of the different pathology groups, independent of clinical
diagnostic group. The long horizontal line represents the median and the short
horizontal lines represent the IQR. Kruskal-Wallis test with Dunn’s correction for
multiple comparisons. HC versus tau (PSP/GGT)-type P= 0.000007, HC versus
MAPT mutations P=0.0000063, tau(PSP/GGT)-type versus MAPT mutations
P=0.000004, tau(PSP/GGT)-type versus non-tau/non-TDP-43 P= 0.0000078,
MAPT mutations versus non-tau/non-TDP-43 P=0.0000041; ****P < 0.00001.
TDP-43 pathology group: bvFTD (C90rf72 (n=13), GRN (n=4), VCP(n=4), TBK-1
(n=2)); ALS (C90rf72 (n =5)); neuropathological diagnosis (FTLD-TDP (n=1));
ALS-TDP (n=17), ALS-FTLD-TDP (n = 6)). PSP/GGT-type tau pathology group:
neuropathological diagnosis ((PSP-tau (n = 3); FTLD-tau GGT-type (n =1)). bvFTD
MAPT mutations (MAPT P301L (n=1), MAPT P364S (n=1), MAPT IVS10+16C>
T(n=1)). Non-tau/non-TDP-43 pathology group: ALS (SOD-1 (n=2); FUS (n=2);
CHCHDI10 (n=1)); bvFTD (CHCHDI0 (n =1)).

group (n=>50) and all with tau pathology into the ‘tau pathology’ group
(n=7).Caseswith neither TDP-43 nor tau pathology (2S0D1,2 FUS and
2 CHCHD10 mutation carriers) were classified as ‘non-TDP-43/non-tau
pathology’ (n=6).

In the TDP-43 pathology group, and in the non-TDP-43/non-tau
pathology group, sEV 3R/4R tau ratios were ~1 and did not differ from
the HC group (HC: median sV 0.99, IQR [0.91-1.03]; TDP-43 group:
median sV 0.95,1QR [0.92-0.97], versus HC P> 0.05; non-TDP-43/
non-tau group: median seV 0.96, IQR[0.90-1.03], versus HC P> 0.05)
(Fig. 2k, 1 (mEV) and Supplementary Fig. 9a,b). Importantly, allbvFTD
TDP-43 pathology cases were in the lower range, comparable with
HC, and ALS PSP/GGT-type 4R tau pathology cases were character-
ized by decreased plasma EV 3R/4R tau levels (median sV 0.42,
IQR[0.35-0.60]) compared with HC (mediansEV 0.99,IQR[0.91-1.03],
P<0.00001), withTDP-43 pathology (mediansEV 0.95,IQR[0.92-0.97],

P<0.00001) and withnon-TDP43/non-tau pathology groups (median
sEV 0.96,IQR [0.90-1.03], P< 0.00001). By contrast, EV 3R/4R tau
ratios in MAPT mutation carriers were approximately three to four
times higher (median sEV 3.96, IQR [3.81-4.12]) compared with HC,
TDP-43 and non-TDP-43/non-tau control groups (P < 0.00001). Thus,
EV3R/4Rtauratios may separate FTLD-tau pathology from FTLD-TDP
and detect PSP/GGT-type tau pathology.

PlasmaEVs contain TDP-43

Western blotting (Supplementary Fig.10a) and single-molecule array
(SIMOA) assay analysis confirmed the presence of TDP-43 in plasma
EVs (for specificity and assay performance see Supplementary Data,
Supplementary Fig. 10 and Supplementary Table 1). Asillustrated in
Supplementary Fig. 4, the majority of plasma EV TDP-43 stems from
L1CAM-positive EVs.
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Fig.3| TDP-43levelsin plasmasEV in DESCRIBE subcohort 2. a, The long
horizontal line represents the median and the short horizontal lines represent
IQR. Kruskal-Wallis test with Dunn’s correction for multiple comparisons. HC
versus ALS P=0.000003, HC versus bvFTD P=0.000006, ALS versus bvFTD
P=0.0000074, ALS versus PSP P=0.0000028, bvFTD versus PSP P= 0.0000012;
***+p < (0.00001. Biologically independent samples: HC n =56, ALS n =165, bvFTD
n=179 and PSP n=163.b-f, ROC curve for sEV TDP-43 (red) and plasma NfL
(blue): ALS versus HC (b), ALS versus PSP (c¢), ALS versus bvFTD (d), bvFTD versus
HC (e) and bvFTD versus PSP (f). g-j, Correlation matrix depicting results of two-
sided Spearman correlations, visualized by plotting strength of correlation (r) as
aheat map along with Pvalues (right). ALS (g,h) and bvFTD (i,j). TDP-43 in plasma
sEVingenetically (n =37) or autopsy-confirmed (n = 31) cases from the DESCRIBE
subcohort 2 (total number of individual cases: n = 63, 5 of which had both genetic
and neuropathological diagnoses). k, sEV TDP-43 in the different pathology
groups, stratified by clinical diagnosis. HC versus ALS P=0.000003,

HC versus bvFTD P=0.000006, ALS versus bvFTD P=0.0000074, ALS versus
PSP P=0.0000028, bvFTD versus PSP P=0.0000012; ***P < 0.00001.

1, sEV TDP-43 concentrations in the different pathology groups, independent
of clinical diagnostic group. The long horizontal line represents the median
and the short horizontal lines represent the IQR. Kruskal-Wallis test with
Dunn’s correction for multiple comparisons. HC versus TDP-43 P=0.000008,
TDP-43 versus tau (PSP/GGT)-type P=0.000006, TDP-43 versus MAPT
mutations P=0.0000035, TDP-43 versus non-tau/non-TDP-43 P= 0.0000039;
***+P < (0.00001. TDP-43 pathology group: bvFTD (C90rf72 (n=13), GRN (n = 4),
VCP (n=4), TBKI (n=2)); ALS (C90rf72 (n = 5)); neuropathological diagnosis
(FTLD-TDP (n=1); ALS-TDP (n=17), ALS-FTLD-TDP (n = 6)). PSP/GGT-type tau
pathology group: neuropathological diagnosis (PSP-tau (n = 3); FTLD-tau GGT-
type (n=1)). bvFTD MAPT mutations: MAPT P301L (n=1), MAPT P364S (n=1),
MAPT IVS10+16C>T (n=1). Non-tau/non-TDP-43 pathology group: ALS (SOD-1
(n=2); FUS (n=2); CHCHD10 (n=1)); bvFTD (CHCHD10 (n=1)).

PlasmaEV TDP-43isincreased in ALS and bvFTD
Plasma sEV TDP-43 levels were highest in ALS (median 45.45 pg ml™,
IQR[28.88-83.21]) compared with HC (9.47 pg ml™, IQR [7.63-13.33],
P<0.00001), bvFTD (31.25 pg ml™, IQR [14.45-41.09]) and PSP
(9.09 pg mI™, IQR [7.73-13.27], P < 0.00001) (Fig. 3a (sEV) and Sup-
plementary Fig. 11a and Supplementary Table 3 (mEV)). Plasma sEV
TDP-43 distinguished ALS from HC, PSP and bvFTD with AUC values
0f 0.99, C1[0.97-1.00]; 0.99, C1[0.98-1.00]; and 0.91, CI[0.88-0.94]
(Fig. 3b—d). Similar results were obtained for plasma mEV TDP-43
concentrations and AUC values (Supplementary Fig. 11a-d). No cor-
relation was observed with age, sex or disease duration (Supplemen-
tary Table 7). Of note, plasma TDP-43 levels did not differ between
the diagnostic groups, highlighting the importance of EV analysis
(Extended DataFig. 3).

In bvFTD, plasma EV TDP-43 levels partially overlapped with HC
and PSP (low levels) and the ALS group (high levels), suggesting that
high levels could indicate TDP-43 pathology in bvFTD. Plasma sEV

TDP-43 distinguished bvFTD from HC, PSP and ALS (AUC: bvFTD versus
HC 0.85, C1[0.82-0.90]; versus PSP 0.93, C1 [0.86-0.89]; versus ALS
0.91, CI[0.0.88-0.94]) (Fig. 3d-f (sEV) and Supplementary Fig. 11d-f
(mEV)). Of note, plasmaEV TDP-43-based AUC values exceeded plasma
NfL-based AUC values (plasmaNfL: ALS versus HC 0.83, CI[0.77-0.88];
versus PSP 0.62, C1[0.56-0.67]; versus bvFTD 0.61, CI [055-0.66];
bvFTD versus HC 0.73, C1[0.71-0.75]; versus PSP 0.63, CI [0.61-0.71];
P <0.0001 for all comparisons) (Fig. 3b-f (sEV), Supplementary
Fig.11b-fand Supplementary Table 3 (mEV)).

Plasma EV TDP-43 correlates with disease severity

Plasma EV TDP-43 levels were highly correlated with plasma NfL con-
centrations in ALS and bvFTD (ALS sEV: r=0.67, P<0.0001; bvFTD
sEV:r=0.42, P<0.0001; Extended Data Fig. 2¢,d (sEV) and Supple-
mentary Fig. 11g,h (mEV)). In ALS, higher plasma EV TDP-43 levels
were associated with worse cognitive performance and disease sever-
ity (MMSE, Edinburgh Cognitive and Behavioral ALS Screen total
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Plasma sEV 3R/4R tau ratio

Fig. 4 | Distribution of plasmasEV 3R/4R tau ratio versus plasma EV TDP-43
levels stratified by diagnosis in DESCRIBE subcohort 2. a, Subcohort 2 without
pathology-confirmed cases. Color codes indicate the different clinical diagnostic
groups (ALS, bvFTD, PSP, HC). Cut-off values were determined by Gaussian
mixture modeling. EV3R/4R tau ratio cut-offs: 0.77 and 1.28; EV TDP-43 cut-offs:

Plasma sEV 3R/4R tau ratio

Plasma sEV 3R/4R tau ratio

13.87 pg ml™ and 56.18 pg ml™. b, Genetically or neuropathologically confirmed
cases were also plotted. ¢, The ALS-FTD overlap group (ALS with FTD (ALS-
FTD), ALS patients with cognitive impairment and ALS patients with behavioral
impairment) isindicated in light blue.

score, ALS Functional Rating Scale (ALS-FRS)) (Fig. 3g,h (sEV), Sup-
plementary Fig. 11i,j (mEV) and Supplementary Table 12). In bvFTD,
plasma EV TDP-43 concentrations correlated with cognitive impair-
ment, impaired functional activities, increased symptom severity,
more severe psychiatric and behavior symptoms (MMSE, MoCA,
FAQ, CDR-SB, CDR plus NACC FTLD, NPI-Q, CBI-M) (Fig. 3i,j (SEV),
Supplementary Fig. 11k, 1 (mEV) and Supplementary Table 9). Plasma
EV TDP-43 levels correlated with CSF EV TDP-43 in the ALS group
(Supplementary Fig. 12).

Plasma EV TDP-43 levels in pathology-confirmed cases

We next compared plasmaEV TDP-43 levels of confirmed TDP-43, tau
ornon-TDP-43/non-tau pathology cases stratified by clinical diagnosis
(Fig. 3k) and independent of clinical diagnosis (Fig. 31). In the TDP
pathology cases, EVTDP-43 was increased compared with HC (median
SEV: 63.95 pg ml™, IQR [42.89-86.63], P< 0.0001), PSP/GGT-type tau
(median sEV: 2.85 pg ml™, IQR [2.10-3.52], P < 0.00001), genetic
MAPT (median sEV: 2.86 pg ml™, IQR [2.53-3.02], P < 0.00001) and
the non-TDP-43/non-tau pathology group (median sEV:11.35 pg ml™,
IQR[10.62-12.05], P < 0.00001) (Fig. 3i; see Supplementary Fig.13a,b
for mEV data). In bvFTD with confirmed TDP-43 pathology, plasma
EVTDP-43 levels were higher compared with bvFTD with MAPT muta-
tions (bvFTD with TDP-43 pathology median sEV TDP-43:36.15 pg ml™,
IQR [4.52-52.65]; bvFTD with MAPT mutations median sEV TDP-43:
2.86 pg ml™, IQR [2.53-3.02], P< 0.0001). EV TDP-43 levels in PSP/
GGT-type tau pathology were comparable with non-TDP-43/non-tau
and HC groups (P> 0.05) (Fig. 31 and Supplementary Fig. 13b).
Surprisingly, VCP and TBKI mutation carriers showed low levels
of EV TDP-43, although both mutations had been linked to TDP-43
pathology before**5,

PlasmaEV tau ratio and TDP-43 aid the diagnosis of FTD

and ALS

InbvFTD, plasmaEV TDP-43 concentrations were inversely correlated
with EV 3R/4R tau ratios (SEV: r=-0.496, P< 0.0001; Supplementary
Fig.14a,b), indicating that high TDP-43 levels are associated with low
tau ratios and vice versa. A plot of plasma sV TDP-43 concentrations
versus sEV 3R/4R tauratios without genetically and neuropathologically
confirmed cases revealed a clear separation of bvFTD cases into two
subgroups (Fig. 4a). One of the two bvFTD subgroups, characterized
by alow EV tau ratio and high EV TDP-43 levels, overlapped with ALS,
whereas the other was characterized by high EV 3R/4R tau ratios but
low TDP-43 levels (putative FTLD-TDP and FTLD-tau groups) (Fig. 4a

(subcohort 2) and Extended Data Fig. 4 (bvFTD cases only)). PSP and
HC groups formed separate clusters.

We nextadded pathology-confirmed cases to the graph (Fig. 4b).
PSP/GGT-type tau pathology cases formed a cluster characterized by
low TDP-43 and 3R/4R tau ratios. The HC group and all non-TDP-43/
non-tau cases grouped together, consistent with the absence of TDP-
43 and tau pathology. TDP-43-confirmed pathology cases were found
inthe cluster of ALS and TDP-43 high bvFTD cases. By contrast, bvFTD
cases with confirmed MAPT pathology fell into the bvFTD group with
high sEV tauratios.

We applied amixture modeling approachtosEV3R/4Rtauand sEV
TDP-43 datato obtain cut-off values of 0.77 and 1.27 for 3R/4R tau, and
13.87 pg ml"and 56.18 pg ml™ for TDP-43 (Fig. 4, Supplementary Data
and Supplementary Fig. 15).

Low plasmasEV 3R/4R tauratios (<0.77) discriminated clinical PSP
cases formall other individuals in subcohort 2 (sensitivity: 93.25%, CI
[88.25-96.58%]; specificity: 95.25%, CI1[92.68-97.12%]) as well as PSP/
GGT-type tau pathology cases from other pathology-confirmed cases
(sensitivity:100%, C1[39.76-100%]; specificity:100%, C1[93.94-100%]).
High plasmasEV 3R/4R tauratios (>1.27) were found in 38.55% of clini-
cal bvFTD cases. All MAPT mutation carriers, but no other patients
with confirmed pathology, fell into the high plasma sEV tau ratio
category (sensitivity: 100%, CI [29.24-100%]; specificity: 100%, CI
[94.04-100%]). Importantly, all but one of the remaining clinical bvFTD
patients (61.45%) showed tau ratios below the upper cut-off (<1.27) but
elevated TDP-43 levels (>13.87 pg ml™), suggesting that SEV measure-
ments candistinguish two separate subgroups among bvFTD patients.

TDP-43 pathology cases mapped to the TDP-43 high bvFTD (puta-
tive FTLD-TDP) and the ALS group, and were detected among all indi-
viduals with a genetically or neuropathologically proven diagnosis
with asensitivity of 88.00%, Cl[76.13-95.67%] and a specificity of 100%,
CI1[75.29-100%] using the cut-off for at least mildly increased TDP-43
levels (>13.87 pg ml™) (Fig. 4b).

ALS cases with symptoms overlapping with bvFTD showed
elevated plasma sEV TDP-43 levels (Fig. 4¢).

Together, our data suggest that a combination of plasma
EV TDP-43 and 3R/4R tau may distinguish FTLD-tau from FTLD-TDP.

Sant Pau validation cohort

We validated our findings in samples from the independent Sant Pau
cohort* (ALS (n = 65), ALS-FTD (n=58),bvFTD (n = 50), FTD mutation
carriers (n=23),PSP (n=41)and HC (n = 50); see Extended Data Table 3
for patient demographics).
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PlasmaEV tau ratios are highinbvFTD and low in PSP
Similar to our findings from DESCRIBE, tau ratios were lowest in PSP
(median sEV 3R/4R tauratio 0.38, IQR [0.33-0.50]), compared with
all other groups (median sEVHC1.02,1QR [0.96-1.06], PSP versus HC
P<0.00001; ALS 1.02, IQR [0.92-1.11], PSP versus ALS P< 0.00001;
ALS-FTD 0.95,1QR [0.84-1.00], PSP versus ALS-FTD P < 0.00001;
bvFTD1.34,1QR [1.17-2.34], PSP versus bvFTD P < 0.00001) and high-
est inbvFTD, median sEV bvFTD versus all other diagnostic groups
P<0.00001) (Fig.5aand Extended Data Table 3 (sEV), and Supplemen-
taryFig.16aand Extended Data Table 3 (mEV)). No correlations of EV tau
ratios with age, sex and disease duration were found (Supplementary
Table13). Approximately half of the bvFTD samples were characterized
by high EV tauratios, indicating tau pathology, whereas the other half
were in the range observed for HC, ALS and ALS-FTD. We confirmed
the feasibility of using plasma EV tau ratio as a diagnostic marker for
different tauopathies by ROC analysis (SEV 3R/4R tau ratio: PSP versus
HC (AUC1.00, CI[0.960-1.000]), PSP versus ALS (AUC 0.99, C1[0.962-
1.000]), PSP versus ALS-FTD (AUC 0.98, CI[0.960-1.000]) and PSP
versus bvFTD (AUC1.00, C1[0.969-1.000]); bvFTD versus HC (AUC 0.95,
CI[0.905-0.985]) and bvFTD versus ALS (AUC 0.90, C1[0.845-0.948]))
(Extended Data Fig. 5a-g and Supplementary Table 14 (sEV), and Sup-
plementary Fig. 16b-h and Supplementary Table 14 (mEV)).

Sant Pau cohortsamplesincluded 34 genetically confirmed cases,
27 with TDP-43 (GRN n= 6, C90rf72n =16, TARDBPn=1, VCPn=1and
TBKIn=3)and7withneither TDP-43 nor tau pathology (SOD1n =4 and
FUS n=3) (Supplementary Table 15). Consistent with the absence of tau
pathology, plasma EV 3R/4R tau ratios of all genetically confirmed cases
were in the range of HC, ALS and ALS-FTD (Fig. 5b,c and Supplemen-
tary Fig.22a,b) (HC: mediansEV1.02,IQR [0.96-1.06]; TDP-43 pathol-
ogy group: median sEV 1.15, IQR [1.07-1.23], versus HC P > 0.9999;
non-TDP-43/non-tau group: median sEV 0.92, IQR [0.84-1.15], versus
HCP>0.9999).

PlasmaEV tau ratios correlate with disease severity
Plasma EV 3R/4R tau ratios correlated with plasma NfL and clinical
measures of disease severity in bvFTD and inversely in PSP (Fig. 5d-g

(sEV), and Supplementary Fig. 16k,n and Supplementary Tables 16
and 17 (mEV)).

High plasma EV TDP-43in ALS, ALS-FTD and asubset of bvFTD
Asin DESCRIBE subcohort 2, plasmaEV TDP-43 levels were increasedin
patients with ALS (median sEV TDP-43:45.60 pg ml™, IQR [31.55-64.45])
compared with HC (median sEV TDP-43:10.41 pg mI™,IQR[8.50-14.65],
P<0.00001), in ALS-FTD (median sEV TDP-43: 52.40 pg ml™,
IQR[39.18-73.43],P < 0.00001 compared withHC) andinbvFTD (median
SEV TDP-43:24.15 pg ml™, IQR [11.13-40.55], P< 0.00001 compared
with HC) (Fig.5h (sEV), and Supplementary Fig.19aand Extended Data
Table 3 (mEV)). PSP EV TDP-43 levels were comparable with HC (median
SEV TDP-43:10.20 pg ml™, IQR [8.30-12.35], P> 0.9999). Plasma SEV
TDP-43 distinguished ALS from HC, PSP and bvFTD with AUC values of
0.94,CI[0.892-0.981],0.96, C1[0.910-0.991] and 0.76, CI [0.687-0.832]
(Supplementary Table 14), and ALS-FTD from HC, PSP and bvFTD
groups (AUC 0.98, CI1[0.946-0.999], 0.99, CI[0.955-1.000] and 0.82,
CI[0.745-0.881]) (Supplementary Fig. 19a-g (sEV), Supplementary
Fig.18b-h) (mEV) and Supplementary Table 14).

Genetic cases linked to TDP-43 pathology were character-
ized by high EV TDP-43 levels (median sEV TDP-43: 55.0 pg ml~,
IQR[35.0-66.4]), with the exception of VCPand TBKI mutations similar
to what we observed in the DESCRIBE cohort. Genetically confirmed
cases, neither linked to TDP-43 nor tau, displayed low plasmaEV TDP-43
levels (median sEV TDP-43:12.7 pg ml™, IQR [11.3-15.7]), comparable
toHCand PSP (HC median sEV TDP-43:10.41 pg mI™, IQR[8.50-14.65];
PSP median sEV TDP-43:10.20 pg ml™, IQR [8.30-12.35]) (Fig. 5i,j and
Supplementary Fig.19a,b).

Plasma EV TDP-43 discriminated bvFTD cases from HC, PSP, ALS
and ALS-FTD (AUCSEV:bvFTD versus HC 0.87, C1[0.803-0.926]; versus
PSP 0.91, C1[0.851-0.959]; versus ALS 0.76, C1 [0.687-0.832]; versus
ALS-FTD 0.82, CI[0.745-0.881]) (Extended Data Fig. 6i and Supplemen-
tary Table 14 (sEV), and Supplementary Fig. 18h—jand Supplementary
Table 14 (mEV)). Comparable with our results from DESCRIBE, plasma
EV TDP-43-based AUCs performed superior to NfL for bvFTD versus HC
and PSP (plasma NfL AUCs: bvFTD versus HC 0.78, CI [0.734-0.842];

Fig.5|3R/4R tauratio in plasmasEVsin the Sant Pau cohort. a, Stratified

by clinical diagnosis. Horizontal lines indicate the median and IQR. Kruskal—-
Wallis test with Dunn’s correction for multiple comparisons. HC versus bvFTD
P=0.000009, HC versus PSP P=0.000007, ALS versus bvFTD P=0.0000091,
ALS versus PSP P=0.0000016, ALS-FTD versus bvFTD P=0.0000074, ALS-FTD
versus PSP P=0.0000041, bvFTD versus PSP P=0.000006; ****P < 0.00001.
Biologicallyindependent samples:HCn =50, ALS n=65,ALS-FTDn =58,
bvFTD n =50 (+23 mutation carriers), PSP n=41.b,c, sEV3R/4R tau ratios in
plasma-derived sEV in genetic cases from Sant Pau cohort (n = 34 genetic cases)
stratified by clinical diagnosis (b), HC versus bvFTD P=0.000009, HC versus PSP
P=0.000007, ALS versus bvFTD P=0.0000091, ALS versus PSP P=0.0000016,
ALS-FTD versus bvFTD P=0.0000074, ALS-FTD versus PSP P=0.0000041,
bvFTD versus PSP P=0.000006; ****P < 0.00001; and stratified by associated
molecular pathology and independent from clinical diagnosis (c). The long
horizontal line represents the median and the short horizontal lines represent
the IQR. Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
HC versus TDP-43 P=0.758, HC versus non-tau/non-TDP-43 P= 0.632, TDP-43
versus non-tau/non-TDP-43 P= 0.425; NS, not significant. TDP-43 pathology
group:bvFTD (C90rf72(n=12), GRN (n=6), TARDP(n=1), VCP(n=1), TBK-1
(n=3)); ALS (C90rf72 (n = 3)); ALS-FTD (C90rf72 (n =1)). Non-tau/non-TDP-43
pathology group: ALS (SOD-1 (n=3)); FUS (n=3); ALS-FTD (SOD-1(n=1)).

d,e, Correlation matrix depicting results of two-sided Spearman correlations
inthe PSP group, visualized by plotting strength of correlation (r) as aheat map
(d) along with Pvalues (e). f,g, Correlation matrix depicting results of two-sided
Spearman correlations in the bvFTD group, visualized by plotting strength

of correlation (r) as a heat map (f) along with Pvalues (g). h, TDP-43 levelsin
plasmasEV of the Sant Pau cohort stratified by clinical diagnosis. The long
horizontal line represents the median and the short horizontal lines represent
the IQR. Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

HC versus ALS P=0.0000075, HC versus ALS-FTD P=0.0000046, ALS versus
bvFTD P=0.00074, HC versus PSP P=0.578, ALS versus bvFTD P=0.000009,
ALS versus PSP P=0.000007, ALS-FTD versus bvFTD P=0.0000043, ALS-FTD
versus PSP P=0.0000055, bvFTD versus PSP P=0.0005; *P< 0.05,**P< 0.001,
***P<0.0001,***P< 0.00001. Biologically independent samples: HC n =50, ALS
n=65,ALS-FTD n=58,bvFTD n =50 (+23 mutations), PSP n = 41.,j, Plasma sV
TDP-43 concentrations in genetic cases of the Sant Pau cohort (n = 34 genetic
cases) stratified by clinical diagnosis (i), HC versus ALS P= 0.0000075, HC versus
ALS-FTD P=0.0000046, ALS versus bvFTD P=0.00074, HC versus PSP P= 0.578,
ALS versus bvFTD P=0.000009, ALS versus PSP P=0.000007, ALS-FTD versus
bvFTD P=0.0000043, ALS-FTD versus PSP P=0.0000055, bvFTD versus PSP
P=0.0005; and stratified by molecular pathology, independent of clinical
diagnosis (j). The long horizontal line represents the median and the short
horizontal lines represent the IQR. Kruskal-Wallis test with Dunn’s correction
for multiple comparisons. HC versus TDP-43 P= 0.0000063, HC versus non-
tau/non-TDP-43 P=0.541, TDP-43 versus non-tau/non-TDP-43 P= 0.0000051;
***+p < (0.00001. TDP-43 pathology group: bvFTD (C90rf72 (n=12), GRN (n = 6),
TARDP(n=1), VCP(n=1), TBK-1(n = 3)); ALS (C90rf72 (n=3)); ALS-FTD C9o0rf72
(n=1). Non-tau/non-TDP-43 pathology group: ALS (SOD-1 (n=3); FUS (n=3));
ALS-FTD (SOD-1(n=1)).k,i, Correlation matrix depicting results of two-sided
Spearman correlations in the ALS group, visualized by plotting strength of
correlation (r) as a heat map (k) along with Pvalues (i). ALS-FRS (sEV: r=-0.212),
P=0.015and time since diagnosis/disease duration (sEV:r = 0.514, P= 0.0004).
n,m, Correlation matrix depicting results of two-sided Spearman correlations
inthe ALS-FTD group, visualized by plotting strength of correlation (r) asa

heat map (m) along with Pvalues (n). ALS-FRS (SEV: r=-0.702), P=0.0002 and
time since diagnosis/disease duration (SEV: r = 0.445, P=0.0005); MMSE (SEV:
r=-0.535,P=0.018).

Nature Medicine | Volume 30 | June 2024 | 1771-1783

1777


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-02937-4

versus PSP 0.71, CI1[0.689-0.789]; P < 0.0001 for all AUC compari-
sons) (Extended DataFig. 7a,b (sEV), and Supplementary Fig. 23i,j and
Supplementary Table 14 (mEV)). NfL measurements were not available
for ALSand ALS-FTD in the Sant Pau cohort.

Plasma EV TDP-43 correlates with disease severity
Plasma EV TDP-43 levels correlated highly with plasma NfL con-
centrations in bvFTD (sEV: r=0.513, P<0.0001; mEV: r = 0.465,
P <0.0001) (Extended Data Fig. 2e-g (sEV) and Supplementary
Fig.20k (mEV)).

InALS and ALS-FTD, higher plasma EV TDP-43 levels were associ-
ated with increased disease severity (ALS-FRS, time since diagnosis,

MMSE; Fig. 5k—n (sEV), Supplementary Fig. 181-o and Supplementary
Tables18 and 19a (mEV)).

InbvFTD, plasma EV TDP-43 concentrations correlated with cogni-
tiveimpairment, increased symptom severity and more severe psychi-
atric symptoms (Fig. 5f,g (sEV), Supplementary Fig. 23p,r (mEV) and
Supplementary Table 17).

Determination of cut-offlevels

Plasma EV TDP-43 concentrations in bvFTD were inversely correlated
to EV3R/4R tau ratios (sEV: r=-0.714, P< 0.0001; mEV: r=-0.617,
P<0.0001; Supplementary Fig.20a,b). A plot of plasma sV TDP-43 con-
centrations versus SEV3R/4R tau ratios without genetic cases showed a
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Fig. 6 | Distribution of plasmasEV 3R/4R tau ratio versus plasma EV TDP-43
levels stratified by diagnosis in the Sant Pau cohort. a, Sant Pau cohort without
pathology-confirmed cases. Color codes indicate the different clinical diagnostic
groups (ALS, bvFTD, PSP, HC). Cut-off values as determined by Gaussian

mixture modeling. EV 3R/4R tau ratio cut-offs: 0.78 and 1.28; EV TDP-43 cut-offs:
17.85 pg ml™and 57.34 pg mI™. b, Genetically confirmed cases were also plotted
inthegraph. ¢, The ALS-FTD overlap group isindicated in light blue. d-f, Sant

Plasma sEV 3R/4R tau ratio

3 4 2 3 4

Plasma sEV 3R/4R tau ratio

5

Pau cohort without pathology-confirmed cases (d), Sant Pau cohort including
pathology-confirmed cases (e) and Sant Pau cohort, ALS-FTD group indicated in
light blue (f). Similar to a-c but superimposed with Sant Pau and DESCRIBE cut-
offs. The black solid line indicates Sant Pau cut-offs (EV 3R/4R tau ratio cut-offs:
0.78 and 1.28; EV TDP-43 cut-offs: 17.85 pg ml™ and 57.34 pg mI™). The red dashed
line indicates DESCIRBE subcohort 2 cut-offs (EV 3R/4R tau ratio cut-offs: 0.77
and 1.28; EV TDP-43 cut-offs: 13.87 pg ml " and 56.18 pg ml ™).

similar distribution of the diagnostic groups as observed for DESCRIBE
subcohort2 and aseparation of putative bvFTD TDP and tau subgroups
(Fig. 6a). The TDP-43 high bvFTD subgroup overlapped with the ALS
group (Fig. 6a), cases with confirmed TDP-43 pathology (Fig. 6b) and
the ALS-FTD group (Fig. 6¢). Cases with confirmed non-tau/non-TDP-43
pathology overlapped with the HC group (Fig. 6b).

Cut-offs were defined by mixture modeling (Supplementary
Fig.21), excluding genetically confirmed cases for subsequent testing
of cut-offs (SEV3R/4R tauratio: 0.78 and 1.28; sEV TDP-43:17.85 pg mI™*
and 57.34 pg ml™; Fig. 6d-f, black lines). Cut-offs were very close to
thosein DESCRIBE subcohort 2. sEV3R/4R tauratio: 0.77 and 1.28; sEV
TDP-43 cut-offs: 13.87 pg ml™ and 56.18 pg mI ™.

The Sant Pau TDP-43 cut-off (>17.85 pg ml™) detected confirmed
TDP-43 pathology cases among allindividuals with a genetically proven
diagnosis with asensitivity of 88.89%, CI1[70.84-97.65%] and a specific-
ity of 85.71%, C1[42.13-99.64%].

Low plasma sEV 3R/4R tau ratios (<0.78, Sant Pau cohort cut-off)
discriminated PSP cases form all other diagnoses (sensitivity: 100%,
CI[91.40-100%]; specificity: 94.00%, C1 [90.30-96.60%]). Similar
results were obtained when applying the DESCRIBE cohort cut-off to
Sant Pau data (sensitivity:100%, CI[91.40-100%]; specificity: 94.94%,
Cl[91.77-97.50%]).

Fifty-eight percent of sporadic bvFTD patients in the Sant Pau
cohort showed high plasmasEV 3R/4R tau ratios (>1.28), indicative of
tau pathology. Of those with tau ratios below this cut-off (42%), all but
oneshowed EVTDP-43 levels above the TDP cut-off, further supporting

that sEV tau ratio and TDP-43 measurements can distinguish two
separate bvFTD subgroups.

The Sant Pau EV TDP-43 cut-off identified patients with sporadic
ALS and ALS-FTD with high sensitivity and specificity versus HC and
PSP (ALS sensitivity: 86.15%, Cl [75.34-93.47%]; specificity: 100%,
CI1[96.03-100%]; ALS-FTD sensitivity: 96.55%, CI [88.90-99.58%];
specificity: 100%, CI [96.03-100%]). Applying the DESCRIBE subco-
hort 2 cut-off values to Sant Pau resulted in a sensitivity of 89.23%
(CI1[79.06-95.56%]) and a specificity of 90.11% (CI [82.05-95.38%])
for ALS, and a sensitivity of 100% (C1[93.84-100%]) and specificity of
90.11% (C1[82.05-95.38%]) for ALS-FTD.

Together, these dataindicate that cut-offs are nearly interchange-
able between the two cohorts.

Discussion
Currently, there are no biomarkers available for ALS, FTD and FTD
spectrum disorders that define the underlying proteinopathies.
A low-invasive fluid biomarker for the identification of molecular
pathology would allow pathology-based stratification of patients
to clinical trials and strongly advance the development of new
disease-modifying therapies. Inlight of novel therapeuticapproaches
in ALS and FTD, such biomarkers are strongly desired.
Ourstudyinalarge cohort of 704 patients, including 37 genetically
and 31 pathologically confirmed samples as well as in an independ-
ent validation cohort of 287 patients with 34 genetically confirmed
cases, shows that plasma EVs inform about tau and TDP-43 pathology
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in bvFTD, and can additionally discriminate patients with ALS and
PSP from healthy and neurodegenerative disease controls with high
diagnostic accuracy (AUC > 0.91).

High plasma EV 3R/4R tau ratios in bvFTD were characterized
by low EV TDP-43 levels and both markers separated bvFTD into two
distinct groups, which can be discriminated based on cut-off values
derived from mixture modeling. Plasma EV 3R/4R tau ratios in con-
firmed cases with TDP-43 pathology displayed low 3R/4R tau ratios,
comparable with values in the HC group, but high TDP-43 levels. By
contrast, MAPT mutation carriers showed high EV3R/4R tau ratios and
mappedto thebvFTD tau subgroup. Clinically diagnosed PSP, including
neuropathologically proven cases of PSP-type tauopathy, segregated
intoathird group, characterized by adecreased EV3R/4R tauratio and
EVTDP-43levelsinthe range of HC.

Itis unclear why the EV 3R/4R tau ratio is low in PSP but high in
bvFTD cases with FTLD-tau. 4R tau predominance may explain low
3R/4R tau ratios in PSP; however, all three MAPT mutation carriers in
DESCRIBE showed high 3R/4R tauratios, despite being associated with
4Rtau pathology. Itis possible that different ‘strains’, posttranslational
modifications or regional and cellular distribution of pathology may
resultin differential sorting of 3R and 4R tauisoforms to EVs in differ-
ent tauopathies™.

PlasmaEV TDP-43 levels distinguished ALS from all other groups
with high diagnostic accuracy (AUC = 0.91 versus HC, PSP, bvFTD in
DESCRIBE; AUC = 0.94 versus HC, PSP; and AUC > 0.76 versus bvFTD
inthe Sant Pau cohort). Cases with confirmed TDP-43 pathology were
characterized by high EV TDP-43 levels, whereas ALS cases with muta-
tions thatare not linked to TDP-43 pathology displayed low EV TDP-43
concentrations, comparable with HC.

Unexpectedly, cases with VCPand TBKI mutations failed to show
increased EV TDP-43 levels, although mutations in both genes have
been linked to TDP-43 pathology*’*%. One potential explanation could
bethe predominance of intranuclear lentiforminclusions and impaired
endolysosomal protein sorting described in VCP mutation carriers,
which may prevent release of TDP-43 with EVs®. Overactivation of
TBK-1canincrease neuronal EV release®>. Thus, TBK-I loss-of-function
mutations may impair EV secretion. Indeed, plasmaEV concentrations
in TBK-I mutation carriers were approximately three times lower than
the cohorts’ mean plasmaEV concentration (Supplementary Fig. 22).

In PSP and bvFTD, plasma EV tau ratios correlated with NfL,
clinical, cognitive and behavior scales reflecting disease pathology,
similar toplasmaEV TDP-43in ALS and bvFTD, including trial-relevant
scales such as ALS-FRS-revised and CDR-SB. Plasma EV 3R/4R tau and
TDP-43 may have the potential to mirror disease progression and
could, after positive evaluation in longitudinal cohort samples and
therapeutic intervention trials, potentially be used as a progression
and surrogate marker for clinical studies.

We focused on plasma EV measurements due to several reasons:

(1) Plasma albumin and immunoglobulins can interfere with an-
tibody binding> but are largely absent in plasma EV prepara-
tions?, which may facilitate TDP-43 detection.

(2) Full-length tau concentrations in blood are extremely low be-
cause of tau fragmentation. By contrast, EV cargo is protected
from degradation®, which allows reliable quantification of 3R
and 4R tau isoforms in plasma EVs.

(3) Increased EV levels of tau or TDP-43 in extracellular fluids may
reflect disease pathology. Both tau and TDP-43 can be trans-
ported by EVs to other cells where they can induce protein ag-
gregation. Cytoplasmic (mis)localization of TDP-43 is likely
required for its secretion with EVs, and its release with EVs may
mirror the nuclear to cytoplasmatic shift of TDP-43 observed in
ALS and FTD.

Although our cohort included a high number of confirmed
TDP-43 cases, future studies with additional confirmed FTLD-tau cases
areneeded, as well as measurements from preclinical disease stages, to

determine how early these biomarkersincrease before symptom onset.
Cross-sectional and longitudinal samples need to be analyzed in addi-
tional,independent and ethnically more diverse cohorts (imbalanced
group sizes in DESCRIBE subcohort 2: Supplementary Data).

EVs can pass the blood-brainbarrier* but it is not known to what
extent plasma EV TDP-43 or tau stem from the CNS because both are
expressed in peripheral tissue?***, The correlation of CSF with plasma
EVTDP-43in ALS supportsthe notion that plasmaEV TDP-43 may reflect
CNS pathology. PlasmaEV tau and TDP-43 are almost exclusively found
in LICAM-positive EVs, which could further support a potential brain
origin, although the neuronal specificity of LICAM and its association
with EVs are controversially discussed™.

Strengths of our study are the large numbers of patient samples,
991intotal, and theindependent validationinanother cohort, contain-
ing altogether 97 genetically and/or neuropathologically confirmed
samples. Our workis the first study, to our knowledge, demonstrating a
blood-based, and therefore low invasive and easily accessible, fluid bio-
marker, which has great potential as adiagnostic marker to distinguish
FTLD-TDP from FTLD-tau, and to detect ALS and PSP. Cut-off values
determined by Gaussian mixture modeling were remarkably trans-
ferable between the different cohorts, particularly tau ratio cut-offs.
Plasma mEVs may even offer faster and easier preparation than sEVs,
althoughin our study, sEVs performed slightly better.

Ourwork may also haveimportantimplications for AD, where lim-
bic predominant TDP-43 co-pathology has been described in up to 55%
of cases®®*” and is associated with a more aggressive clinical course®’.
A combination of ‘classical’ AD biomarkers with plasma EV TDP-43 may
help to stratify AD cases withand without limbic predominant TDP-43
co-pathology pathology.

In summary, with EV 3R/4R tau and EV TDP-43 we describe the
first marker that specifically detects underlying molecular pathol-
ogy in patients with ALS, FTD and FTD spectrum disorders, whereas
previously suggested biomarkers reflect downstream effects such as
neurodegeneration (NfL)*"*? or inflammation (glial fibrillary acidic
protein)®>¢4,

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Patient samples

The DZNE Clinical Registry Study of Neurodegenerative Diseases
(DESCRIBE) cohortisamulticentric, longitudinal observational study
conducted by the German Center for Neurodegenerative Diseases
(DZNE) and its clinical sites. It recruits patients with different neuro-
degenerative conditions, including ALS, bvFTD and PSP. Recruitment
of these patients is described in more detail below. The multicenter,
longitudinal Degeneration Controls and Relatives cohort (DANCER)
serves to provide HCs for all DESCRIBE subcohorts. After written
informed consent (University of Bonn Ethics Board statement 311/14)
all participants undergo baseline and annual follow-up visits with
clinical and neurological examination, cognitive assessments, 3T mag-
netic resonance imaging (MRI), blood and CSF sampling following
identical standard operating procedures. Patients with AD dementia
wererecruited as part of the DESCRIBE cohort, following the National
Institutes of Aging-Alzheimer’s Association diagnosis criteria® and
confirmed by positive CSF amyloid-beta, total tau and p-taul81 status.

The DESCRIBE cohort

The DESCRIBE ALS cohort. ALS patients were diagnosed according
totherevised El Escorial Criteria®. Different motor phenotypes of ALS
were classified as classical ALS, progressive bulbar paresis, flail arm, flail
leg, progressive muscular atrophy, primary lateral sclerosis or genetic
ALS. Participants were clinically characterized using the Amyotrophic
Lateral Sclerosis Functional Rating Scale-revised. The Edinburgh
Cognitive and Behavioral ALS Screen®® served as an additional test to
identify cognitive and behavioralimpairment. ALS patients with cogni-
tiveimpairment, ALS with behavioral impairment, ALS with cognitive
and behavioral impairment, ALS-FTD following the Strong criteria®
and genetic ALS with a pathogenic FTD mutation also underwent the
assessments of the DESCRIBE FTD cohort.

The DESCRIBE FTD cohort. Patients with bvFTD were diagnosed
according to the revised Rascovsky criteria™ by an experienced mul-
tidisciplinary team of neurologists, psychiatrists and neuropsycholo-
gists, and under consideration of MRI and CSF data, when available.
Neuropsychological assessments included MMSE, the MoCA®, Free
and Cued Selective Reminding Test”, the Neuropsychological battery
ofthe Consortiumto Establish a Registry for Alzheimer’s Disease Plus
test’? including Trail Making Tests A and B and the mini-Social cognition
& Emotional Assessment test”. Psychiatric scales included Geriatric
DepressionScale™, the brief questionnaire of the NPI-Q*, and the func-
tional scales CDR-SB, CDR plus NACC FTLD, FAQ** and a modification
of the revised Cambridge Behavior Inventory*, the CBI-M.

Patients with svPPA were diagnosed according to Gordon-Tempini
criteria”. Baseline assessment of patients with PPA additionally
included amodified version of the Camel and Cactus test’®, the visual
form of the Sentence Comprehension Test”’, the Sentence Repetition
Test from the Aachen Aphasia Test’®, hierarchical word lists” and the
Repeat and Point Test®.

The DESCRIBE PSP cohort. The cohort design is summarized in ref.
81. Diagnosis of PSP was based on the National Institute of Neurologi-
cal Disorders and Stroke and the Society for PSP criteria® for partici-
pants recruited before 2017, and on the Movement Disorder Society
(MDS-PSP) diagnostic criteria® for participants recruited after 2017.
Participants were clinically phenotyped by the PSP-RS*, PSP-SS*,
PSP-QoL*, PSP-CDS**, SEADL*, MDS-UPDRS Part III*°, SAS*°, CGI-s™,
Geriatric Depression Scale’ and MoCA**.

The healthy control cohort DANCER. HC samples were obtained
from DANCER and included 71 participants who, based on neuropsy-
chological testing, neurological and psychiatric examination, do not
suffer from a neurodegenerative disease. Participants additionally

underwent MRI. The neuropsychological test battery follows the same
protocol and includes all assessments as the one used for participants
ofthe DESCRIBEFTD cohort. Participants undergo an annual follow-up
aswellas genetictesting at baseline (see below). Relatives with aknown
pathogenic FTD-ALS mutation were excluded as controls.

Genetics. All patients with a diagnosis of bvFTD, FTD-ALS, ALS with
cognitive and or behavior impairment, and all control subjects were
tested for pathogenic C9orf72 hexanucleotide repeat expansions,
for insertions or deletions in MAPT and GRN genes by multiplex
ligation-dependent probe amplification and for other protein-coding
variants by whole-exome sequencing. Specifically, expansions of the
C90rf72 GGGGCC hexanucleotide repeat were detected by the Ampli-
deX PCR/CE C90rf72 kit (Asuragen) with a cut-off value of 30 repeats
defining pathologically expanded repeats. For detection of deletions or
duplicationsin GRNand MAPT genes we employed the SALSA multiplex
ligation-dependent probe amplification kit (MRC-Holland). Partici-
pants with ALS and PSP were not systematically screened for mutations
as part of the DESCRIBE study protocol. Our study sample contained
37 mutation carriers, including 18 C9orf, 4 GRN,3 MAPT, 4 VCP,2 TBK1,
2 CHCHD10,2 FUS and 2 SOD-1 cases (Supplementary Table 10).

DZNE Brain Bank postmortem cohort and neuropathological diag-
nosis. In the DZNE Brain Bank, autopsies and sampling of tissues for
diagnostics and research is performed after written informed con-
sent in accordance with local ethics review boards. Brain autopsies
and neuropathological diagnosis were available for 31 participants
fromsubcohort 2, consisting of 24 cases with a TDP-43 proteinopathy
(ALS-TDP and FTLD-TDP, including 2 cases with TBKI mutation), 5 cases
withatau proteinopathy (PSP and FTLD-tauincluding 1 case with MAPT
mutation), aswell as1ALS with amutationin SOD-1and 1 ALS case with
a CHCHD10 mutation (Supplementary Table 11).

Neuropathological evaluation was performed for all cases on
formalin-fixed paraffin-embedded tissue sections from 20 standard-
ized neuroanatomical regions following guidelines for the assessment
and diagnosis of neurodegenerative diseases including immunohis-
tochemistry with antibodies against phosphorylated TDP-43 (clone
1D3)*, phosphorylated tau (clone AT8, Thermo Fisher), a-synuclein
(clone 4D6, Origene) and beta-amyloid (clone 4G8, Covance). For
all cases, assessment included reporting of AD neuropathological
changes® and presence/regional distribution of Lewy pathology®’.
Cases with FTLD-TDP were subclassified according to current criteria®’.

The Sant Pau cohort

Patients with ALS were prospectively recruited from the Motor Neu-
ron Disease Clinic at Hospital de la Santa Creu i Sant Pau. We included
patients categorized as probable laboratory-supported or definite
ALS according to El Escorial revised criteria®. ALSFRS-R in its Spanish
version® was systematically assessed at the time of sample acquisition.
Unimpaired HCs, bvFTD and PSP patients were recruited at the Sant Pau
Memory Unit and include individuals from the Sant Pau Initiative on
Neurodegeneration multimodal biomarker cohort. ALS-FTD patients
were recruited by Sant Apu Memory Unit and Motor Neuron Disease
Clinic. Informationabout clinical and neuropsychological assessments
and sample processing have been previously described in detail*.
Plasma samples were obtained using the same standard operating
procedure. All patient samples (ALS, ALS-FTD, bvFTD and PSP) were
screened for the presence of a pathogenic repeat expansion mutation
in C9orf72.In addition, patients with ALS were tested for mutations
ingenes causing ALS, FTD and AD using a gene panel. bvFTD and PSP
patients underwent whole-exome sequencing. In total, pathogenic
mutations were found in C90rf72 (n=16), GRN (n=6),SODI (n=4),
TBK1(n=3),FUS (n=3), TARDBP (n=1) and VCP (n =1). This study was
approved by the Hospital de laSanta Creui Sant Pau Ethics Committee.
Writteninformed consent was obtained from all participants.
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EVisolation from plasma and CSF
EVswere prepared from EDTA plasmaas describedinref. 26 by ablinded
experimentator. Briefly, 500 pl of plasma was thawed on ice and sub-
jected to serial centrifugation to isolate sEVs and mEVs. To remove
cellular debris, plasmawas centrifuged for 10 minat 4 °Cand 3,500g,
and twice at 4,500g. The supernatant was subsequently centrifuged
for30 minat10,000gand 4 °C. Theresulting pellet (mEV fraction) was
resuspended in100 pl of PBS, 1% CHAPS, whereas the supernatant was
applied to size-exclusion columns equilibrated with 10 ml of 20 mM
HEPES buffer (pH 7.4) toisolate sEVs (qEVoriginal, 70 nm+; Izon Science
Limited). Using the Izon Automatic Fraction Collector and by adding
20 mM HEPES buffer (pH 7.4), we eluted 24 fractions with a volume
of 500 pl. As shown previously®, fractions 7-10 contain the highest
EV concentrations without contamination by nonvesicular plasma
proteins. We therefore pooled fractions 7-10 as the sEV fraction and
subjected them to 4,000g centrifugation at 4 °C in an Amicon Ultra
centrifugal filter with a 3-kDa cut-off (Merck Millipore) for 40 min at
20 °Cto concentrate the sample. Subsequently, the volume was filled
up with 10% CHAPS in a 20-mM HEPES to a final concentration of 1%
CHAPS (300 pl). Samples were divided in three, stored at —20 °C until
further analysis of tau and TDP-43 content. CSF EV for correlation analy-
sis of CSF and plasma EV tau levels were prepared from all DESCRIBE
subcohort1cases, following the same protocol as for plasmaEVs, with
astarting volume of 1.5 ml of CSF. We prepared CSF EV for correlation
analysis with corresponding plasma EV TDP-43 levels for all ALS cases
inDESCRIBE subcohort 2 for which CSF was available (n = 41). Astarting
volume of 1 ml of CSF was used. Of note, in all cases CSF was drawn at
the same visit as plasma samples.

In all cohorts, we aimed for sex-balanced and age-balanced
diagnostic groups. The sex of participants was determined based on
self-report.

L1ICAM immunocapture assay

Plasma (500 pl) was thawed onice and subjected to serial centrifuga-
tion to isolate mEVs and sEVs as described above. mEVs were resus-
pended in 300 pl of PBS. SsEV preparations were concentrated to a
final volume of 300 pl, whichwas divided into three aliquots of 100 pl
each. LICAM immunoisolation from EV preparations was performed
asdescribed previously®. Inbrief,100 pl of sEVs were diluted in 400 pl
of double-distilled H,O supplemented with protease and phosphatase
inhibitors and 3% bovine serum albumin. Dilutions were incubated for
60 min with 2.7 pg of biotinylated mouse anti-human CD171 (LICAM
neural adhesion protein) antibody (clone 5G3; eBiosciences) at room
temperature and under constant shaking at 800 rpm. For the IgG con-
trol condition, 2.7 pg of biotinylated mouse immunoglobulin G2 (IgG2)
antibody (clone eBM2a; cat. no.13-4724-85, Thermo Fisher Scientific)
was added instead of anti-human CD171antibody. Subsequently, 26 pl
of streptavidin agarose Ultralink resin (Thermo Fisher Scientific) was
added followed by 60 min ofincubation at room temperature and shak-
ing at 800 rpm. Solutions were centrifuged for 10 min at 800g at 4 °C
and pellets were resuspended for 10 sin 50 pl of cold 0.1 M glycine-HCI
(pH 3.0) followed by centrifugation at 4 °C and 4,500g for 5 min. The
supernatant was transferred to tubes containing 50 pl of 3% bovine
serum albuminin1M Tris-HCI (pH 8.0). Aliquots of 5,15and 80 pl were
used for nanoparticle tracking analyzer (NTA), western blot and TDP-
43 or tau analysis by SIMOA or electrochemiluminescence/Meso Scale
discovery (MSD)/ELISA, respectively. Before TDP-43 and tau analysis,
CHAPS was added at a final concentration of 1%.

Western blotting

Westernblotting was performed according to standard protocols using
10% or 12% sodium dodecyl sulfate polyacrylamide gels, followed by
transfer to polyvinylidene fluoride (PVDF) membranes (Millipore).
PVDF membranes were blocked for 30 minin 4% w/v nonfat dried milk
inTBS-Tween 0.5% v/v (TBS-T). Primary antibodies were incubated with

the PVDF membrane overnight at 4 °C, and secondary antibodies for
1hat room temperature. Protein bands were visualized using an ECL
westernblotting detection kit (GE Healthcare). The following antibod-
ieswere used. (1) Primary antibodies: anti-Calnexin (1:2,000 dilution;
cat. no. C4731, Sigma-Aldrich), anti-Flotillin-2 (1:500 dilution; cat. no.
610384, BD Biosciences); anti-3R tau (RD3 anti 3R tau antibody; 1:500
dilution; cat. no. 05-803, Merck), anti-4R tau (anti-4R tau antibody;
dilution 1:500; cat. no. ab218314, Abcam), and anti-TDP-43 antibody
(dilution 1:500; cat. no. ab305694, Abcam). (2) Secondary antibod-
ies: HRP antimouse IgG (1:5,000 dilution; Dako), HRP antirabbit IgG
(1:5,000 dilution; Dako).

Nanoparticle tracking analyzer

NTA was performed with a NanoSight LM10 instrument and a LM14
viewing unitequipped witha532 nmlaser (NanoSight, Malvern Instru-
ments) by ablinded experimentator. Samples were recorded in quad-
ruplicates for 30 s and analyzed with the NTA 2.3 software.

Development of 3R and 4R isoform-specific tauimmunoassays
We developed two sandwichimmunoassays for the specific detection
of 3R and 4R tau isoforms, using antibody pairs of isoform-specific
tau antibodies with HT7, an antibody raised against an N-terminal,
isoform-independent epitope (amino acids 159-163).

Detection of 3Rand 4R tauin plasmaEVs and the specificity of the
antibodies was demonstrated by western blot analysis with recombi-
nant 3R and 4R tau proteins (Supplementary Fig. 3a-e).

Optimal dilutions of capture and detection antibodies were stand-
ardized, using the checkerboard method with serially increasing dilu-
tions of capture and detection antibodies, different dilution buffers,
incubation times, temperatures and EV lysis methods. The reproduc-
ibility of each assay was tested by performing them at least three times
with technical replicates. Immunoassay performance parameters
suchasprecision, intra-assay and interassay variability, matrix effect,
linearity and parallelism were determined for both 3R and 4R tau assays
in plasma-derived sEVs and mEVs using three biological replicates
(Supplementary Table1).

3R tauimmunoassay

Plasma sEV and mEV 3R tau were measured in duplicate, 50 pl per
well, by a blinded experimentator. Briefly, 96-well multiarray plates
(Meso Scale Discovery) were coated with RD3 anti-3R tau antibody
(cat.no. 05-803, Merck) after 1:600 dilution in Dulbecco s Phosphate
Buffered Saline overnight at4 °C. After washing three times with 0.05%
Tween-20in Dulbecco s Phosphate Buffered Saline (PBST), plates were
blocked at room temperature with 150 pl of blocking buffer per well for
1h under shaking at 350 rpm. Protein standards were prepared from
3R recombinant tau (htau23) by serial 2x dilution in blocking buffer
(7,000 pg mI™ highest standard to 109.38 pg ml™ lowest standard).
Standards and samples were incubated at room temperature under
shaking at 350 rpm for 2 h, followed by washing three times with PBST.
Plates werethenincubated for1hat roomtemperature with the detec-
tionantibody, biotinylated anti-total tau HT7 (product no. MN100OOB,
Thermo Fisher Scientific, epitope residues159-163), ata1:300 dilution
inblocking buffer and under shaking at 350 rpm. After washing three
times in PBST, 50 pl of sulfo-tagged streptavidin (Meso Scale Discovery)
was added in a1:300 dilution per well and incubated for 1 h at room
temperatureinthe dark and under shaking at 350 rpm. Plates were then
washed three times and each well was incubated with 150 pl of 2x MSD
Reading Buffer T (Meso Scale Discovery). Plates were then measured
using a Sector Imager 6000 and the MSD Discovery Workbench 3.0
Data Analysis Toolbox (Meso Scale Discovery).

4R tauimmunoassay
Plasma sEVand mEV 4R tau were measured in duplicate, 50 pl per well,
by ablinded experimentator. Plates (cat. no. DYOO0S8, Biotechne) were
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incubated with capture antibody directed against 4R tau (Abcam 4R
antibody; [EPR21725], cat.no.ab218314) in100 pl ofa1:300 dilutionin
plate-coating buffer (R&D DY0O0S8kit) for 18 hours at room temperature
and under constant shaking at 150 rpm. After washing three times
washing in 1x washing buffer (R&D DYO0O08 kit), blocking buffer (10x
diluted in dPBS, R&D blocking buffer, containing 0.1x HAMA blocker
(cat. no. ab193969, Abcam)) was added to each well and the mixture
was incubated at room temperature for 1 h under shaking at 350 rpm.
Wells were subsequently washed three times in washing buffer. 4R tau
standard was prepared from recombinant 4R tau (htau40) by serial
dilution in blocking buffer (standard 1 (7,000 pg ml™) to standard 7
(109.48 pg ml™)). Standard and samples were incubated for 2 h 20 min
at room temperature under shaking at 350 rpm. After washing three
times, wells were incubated under shaking at 350 rpm for 2 hatroom
temperature with detection antibody (biotinylated total tau HT7,
1:300 dilution in blocking buffer; product no. MN100OB, Thermo
Fisher Scientific), followed by washing three times and incubation with
streptavidin HRP (R&D Systems) for 30 min at room temperaturein the
dark withshaking at 350 rpm. Next, wells were washed three times and
incubated for 15 min with substrate solution (R&D DY008kit) and sub-
sequently with stop solution. The plates were subsequently measured
immediately using a BMG Fluostar ELISA reader.

TDP-43 SIMOA assay

TDP-43 levels were determined from plasma, plasma sEVand mEV frac-
tions using the human TDP-43 Advantage kit on aSIMOA HD-X analyzer,
software v.3.1 (Quanterix) by a blinded experimentator following the
manufacturer’sinstructions. As per the product information, the assay
was developed against TDP-43 amino acids 203-209 and the C-terminal
region. Samples were thawed onice and randomized on plates. Plasma
samples were measured in duplicate, and sEV and mEV samples as
singlets, 50 pl per well.

Plasma EV TDP-43 levels were sometimes low in the HC and PSP
groups, with 28 sample measurements below the lower limit of quan-
tification, most likely reflecting the absence of TDP-43 alterations in
these groups. Such floor effects could be a limiting factor; however,
they canbe easily overcome by using larger plasma volumes (>500 pl)
for sample preparation, if necessary.

Plasma NfL SIMOA assay

Plasma NfL concentrations were determined in duplicate, as previously
described”, using the SIMOA NF-light Advantage kit on a Quanterix
HD1analyzer (Quanterix) by ablinded experimenter according to the
manufacturer’sinstructions.

Statistical analysis

Statistical analysis and data visualization were performed using
Prism 7 (GraphPad Software), SPSS Statistics 21 (IBM) and R (R Foun-
dation for Statistical Computing) software programs. The statisti-
cal tests were two-tailed and values with P < 0.05 were considered
significant.

Comparisons of marker levels were performed using Kruskal-
Wallis tests followed by Dunn'’s correction for multiple comparisons
because of non-Gaussian distributions. Normal distribution assump-
tion was assessed based on visual inspection of histograms and Kol-
mogorov-Smirnov tests.

To assess the link between EV marker and clinical scales as well as
plasma NfL, Spearman correlations were used. To illustrate associa-
tions between plasma NfL and plasma EV 3R/4R tau ratio, plasma NfL
and plasma EV /TDP-43, as well as plasma EV 3R/4R tau and plasma
EV TDP-43 (Figs. 1, 2 and 4 and Supplementary Figs. 5, 7, 11 and 14),
monotonicregression splines (using the ‘cgam’ function from R pack-
age ‘splines’) were modeled. Notably, potential confounders (age, sex
and disease duration) showed no influence on plasmabiomarker levels
(Supplementary Tables 3and 7). We therefore used the nonparametric

tests described above with covariate adjustment to account for viola-
tions of normal distribution assumptions and nonlinear relationships.

MedcCalc software was used for computation and comparison
of ROC curves, using the method of Hanley and McNeil** (standard
error, 95% Cl for the difference and P value), as well as for calculation
of sensitivity and specificity. Precision recall curves, area under the
precision recall curve and Cls were calculated using the R code from
ref.93 and published prevalence estimates for the different diagnoses
(PSP**, ALS*, bvFTD®).

The cut-off values of 3R/4R tau ratio and TDP-43 levels were
defined with Gaussian mixture modeling using the R statistical software
program v.3.2.1 mix tools package as previously described in ref. 42.
First,the Rboot.comp function was used to determine the number of
distributions that fitted best to the data. Next, we defined data-driven
cut-offs as the point at which the lines of fitted normal distributions
crossed each other. Specifically, we derived three normal distributions
(as suggested by bootstrapping) and determined the intersection of
the middle normal distribution with the two more extreme distribu-
tions. We computed sensitivity and specificity based on the cut-offs
of plasma stV 3R/4R tau ratio and TDP-43 levels as determined by
mixture modeling.

Adescription of the CBI-M, transmission electron microscopy, cell
culture and smallinterfering RNA transfection,immunoprecipitation-
mass spectrometry of tau, preparation of recombinant tau protein and
assay validation are given in the Supplementary Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datathat support the findings of this study are available from the
authors but restrictions apply to the availability of these data, and
so they are not publicly available. Data are, however, available from
the authors upon reasonable request and with permission from the
cohorts’ steering committees (contact for and information on data
access: anja.schneider@dzne.de). Expected turnover times for data
applicationsis 3 months.

Code availability

The code used to conduct analyses is described in Methods.
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Extended Data Fig. 1| Study Design. Pilot study with samples from the
DESCRIBE cohort (subcohort1): HC, AD, svPPA, bvFTD, PSP groups, based on
clinical diagnosis and supported by CSF biomarkers in AD; detection of plasma
EV 3R/4R Tau. Validation study in the larger DESCRIBE subcohort 2, comprising
samples of the DESCRIBE cohort with HC, ALS, bvFTD and PSP groups and 63
pathology confirmed samples: detection of plasma EV 3R/4R Tau ratios, plasma

TDP-43
7 4

EV TDP-43 levels, and plasma TDP-43 concentrations. Validation of plasma EV
Tauratios, and plasma EV TDP-43 levels in the independent Sant Pau cohort,
includingHC, ALS, ALS-FTD, bvFTD, and PSP as diagnostic groups with altogether
34 genetically confirmed samples. Lower panel: Experimental flow of sEV and
mEV preparation. This figure was created using BioRender.com.
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Extended DataFig. 2| Correlation of plasmaEV Tau ratio with NfLin bvFTD (p = 0.000063). (e-g) Sant Pau cohort: Spearman correlation analysis
DESCRIBE cohort 2 and Sant Pau cohort. (a-d) Two-sided Spearman of associations and monotonic regression splines between plasma seV 3R/4R
correlation analysis of associations and monotonic regression splines between Tau ratio and plasma Nfllevels in (e) PSP and (f) bvFTD. Spearman correlation
plasmasEV 3R/4R Tau ratios and plasma Nfl levels in (a) PSP (p = 0.000012) analysis of associations and monotonic regression splines between plasma sev
and (b) bvFTD (p = 0.000051) diagnostic groups. Spearman correlation TDP-43 and plasma Nfl levelsin (g) bvFTD (p = 0.000085). (NfL measurements
analysis of associations and monotonic regression splines between plasma were only available for a subset of Sant Pau cases).

SEVTDP-43 levels and plasma Nfl levelsin (c) ALS (p = 0.000046) and (d)

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-02937-4

ns

o3 o ®o

QR0 °®

~ 1600
]
£ 14004
=
= 1200-
R
2 1000
%]
—
en 800
i
B 600
=
g 400-]
E 200-]
~

Extended Data Fig. 3 | Plasma TDP-43 levels in DESCRIBE subcohort 2. (biologically independent samples: HC n =56, ALS n =165, bvFTD n =179, PSP n =163). The
long horizontal line represents the median and the short horizontal lines represent the inter-quartile range (IQR) Kruskal-Wallis test with Dunn’s correction for

multiple comparisons. ns: non-significant.
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Extended Data Table 1| Demographic and Clinical Characteristics of All Patients in DESCRIBE subcohort 1

Characteristic DESCRIBE subcohort 1
Groups HC AD svPPA bvFTD PSP
n (total 704) 15 23 17 42 44
Sex =7 m=8 f=15 m=8 f=12 m=5 f=14 m=28 =19 m=25
Age (mean + SD) 65£7 * 72+6 68+5 61+ 10 66+ 8
Disease duration (median NA 4.0[2.0-4.5] ¢ 4.5[3.0-5.0] 5.5[2.0-5.0] 2.0[1.0-3.0]
[IQR])
AB1-42 1268[863-1463] *><0 | 528[463-854] ¢ | 612[425-762] | 665[416-789] | 662[285-805]
(pg/ml)(median[IQR])(n=494)
AP42/40 (mean + SD) 0.15+0.23* 0.042+0.1 0.1£0.2 0.096+0.12 0.11+1.3
(n=501)
tTau (pg/ml)(median[IQR]) 165[147-209] #b-d 385[263-412] ¢ 309 [240-390] | 312 [251-389] | 306[157-365]
(n=423)
pTau (pg/ml)(median[IQR]) 45[35-44] vbed 88[54-119) ofe 75[56-109] 65[46-115] 67[44-86]
(n=354)
ac o,
MMSE (mean £ SD)(n=541) 28%2 224250 2544 24+5 2548
MoCA (mean + SD) (n=114) 2742 acd 1918 2445 2142 2342
NPI-Q (mean + SD) (n=203) 320.6 *bed 1843 2141 24242 2141
FAQ (mean + SD) (n=612) 2:40.4 abed 214 2143 2242 20+1
CDR-SB (mean + SD) 0.5£0.8 »b¢ 1582 fe 12+2 11.5£3 10.5+4
(n=259)
CDR plus NACC FTLD 0.5+0.65 © NA NA 10.2£2.5 NA
(mean £ SD) (n=134)
CBI-M (mean + SD) (n=189) 0.34+0.1°¢ NA NA 1.37+0.86 NA
PSP-RS (mean + SD) (n=194) NA NA NA NA 29.45+14.8
PSP-SS (mean = SD) (n=190) NA NA NA NA 2.61+1.18
PSP-CDS (mean + SD) (n=77) NA NA NA NA 18.642.5
UPDRS III (mean + SD) NA NA NA NA 32.10+17.93
(n=195)

SAS (mean = SD) (n—179) NA NA NA NA 2148.52
SEADL (mean + SD) (n—=200) NA NA NA NA 55.58427.97
CGls (mean + SD) (n=192) NA NA NA NA 3.61+1.59
FAB (mean + SD) (n=175) NA NA NA NA 6.51+5.41
PSP-QoL (mean + SD) NA NA NA NA 38.52+18.46

(n=184)
Plasma Nil 11.7[8.65-13.56] *><4 | 33.45[28.5-56.89] | 27.15[12-39] | 32.45[22-41] | 29.48[18-41]
(pg/mL)(median[IQR])
(n=755)
SEV 3R Tau 329.4[293.1-379.4] | 328.4[239.4-384.8]%¢ | 312.0[233.6- | 684.1[591.9- | 91.20[61.34-
(pg/mL)(median[IQR]) od 384.9] 888.8]Y 150.2]
SsEV 4R Tau 287.7[272.1-340.2]¢¢ | 307.3[260.3-482.5]¢ 295.8[236.5- 270.2 [211.8- 448.9[332.2-
(pg/mL)(median[IQR]) 356.1] 381.6)1 775.8]
SEV 3R/4R Tau 1.16[0.99-1.29] «¢ 0.91[0.58-1.25] "¢ 0.99[0.98-1.11] 2.59[2.02- 0. 18[0.13-0.29]
ratio(median[IQR]) b1 3.87]

HC versus AD p < 0.0001
HC versus svPPA p <0.0001
° HC versus bvFTD p <0.0001
[ HC versus PSP p < 0.0001
AD versus svPPA p <0.0001
" AD versus bvFTD p < 0.0001
£ AD versus PSP p <0.0001
" svPPA versus bvFTD p <0.0001
' svPPA versus PSP p < 0.0001
bvFTD versus PSP p < 0.0001

Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

JAbbreviations: AD (Alzheimer’s disease); svPPA (semantic variant Primary Progressive Aphasia); ALS (amyotrophic lateral
sclerosis); bvFTD (behavioral variant frontotemporal dementia); PSP (progressive supranuclear palsy); MMSE (Mini-Mental State
[Examination); MoCA (Montreal Cognitive Assessment); NPI-Q (The Neuropsychiatric Inventory—Questionnaire); FAQ (The
[Functional Activities Questionnaire); PSP-RS (Progressive Supranuclear Palsy Rating Scale), PSP-SS (Progressive Supranuclear
Palsy Staging System Score); PSP-CDS (The Progressive Supranuclear Palsy Clinical Deficits Scale); UPDRS III (Unified
Parkinson's Disease Rating Scale I11); SEADL (The Schwab and England Activities of Daily Living); CGIs (Clinical Global
Impression-Severity scale), FAB (Frontal Assessment Battery); PSP-QoL (Health-Related Quality of Life Questionnaire for
Patients); CDR-SB (sum of the boxes score of the 6 domains of the Clinical Dementia Rating Scale); CDR plus NACC FTLD (
Clinical Dementia Rating Scale plus behavior/comportment and language domains); CBI-M (The Cambridge Behavioural Inventory
Modified Version); IQR (Inter-Quartile Range); NA (not applicable). Cut-off values for normal and abnormal concentrations of AB42]
(< 496 pg/ml), tTau (> 470 pg/ml), pTau (> 57 pg/ml), and AB42/40 ratio (< 0.09) (DELCODE/Bonn).
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Extended Data Table 2 | Demographic and Clinical Characteristics of All Patients in DESCRIBE subcohort 2

Characteristic DESCRIBE subcohort 2
Groups HC ALS bVFTD PSP
n (total 704) 56 165 179 163
Sex 31m=25 68 m=97 95 m=84 =82 m=81
Age (mean + SD) 6827 61+3 65+8 67+9
Disease duration (median NA 20[1.0-35]° 5.0[3.0-6.0] 3.0[3.0-5.0]
1QR])
ApI-42 1021[797.8-1288] **<| 5153[3813-642.2] [658.6 [406.5-843.6]| 657.9[239.9-
[(pe/mi)(median[IQR])(n=494 832.7]
"AP42/40 (mean + SD) 0.12:0.18 0.110.12 0.098£0.19 0.13£0.08
(1=501)
Tau (pg/ml)(median[IQR]) | 184[156-202]*>< 302(243-408] 358[245-366] | 318[163-367)
=
pTau (pg/mi)(median[IQR]) | 48.6[26.1-41.2]*> | 61.3[52.4-96.1) | 67.7 [45.7-112.8] |65.2[43.6-92.8]
(n=354)
he
MMSE (mean = SDY-541) 285 244 24+3 2446
MoCA (mean  SD) (n=114) 2654 *F 2122 201 2451
NPI-Q (mean + SD) (n=203) 24280 2042 2341 2022
FAQ (mean = SD) (n=612) 421 e 222 2353 2244
CDR-SB (mean + SD) 0.5:0.2%0< 81 13,542 1154
(n=259)
CDR plus NACC FTLD 05203° NA 12551 NA
(mean £ SD) (n=134)
CBIM (mean + SD) (n=189) 029+0.03" NA 149205 NA
[PSP-RS (mean = SD) (n-194)| NA NA NA 35476144
[PSP-SS (mean + SD) (n=190) NA NA NA 3.10+1.07
PSP-CDS (mean + SD) NA NA NA 19453
®=77)
UPDRS 11T (mean + SD) NA NA NA 42.78+17.12
(1=195)

SAS (mean + SD) (n-179) NA NA NA 20453
[SEADL (mean = SD) (n=200)| NA NA NA 559242322
CGls (mean = SD) (n=192) NA NA NA 426+1.07
FAB (mean + SD) (n=175) NA NA NA 6814423
PSP-QoL (mean + SD) NA NA NA 350542128

(n=184)
Language (mean = SD) NA 262152.127 NA NA
(n=141)
Verbal fluency (mean + SD) NA 13185518 NA NA
(=138
Executive (mean + SD) NA 37.6+6.25 NA NA
(n=145)
Memory (mean = SD) NA 15945527 NA NA
(n=148)
Visuospatial (mean + SD) NA 151108 NA NA
(n=143)
ALS specific(mean + SD) NA 77.24£10.86 NA NA
ALS-nonspecific (mean + NA 27474575 NA NA
SD) (n=145)
ECAS Total (mean = SD) NA 104.6£15.22 NA NA
(n=145)
ALS FRS-R (mean = SD) NA 18.63:4.3 NA NA
(=132
Plasma Nfl 8.7[5.23-7.52]* | 38.56[28.5-46.89] | 36.44[23.244] | 30.28[182-
(pg/mL)(median[IQR]) 40.55]
(n=755)
SEV 3R Tau 477. 2[420.4-552.8] *<[430.9[380.8-484.4] 4<518.0[418.4-663.9] | 237.3[172.7-
(pg/mL)(median[IQR]) 320.0]
SEV 4R Tau 492.5[420.0-584.6] P~ | 445.7[386.9-539.5] ¢ [450.9[237.5-583.7] | 532.4[357.3-
(pg/mL)(median[IQR]) 851.6]
mEV 3R Tau 460.2[359.3-582.1]" |566.6(438.1-720.0] *<[517.6[363.9-687.0] | 205.6[182.2-
(pg/mL)(median[IQR]) 254.4]
mEV 4R Tau 540.2[4513-645.9] °< [ 568.1[446.5-695.8] <[330.5[245.0-446.1] | 438.1[312.7-
(pg/mL)(median[IQR]) 556.2]
SEV 3R/4R Tau 0.99[0.91-1.03] % | 0.95[0.88-1.01] % | 1.10[0.99-1.76] " |0.45[0.34-0.60]
ratio(median{IQR])
mEV 3R/4R Tau 0.93[0.75-1.06]° | 1.00[0.91-1.09] % | T.42[1.10-2.06] * [0. 50[0.39-0.63]
ratio(median[IQR])
Plasma TDP-43 213.9[70.80-287.40] ¢| 178.0 [60.90-330.0] | 213.9[103.20- | 256.6[132.6-
(pg/mL)(median[IQR]) 333.0] 351.0)
SEV TDP-43 947[7.63-13.33] " |45.45[28.88-83 21] <[31.25[14.45-41.09] 19.09[7.73-13.27]
(pg/mL)(median[IQR])
mEV TDP-43 10.67[8.54-15.101° |41.60 [31.35-53.56]°*| 19.30[9.79-35.00]" [9.70[8.43-15.00]
(pg/mL)(median[IQR])
EV particles (10/mL) (mean 385415.1 362453 336562 347442
+5D)

HC versus ALS p < 0.0001
HC versus bvFTD p < 0.0001

 HC versus PSP p < 0.0001

! ALS versus bvFTD p < 0.0001

F ALS versus PSP p < 0.0001
bVETD versus PSP p < 0.0001

Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

Abbreviations: AD (Alzheimer's disease); svPPA (semantic variant Primary Progressive Aphasia); ALS
lamyotrophic lateral sclerosis); bvFTD (behavioral variant frontotemporal dementia); PSP (progressive
lsupranuclear palsy); MMSE (Mini-Mental State Examination); MoCA (Montreal Cognitive As
|(The Neuropsychiatric Inventory-Questionnaire); FAQ (The Functional Activities Questionnair
|(Progressive Supranuclear Palsy Rating Scale), PSP-SS  (Progressive Supranuclear Palsy Staging System Score);
PSP-CDS (The Progressive Supranuclear Palsy Clinical Deficits Scale); UPDRS 111 (Unified Parkinson's Disease
[Rating Scale 111); SEADL (The Schwab and England Activities of Daily Living); CGIs (Clinical Global
Impression-Severity scale), FAB (Frontal Assessment Battery); PSP-QoL. (Health-Related Quality of Life
lQuestionnaire for Patients); ECAS (Edinburgh Cognitive and Behavioural ALS Sereen); FRS-R (Functional
Rating Scale-Revised); CDR-SB. (sum of the boxes score of the 6 domains of the Clinical Dementia Rating Scale);]
ICDR plus NACC FTLD ( Clinical Dementia Rating Scale plus behavior/comportment and language domains);
ICBI-M (The Cambridge Behavioural Inventory Modified Version); IQR (Inter-Quartile Range); NA (not
kapplicable). Cut-off values for normal and abnormal concentrations of AB42 (<496 pg/ml), (Tau (> 470 pg/ml),

Tau (> 57 pg/ml), and AB42/40 ratio (< 0.09) (DELCODE/Bonn).
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Extended Data Table 3 | Demographic and Clinical Characteristics of All Patients in Sant Pau cohort

Characteristic Sant Pau cohort
Groups HC ALS ALS-FTD bvFTD PSP
n (total 292) 50 65 58 50 41
Sex =31 m=19 =29 m=36 =29 m=39 =17 m=33 =22 m=19
Age (mean + SD) 58+4* 63 £ 148 679 67+10 72+£7
MMSE (mean + SD)(n=115) 29.3+0.97>d NA 25.84+4 21.9+7.7 2328 +6.9
AB1-42(pg/ml)(median[IQR])(n=89) 1069[659-1971] © NA NA 837[411-1981] 841[384-1733]
AB42/40 (mean + SD) (n=89) 0.1+0.01°¢ NA NA 0.09+0.02 0.08+0.03
tTau (pg/ml)(median[IQR]) (n=88) 239[132-391]¢ NA NA 366[128-1015] 418[155-786]
pTau (pg/ml)(median[IQR]) (n=87) 31.65[15.4-55.8] NA NA 37.9[18.8-122.3] 42.15[25.5-112.1]
NPI-Q (mean = SD) (n=65) NA NA 4.76+6.7" 8.4245.6 6.5+4.5
CDR-SB (mean + SD) (n=41) NA NA 1.29+1.5 4+3.99 NA
CDR plus NACC FTLD (mean + SD) NA NA 2,96 £2.2" 6.1£3.1 NA
(n=41)
PSP-RS (mean + SD) (n=9) NA NA NA NA 5.5+5
UPDRS III (mean + SD) (n=14) NA NA NA NA 34.21+15
FAB (mean + SD) (n=14) NA NA NA NA 10£3.69
ALS specific(mean + SD) (n=30) NA NA 5593+ 18 NA NA
ALS-nonspecific (mean + SD) (n=30) NA NA 2553+5.6 NA NA
ECAS Total (mean + SD) (n=30) NA NA 81.47 £21.02 NA NA
ALS FRS-R (mean  SD) (n=121) NA 32.83+9.64 31.81+9.09 NA NA
Disease duration (months) (median NA 16.5[1-347] 23 [4-361] NA NA
[IQR])
Plasma Nfl (pg/mL)(median[IQR]) 8.25[3.12-27.22]¢ NA NA 33.11[7-136] 41.86[11.76-194.9]
(n=91)
SEV 3R Tau (pg/mL)(median[IQR]) 417.6[369.9-481.1]¢ 429.2[309.6-465.5]¢ 396.3[354.1- 507.9[241.6-637.2]! 320.5[249.8-385.8]
448.2]

SEV 4R Tau (pg/mL)(median[IQR]) 415.2[326.7-495.0] ¢ 422.9[348.6-508.3]° |416.9[375.0-511.5]| 325.3[120.5-536.1]¢ 773.7[523.3-1130.0]
mEV 3R Tau (pg/mL)(median[IQR]) 460.1[407.6-530.1] ¢ 473.0[407.3-512.9] | 437[390.1-493.8] | 503.8[266.2-698.9] 355.9[267.8-441.6]
mEV 4R Tau (pg/mL)(median[IQR]) 495.7[433.0-591.0] ¢ 504.9[416.2-606.8]  |497.7[447.7-610.6] 405.8[143.8-658.2] 831.6[566.7-1172.0]

sEV 3R/4R Tau ratio(median[IQR]) 1.02[0.96-1.06] «¢ 1.025[0.92-1.11]%¢  |0.95[0.84-1.00] ™| 1.34[1.17-2.34] 0.38[0.33-0.50]
mEV 3R/4R Tau ratio(median[IQR]) 0.94[0.88-0.98] 4 0.94[0.85-1.02] *¢ | 0.88[0.78-0.92]"! 1.26[1.06-2.16] 0.37[0.33-0.53]

SEV TDP-43 (pg/mL)(median[IQR]) | 10.41[8.50-14.65] **< | 45.60 [31.55-64.45] "¢ 52354[11.13- [ 24.1[11.13-40.55]" 10.2[8.30-12.35]

40.55] ™
mEV TDP-43 (pg/mL)(median[IQR]) 13.89[11.33-19.53] 60.80[42.10-85.95]  |69.80[52.28-97.90] 20.35[12.80-43.55] 12.70[11.15-16.20]
EV particles (107/mL) (mean + SD) 21.6+10.62 29.71£22 29.4+13.4 39.4435.9 21.2+12.5

' HC versus ALS p <0.0001

P HC versus ALS-FTD p < 0.0001

“ HC versus bvFTD p <0.0001

HC versus PSP p <0.0001

F ALS versus ALS-FTD p <0.0001

" ALS versus bvFTD p < 0.0001
EALS versus PSP p <0.0001
"ALS-FTD versus bvFTD p < 0.0001
' ALS-FTD versus PSP p <0.0001
bvFTD versus PSP p <0.0001

Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

[Range); NA (not applicable).

|Abbreviations: AD (Alzheimer’s disease); svPPA (semantic variant Primary Progressive Aphasia); ALS (amyotrophic lateral sclerosis); bvFTD (behavioral variant
frontotemporal dementia); PSP (progressive supranuclear palsy); MMSE (Mini-Mental State Examination); MoCA (Montreal Cognitive Assessment); NPI-Q (The
europsychiatric Inventory—Questionnaire); FAQ (The Functional Activities Questionnaire); PSP-RS (Progressive Supranuclear Palsy Rating Scale), PSP-SS
(Progressive Supranuclear Palsy Staging System Score); PSP-CDS (The Progressive Supranuclear Palsy Clinical Deficits Scale); UPDRS III (Unified Parkinson's
[Disease Rating Scale I1I); SEADL (The Schwab and England Activities of Daily Living); CGIs (Clinical Global Impression-Severity scale), FAB (Frontal
|Assessment Battery); PSP-QoL (Health-Related Quality of Life Questionnaire for Patients); ECAS (Edinburgh Cognitive and Behavioural ALS Screen); FRS-R
(Functional Rating Scale-Revised); CDR-SB (sum of the boxes score of the 6 domains of the Clinical Dementia Rating Scale); CDR plus NACC FTLD ( Clinical
[Dementia Rating Scale plus behavior/comportment and language domains); CBI-M (The Cambridge Behavioural Inventory Modified Version); IQR (Inter-Quartile
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Statistical analysis

Statistical analysis and data visualization were performed using Prism 7 (GraphPad Software Inc., La Jolla, CA, USA), IBM SPSS Statistics 21 (IBM
Corporation, Armonk, NY, USA), R studio 3.2.1 (R Foundation for Statistical Computing, Institute for Statistics and Mathematics,
Wirtschaftsuniversitat Wien, Vienna, Austria), MedCalc software version 22.021 and HD-X analyzer, software version 3.1 (Quanterix, Billerica,
MA, USA). The statistical tests were two-tailed and values with p <0.05 were considered significant. Comparisons of marker levels were
performed using Kruskal-Wallis tests followed by Dunn's correction for multiple comparisons due to non- Gaussian distributions. Normal
distribution assumption was assessed based on visual inspection of histograms and Kolmogorov-Smirnov tests. To assess the link between EV
marker and clinical scales as well as plasma NfL, Spearman correlations were used. To illustrate associations between plasma Nfl and plasma
EV 3R/4R Tau ratio, plasma NfL and plasma EV /TDP-43, as well as plasma EV 3R/4R Tau and plasma EV TDP-43 (Fig. 1,2,4, Suppl.
Fig.S,7,11,14), monotonic regression splines (using the "cgam" function from R package "splines") were modeled. Notably, potential
confounders (i.e. age, sex and disease duration) showed no influence on plasma biomarker levels (Suppl. Tables 3, 7). We therefore used the
non-parametric tests described above with covariate adjustment to account for violations of normal distribution assumptions and non-linear
relationships.

MedCalc was used for computation and comparison of ROC curves (with the method of Hanley&McNeil[122])(standard error (SE), 95%
confidence interval (Cl) for the difference, and p-value) as well as for calculation of sensitivity and specificity. Precision recall curves, area
under the precision recall curve (AUPRC) and confidence intervals were calculated using the R code from Boyd et al. (2013)[123] and
published prevalence estimates for the different diagnoses (PSP[124], ALS[125], bvFTD[126]).




The cut-off values of 3R/4R Tau ratio and TDP-43 levels were defined with Gaussian mixture modeling using the R 3.2.1 mix tools package as
previously described by Bertens et al. [61]. First, the R boot.comp function was used to determine the

number of distributions that fitted best to the data. Next, we defined data-driven cut-offs as the point where the lines of fitted normal
distributions crossed each other. Specifically, we derived three normal distributions (as suggested by bootstrapping) and determined the
intersection of the middle normal distribution with the two more extreme distributions. We computed sensitivity and specificity based on the
cut-offs of plasma sEV 3R/4R Tau ratio and TDP-43 levels as determined by mixture modelling.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data that support the findings of this study are available from the authors but restrictions apply, and hence not available publicly due to ethics approval
regulations/data protection. Data are, however, available from the authors upon reasonable request and with permission from the cohorts’ steering committees
(contact for and information on data access: anja.schneider@dzne.de). Expected turnover times for data applications is 3 months.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We report on sex in a demographics table. We tested for correlation of our data with sex and no correlation was found.

Reporting on race, ethnicity, or  We do not report on race, ethnicity or socially relevant groupings. Information on sex was obtained by the study physicians

other socially relevant (database entry). Study physicians obtained this information from patients, patients charts, name or in case of ambiguity by
groupings asking patients and or caregivers.

Population characteristics Detailed information is found in Extended Data Tables 1&2

Recruitment Patient samples

The DZNE Clinical Registry Study of Neurodegenerative Diseases (DESCRIBE) cohort is a multicentric, longitudinal
observational study conducted by the German Center for Neurodegenerative Diseases (DZNE) and its clinical sites. It recruits
patients with different neurodegenerative conditions, including ALS, bvFTD and PSP. Recruitment of these patients is
described in more detail below. The multicenter, longitudinal Degeneration Controls and Relatives cohort (DANCER) serves to
provide healthy controls for all DESCRIBE subcohorts. After written informed consent (University of Bonn Ethics Board
statement 311/14) all participants undergo baseline and annual follow-up visits with clinical and neurological examination,
cognitive assessments, 3T magnetic resonance imaging (MRI), blood and CSF sampling following identical standard operating
procedures (SOPs). Patients with Alzheimer’s Disease (AD) dementia were recruited as part of the DESCRIBE cohort, following
the National Institutes of Aging- Alzheimer’s Association (NIA-AA) diagnosis criteria90 and confirmed by positive CSF amyloid-
beta, total Tau and p-Tau181 status.

Patients were recruited at the different DZNE clinical cooperation units from specialized outpatient clinics. Patients were
referred to these clinics by general physicians, neurologists or psychiatrists. DANCER participants were recruited by
advertisement (DZNE website, flyers) from the general population. Although we included patients at all disease stages at all
levels of cognitive or motor impairment, there could be a selection bias since patients with more severe impairment or their
caregivers may not be willing to participate. Thus, our cohort may underrepresent more progressed disease stages. Since the
study focuses on early diagnostic markers and since we also correlated results with clinical scales of disease severity, this
should not have affected our findings.

The DESCRIBE ALS cohort

ALS patients were diagnosed according to the revised El-Escorial-Criteria91. Different motor phenotypes of ALS were
classified as classical ALS, progressive bulbar paresis, flail arm, flail leg, progressive muscular atrophy (PMA), primary lateral
sclerosis (PLS) or genetic ALS. Participants were clinically characterized using the Amyotrophic Lateral Sclerosis Functional
Rating Scale-revised (ALS-FRS-R)92. The Edinburgh Cognitive and Behavioral ALS Screen (ECAS)93 served as an additional test
to identify cognitive and behavioral impairment. ALS patients with cognitive impairment (ALSci), ALS with behavioral
impairment (ALSbi), ALS with cognitive and behavioral impairment (ALScbi) and ALS with frontotemporal dementia (ALS-FTD)
following the Strong criteria94 and genetic ALS with a pathogenic FTD mutation, additionally underwent the assessments of
the DESCRIBE FTD cohort (see below).

The DESCRIBE FTD cohort

Patients with bvFTD were diagnosed according to the revised Rascovsky criteria9S by an experienced multidisciplinary team
of neurologists, psychiatrists and neuropsychologists and under consideration of MRl images and CSF data, when available.
Neuropsychological assessments included Mini Mental State Examination Test (MMSE), the Montreal Cognitive Assessment
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(MoCA)41, Free and Cued Selective Reminding Test (FCSRT)96, the Neuropsychological battery of the Consortium to Establish
a Registry for Alzheimer's Disease (CERAD) Plus test97 including Trail Making Tests A and B and the mini-Social cognition &
Emotional Assessment (Mini-SEA)98 test. Psychiatric scales included Geriatric Depression Scale (GDS)99, the brief
questionnaire of the Neuropsychiatric Interview (NPI-Q)S3, and the functional scales CDR-SB, CDR plus NACC FTLD,
Functional Activities Questionnaire (FAQ)SO, and a modification of the revised Cambridge Behavior Inventory (CBI-R)54, the
CBI-M.

Patients with semantic variant PPA (svPPA) were diagnosed according to Gordon-Tempini criterial00. Baseline assessment of
patients with PPA additionally included a modified version of the Camel and Cactus test101, the visual form of the Sentence
Comprehension Test (SECT-V)102, the Sentence Repetition Test from the Aachen Aphasia Test103, hierarchical word lists104
and the Repeat and Point Test105.

The DESCRIBE PSP cohort

The cohort design is summarized in106. Diagnosis of PSP was based on the National Institute of Neurological Disorders and
Stroke and the Society for PSP (NIND-SPSP) criterial07 for participants recruited before 2017, and on the Movement
Disorder Society (MDS-PSP) diagnostic criterial08 for participants recruited after 2017. Participants were clinically
phenotyped by PSP rating scale (PSP-RS)42, PSP staging system (PSP-SS)109, PSP quality of life scale (PSP-Qol )48, PSP-clinical
deficits scale (PSP-CDS)43, Schwab and England disability scale (SEADL)44, MDS-Unified Parkinson's Disability Rating Scale
(MDS-UPDRS) Part 11146, Starkstein Apathy Scale (SAS)47, Clinical Global Impression Severity Scale (CGl-s)45, GDS99, and
MoCA41.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

The Healthy Control cohort DANCER

Healthy controls samples were obtained from the Degeneration Controls and Relatives cohort (DANCER) and included 71
participants who, based on neuropsychological testing, neurological and psychiatric examination, do not suffer from a
neurodegenerative disease. Participants additionally underwent MR imaging. The neuropsychological test battery follows the
same protocol and includes all assessments as the one used for participants of the DESCRIBE FTD cohort. Participants
undergo an annual follow-up as well as genetic testing at baseline (see below). Relatives with a known pathogenic FTD-ALS
mutation were excluded as controls.

The Sant Pau cohort

Patients with ALS were prospectively recruited from the Motor Neuron Disease Clinic at Hospital de la Santa Creu i Sant Pau.
We included patients categorized as probable laboratory-supported, or definite ALS according to El Escorial revised
criterial19. ALSFRS-R in its Spanish version120 was systematically assessed at the time of sample acquisition. Unimpaired
healthy controls, bvFTD and PSP patients were recruited at the Sant Pau Memory Unit and include individuals from the Sant
Pau Initiative on Neurodegeneration multimodal biomarker cohort. ALS-FTD patients were recruited by Sant Apu Memory
Unit and Motor Neuron Disease Clinic. Information about clinical and neuropsychological assessments and sample processing
have been previously described in detail64. Plasma samples were obtained using the same SOP. All patient samples (ALS, ALS-
FTD, bvFTD and PSP) were screened for the presence of a pathogenic repeat expansion mutation in C9orf72. In addition,
patients with ALS were tested for mutations in ALS, FTD and AD causing genes using a gene panel. bvFTD and PSP patients
underwent whole exome sequencing. In total, pathogenic mutations were found in C9orf72 (n=16), GRN (n=6), SOD1 (n=4),
TBK1 (n=3), FUS (n=3), TARDBP (n=1), VCP (n=1). This study was approved by the Hospital de la Santa Creu i Sant Pau Ethics
Committee).

Ethics oversight University of Bonn Ethics Board statement 311/14
Sant Pau Ethics Committee
The DESCRIBE and DANCER cohort studies were approved by University of Bonn Ethics Board, statement 311/14. The Sant
Pau cohort was approved by the Sant Pau Ethics Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size DESCRIBE: subcohort 1 was a pilot study. Subcohort 2: we asked for all available samples and received the given numbers, resulting in unequal
group sizes. No power calculation was performed. Sant Pau: sample sizes were chosen based on available sample numbers and with the aim
of similar numbers per diagostic groups.

DESCRIBE: We applied for all available samples from the DZNE DESCRIBE cohort with a diagnosis of bvFTD, for 100 samples with ALS and for
125 with PSP and 75 healthy controls. All bvFTD samples were asked for because of the scope of this study to detect TDP-43 and Tau
pathology in this group. PSP was applied for as a 4R Tau control cohort, ALS as a TDP-43 control cohort. Sample numbers were determined by
availability of samples.

Sant Pau: we applied for n=50 with diagnosis of ALS, ALS-FTD, bvFTD, PSP, healthy controls and as many as possible genetically confirmed
cases.




Data exclusions  Modified version of the Cambridge Behavioural Inventory (CBI-M)
In the DESCRIBE-FTD cohort, we used a modified 50-item version of the CBI-R. Before including this new version into the analyses, we
conducted a principal component analysis (PCA) with varimax rotation to confirm the theoretical factor structure. Participants with over 20%
missing rate over all items were removed. In addition, one item with over 20% missing rate across all participants was excluded. Four further
items were excluded due to the low factor loadings and cross-loadings. Therefore, the modified version (CBI-M) resulted in 45 items with 12
new items and 33 items from the CBI-R. The total CBI-M score was calculated by the mean of all available item scores for each bvFTD
participant.
Plasma: 1 case was excluded from subcohort 1 as 4R Tau was not measurable. No other values/samples were excluded.
CSF: Several cases had to be excluded from subcohort 1 CSF as 4R Tau was not measurable. The number of excluded cases is given in the
manuscript.

Replication We replicated our findings on Tau ratio in a second subset of the DZNE DESCRIBE cohort (subcohort 2). Measurements of the DESCRIBE
cohort samples were done once (singletons) due to the limited availability of sample volume. Findings were reproduced in the independent
Sant Pau cohort for both tau and TDP-43.
For EV TDP-43 findings in subcohort 2, we determined cut-off values using mixture modelling and tested their sensitivity and specificity in a
hold-out data set of confirmed pathology.

Randomization  Samples were randomized on the 96-well plates using sample randomization tool https://olink.com/fag/sample-randomization/

Blinding Experimenters were blinded to diagnosis

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used Pathology: Taul (provided by Drs. Nicholas Kanaan and Lester Binder) and HJ8.5 (provided by Dr. David Holtzman)
antibodies against phosphorylated TDP-43 (clone 1D3110), phosphorylated tau (clone ATS8, cat no. MN1020,Thermo Fisher), a-
synuclein (clone 4D6, cat no. AMO5094PU-N, Origene), and beta-Amyloid (clone 4G8, cat no. SIG-39220, Covance).

Western Blotting (WB), ELISA and MSD: Primary antibodies: Anti-Calnexin (cat no. C4731, Sigma-Aldrich, Darmstadt, Germany,
1:2000 dilution for WB), anti-Flotillin-2 (cat no. 610384, BD Biosciences, San Jose, CA, USA, 1:500 for WB), anti-3R Tau (RD3, cat no.
05-803, Merck,1:600 for MSD, 1:500 for WB), anti-4R Tau (cat no. ab218314, Abcam, 1:300 for ELISA, 1:500 for WB), anti-TDP-43
antibody (cat no. ab305694, Abcam, 1:500 for WB), HT7 (cat no. MN1000B, Thermo Fisher Scientific, epitope residues 159 — 163,
1:300 for MSD/ELISA, 1:500 for WB), biotinylated mouse anti-human CD171 (L1LCAM neural adhesion protein) antibody (clone 5G3,
eBiosciences, San Diego, CA, USA, cat no. 13171982, Thermo Fisher Scientific,1:500 for WB and IP), biotinylated mouse 1gG2 antibody
(clone eBM2a, cat n0.13472485, Thermo Fisher Scientific),1:500 for WB and IP.

Secondary antibodies: HRP anti mouse IgG (Dako, cat number P044701-2, 1:5000), HRP anti rabbit 1gG (Dako, cat number P044801-2,
1:5000).

TDP-43 Simoa advantage kit, cat no. 103293, lot n0.503756, Nfl Simoa Advantage kit cat no. 103186, lot no. 503546.

Validation This validation statement below is provided for 3R tau, 4R tau and TDP-43.
Suppl Table 1 and
Sensitivity: For the determination of the lower limit of quantification (LLOQ) of each assay, 16 blank samples were measured on one
plate. The calibration curves were calculated using a four-parameter logistic curve fit for all assays, which gave the optimal fit. LLOQ
was calculated as the concentration corresponding to the 2.5 signal standard deviation above the background (zero calibrator)
following the guidelines in Andreasson et al.6. Precision: Intra-assay variation (repeatability) was determined by analysis of samples
(n=5) in four replicates on one plate. Inter-assay variation (intermediate precision) was measured to determine the variation of
analyses between 5 different days. Dilutional linearity: Three different EV samples were used in duplicates to perform the dilution
linearity experiments. The dilutional linearity (dilutions 2x, 4x and 8x) was calculated as follows: %Linearity = [observed C *dilution
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factor/ previous observed C”previous dilution factor] “100; C = concentration(pg/mL). Recovery: Three different plasma EV samples,
measured in duplicates, were spiked with recombinant 3R Tau, 4R Tau, and TDP43 calibrator at three different concentrations (low:
3R and 4R Tau 1,750 pg/mL, TDP-43 1,250 pg/mL; medium: 3R and 4R Tau 3,500 pg/mL, TDP-43 2,500 pg/mL; high: 3R and 4R Tau
7,000 pg/mL, TDP-43 5,000 pg/mL). For neat samples, the buffer was spiked instead of the calibrator. Spike recoveries were
calculated according to the formula: % Recovery = [C spike sample-C neat sample /theoretical C spike] *100; C = concentration (pg/
mL). Parallelism: Three different EV samples with high endogenous protein concentrations were serially diluted (2x, 4x and 8x). Both
reciprocal relative dilution factor and OD450 absorbance signals of the samples and calibrator were log-transformed and linear
regression was performed to calculate the slopes of the sample and calibrator curves. The slope of the linear parts of the log—log
transformed calibrator and sample dilution series were compared to determine the degree of parallelism by calculating the “in range
%" using the following formula: in range% = [slope of sample dilution /series slope of calibration curve] *100.

Other antibodies:

-Anti-Calnexin (cat no. C4731, Sigma-Aldrich, Darmstadt, Germany)

This antibody has been validated with an ‘Enhanced Validity (EV)’ certificate by the manufacturer. Manufacturer has tested this
antibody on Western blot (WB)-Cell Line/Tissue Extract Hela or HepG2 Cells, WB Titer 1:2000-1:4000 and immuno-precipitation (IP)
on Cell /Tissue Lysate Hela Cells. On ‘CiteAb’ antibody database (www.citeab.com), this antibody has been cited in 233 publications
where around 55% of the assays were performed on human origin samples followed by mouse.

-Anti-Flotillin-2 (cat no. 610384, BD Biosciences, San Jose, CA, USA)

According to the manufacturer, this antibody has been QC tested on human samples. On ‘CiteAb” antibody database
(www.citeab.com), this antibody has been cited in 17 publications where almost 75% of the assays were performed on human origin
samples followed by mouse. Reported application is Western Blot (WB) at 1:1000 dilution.

-Biotinylated mouse anti-human CD171 (L1CAM neural adhesion protein) antibody (clone 5G3

eBiosciences, San Diego, CA, USA (Cat no. 13171982, Thermo Fisher Scientific))

On ‘CiteAb’ antibody database (www.citeab.com), this antibody has been cited in 37 publications all assays were performed on
human origin samples. Reported applications are Western Blot (WB), ELISA and FC/FACS. This antibody has been used to capture
extracellular vesicle (EVs) from serum in Winston et al. ‘Evaluation of blood-based, extracellular vesicles as biomarkers for aging-
related TDP-43 pathology.” Alzheimers Dement (Amst). 2022 Dec 15;14(1):e12365. doi: 10.1002/dad2.12365. PMID: 36540894;
PMCID: PMC9753157.

-HT7 (cat no. MN1000B, Thermo Fisher Scientific, epitope residues 159 — 163)

According to the manufacturer, this antibody has been QC tested on human samples. On ‘CiteAb’ antibody database
(www.citeab.com), this antibody has been cited in over 100 publications where almost 60% of the assays were performed on human
origin samples followed by mouse and rat. Reported application is Western Blot (WB), ELISA, IHC and ICC. This antibody is also used
in Tau ELISA from Fujirebio which is widely used in the clinic for diagnosis of Alzheimer disease (AD) patients.

Pathology: Taul (provided by Drs. Nicholas Kanaan and Lester Binder) and HJ8.5 (provided by Dr. David Holtzman)

antibodies against phosphorylated TDP-43 (clone 1D3110), phosphorylated tau (clone ATS8, cat no. MN1020,Thermo Fisher), a-
synuclein (clone 4D6, cat no. AMO5094PU-N, Origene), and beta-Amyloid (clone 4G8, cat no. SIG-39220, Covance).

These antibodies are widely used antibodies and regularly used in diagnosis confirmation post-mortem.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) SH-SYSY cells
Authentication SH-SYSY cell line was purchased from ATCC (cat no. CRL-2266)
Mycoplasma contamination cells were not tested for mycoplasma contamination

Commonly misidentified lines  none
(See ICLAC register)

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Cohort study, no clinical intervention trial.
Study protocol available upon reasonable request
Data collection Ongoing recruitment

Outcomes No defined outcomes, since longitudinal cohort study




Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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