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Abstract

INTRODUCTION: Individuals with Down syndrome (DS) are at an ultra-high risk of

developing Alzheimer’s disease (AD). Diagnosis of AD onset in people with DS can

be challenging due to the variable degrees of intellectual disability and cognitive

impairment among individuals.

METHODS: Plasma samples from individuals with DS diagnosed with AD dementia

(n=33), prodromalAD (n=31), or cognitively stable (n=43)wereenriched for neuron-

derived extracellular vesicles (NDEV) using immunocapturewith the L1CAMantibody.

We used single-molecule array technology to quantify amyloid-β (Aβ) peptides, Tau,
phosphorylated Tau, neurofilament light chain (NfL), and synaptosomal-associated

protein 25 (SNAP25) across diagnostic groups.

RESULTS: NDEV levels of Aβ40, Aβ42, Tau, pTauT181, pTauT231, NfL, and SNAP25

were significantly higher in people with DS diagnosed with prodromal AD compared

to those with no cognitive decline. Middle-aged or older women had higher levels of

NDEV biomarkers compared tomales.

DISCUSSION:NDEVbiomarker levels can informon theonset ofAD in individualswith

DS.
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Highlights

∙ Diagnosis of Alzheimer’s dementia in individuals with Down syndrome (DS)is

challenging.
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∙ Neuron-derived extracellular vesicles were enriched from plasma of adults with

Down syndrome.

∙ Alzheimer’s disease biomarkersweremeasured using singlemolecule array technol-

ogy.

∙ NDEV biomarkers accurately predicted the prodromal stage of dementia in people

with DS.

1 BACKGROUND

Down syndrome (DS) is the most common aneuploidy and cause of

intellectual disability of genetic origin, with an incidence of 1 in ≈700

babies in the United States.1 Improved medical care has increased the

life expectancy of individuals with DS, which now reaches 60 years

of age,2 making age-related comorbidities more prevalent in this pop-

ulation. The triplication of a segment or the entire chromosome 21

(Hsa21)3 results in the overexpressionof several genes believed to play

a role in the development of Alzheimer’s disease (AD) pathology and

clinical manifestations of dementia4 and puts individuals with DS at

an ultra-high risk of developing AD at an earlier age than the general

population.5 Thepresence of the amyloid precursor protein (APP) gene

onHsa21 leads to theoverproductionof amyloid-beta (Aβ),whichplays
a key role in DS-associated AD.6 Other Hsa21 genes implicated in the

dysregulation of Tau phosphorylation might also affect progression of

AD pathology in DS.7,8 Consequently, DS is now considered a form of

genetically determined early-onset AD.9

Diagnosis of dementia in DS is tightly related to age,10 with cog-

nitive decline starting in the fifth decade and dementia diagnosed on

average by 53 years of age.11 Diagnosis of prodromal AD dementia

(pDS) in individuals with DS can be challenging because of the vari-

able degrees of cognitive impairment and intellectual disability among

individuals.12 Since early detection of AD is likely to affect the ther-

apies and care that people with DS receive, much effort has been

dedicated to advancing the diagnosis of prodromal AD using differ-

ent biomarker methods, including neuroimaging.13,14 However, with

the notable exceptions of NfL and pTauT181,15,16 blood biomarkers

for the diagnosis of dementia in DS have shown low diagnostic per-

formance, highlighting the need for the development of brain-specific

non-invasive biomarkers that could also informondisease processes.17

Extracellular vesicles (EVs) are lipid-delimited nanoparticles

released by all cells in the body. They have gained attention because

of their important functions in cell–cell communication.18 Given their

small size, EVs can diffuse from the central nervous system (CNS) to

the peripheral circulation.19 They can be enriched from the blood using

immunocapture-based techniques, which makes them an attractive

source for biomarker discovery.20 EVs contain proteins, lipids, and

nucleic acids that mirror the content of the cell they originate from,

providing a snapshot of the homeostatic status of their cell of origin.

Some EVs, referred to as microvesicles, are formed directly by budding

of the plasma membrane, while others, often referred to as exosomes,

are formed by the inward budding of the endosomal membrane, creat-

ing multivesicular bodies that then fuse with the plasma membrane to

release exosomes in the extracellular space.18 Small EVs enriched from

blood, likely including both exosomes and small microvesicles, have

recently emerged as a non-invasive promising source of biomarkers in

cancer and neurodegenerative diseases.21,22

We previously demonstrated that (i) neuron-derived EVs (NDEVs)

enriched from blood of individuals with DS had higher levels of Aβ42
peptides and phosphorylated Tau than age-matched non-DS controls,

starting in childhood, and (ii) individualswith early or fully symptomatic

dementia had higher levels of pTauS396, compared to individuals with

no apparent dementia.23 Building on these findings, we hypothesized

that the cargo of NDEV would inform the progression of dementia in

people with DS. To our knowledge, one previous study24 has examined

NDEV in DS, but this was done in the context of insulin signaling and

mammalian target of rapamycin (mTOR) pathway in young individuals

withDS. By including both commonADbiomarkers and synaptosomal-

associated protein 25 (SNAP25), our study offers a novel perspective

on evaluating dementia progression in DS. Cerebrospinal fluid (CSF)

levels of SNAP25 were shown to be a promising biomarker of synap-

tic degeneration in AD.25,26 Our main objectives were to (1) compare

the distribution of Aβ40, Aβ42, Tau, NfL, pTauT181, pTauT231, and
SNAP25 concentrations in NDEVs in different clinical groups of indi-

vidualswithDS; (2) correlateNDEVADbiomarker levels toCSF and/or

plasma levels and cognitive measures; and (3) examine the predictive

valueof a combinationof variables todetect dementia onset in a cohort

of individuals with DS.

2 MATERIAL AND METHODS

2.1 Study participants

We included adults with DS (≥18 years) who had been evaluated

at the Hospital de la Santa Creu i Sant Pau in Barcelona (Spain)

through a population-based health plan designed to screen for AD

dementia, which includes yearly neurological and neuropsychological

assessments. The clinical statusof eachparticipantwasdetermined fol-

lowing neuropsychological and neurological assessments.27 The level

of disability was categorized according to the Diagnostic and Statis-

tical Manual of Mental Disorders, Fifth Edition, as mild, moderate,

severe, or profound intellectual disability, based on carers’ reports

of the individuals’ best-ever level of functioning.28 Each specialist

conducted their evaluation independently, remaining blinded to each
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other’s evaluations and to the participants’ biomarker status. Based

on their consensus, participants were classified into the following clin-

ical groups: asymptomatic (aDS) with no signs of AD; pDS with AD

symptoms not meeting criteria for dementia; and dementia (dDS) with

clear AD-related dementia.27 Plasma and CSF levels of AD biomarkers

were previously measured using single molecule array (Simoa; Quan-

terix) as described elsewhere.27 Cambridge Cognitive Examination for

Older Adults with Down syndrome (CAMCOG-DS, low scores associ-

ated with worse cognitive performance) and Dementia questionnaire

for people with Learning Disabilities (DLD, high scores associated with

worse cognition) scores were available for some participants included

in this cohort.28

2.2 Isolation of NDEVs from human plasma

Enrichment forNDEVswas performed in two sequential steps, consist-

ing of polymer precipitation followed by immunocapture with L1CAM

antibody as described previously.29,30 Technical details can be found in

the Supplemental Materials. All relevant data have been submitted to

the EV-TRACK knowledgebase (ID EV250061).31

2.3 NDEV characterization

The shape and size ofNDEVswere verified using transmission electron

microscopy (TEM). Briefly, 10 µL of NDEV suspension (in DPBS) was

loaded onto a discharged grid and incubated for 5min at room temper-

ature. The excess liquid was then blotted with filter paper, and the grid

immediately rinsed with 10 µL of deionized water. Thereafter, 10 µL of

filtered 2% aqueous uranyl acetate was immediately added for nega-

tive staining.After full removal of the liquid fromthegrid, sampleswere

air-dried for approximately 3 min. Samples were imaged at 80 kV on

a Thermo Fisher Tecnai G2 12 BioTwin TEM equipped with a NS15B

sCMOSAMTCamera.

NDEV size and concentration were assessed with two differ-

ent methods. Fluorescent nanoparticle tracking analysis (NTA) with

LM10 Nanosight apparatus (Malvern Instruments) was performed as

described previously.29 We also used the single-particle interfero-

metric reflectance imaging sensor-based (SP-IRIS) analyzer (ExoView,

NanoView Biosciences) to examine the tetraspanin distribution with

the Human Tetraspanin Plasma kit assay kit according to the manufac-

turer’s instructions. This assay captures EVs expressing CD63, CD81,

CD9, with mouse IgG as negative control and CD41a as indicator of

platelet-derived EVs.32

To demonstrate relatively specific enrichment for small EVs of

neuronal origin, we compared biomarker levels in four plasma sam-

ples from healthy volunteers and corresponding NDEV preps. EV-

specific markers, membrane-bound tetraspanin CD81, and luminal

Alix were measured using commercial enzyme-linked immunosorbent

assay (ELISA) kits (Cusabio; TX, USA). To show enrichment for rela-

tively specific neuronal proteins,wemeasured, using Simoa technology

on the SR-X instrument (Quanterix; MA, USA) the levels of Tau, UCH-

RESEARCH INCONTEXT

1. Systematic review: The authors conducted a compre-

hensive review of the literature using both traditional

sources (e.g., PubMed) and conference abstracts from

the Alzheimer’s Association International Conference.

While numerous articles address plasma biomarkers of

Alzheimer’s disease (AD) in Down syndrome (DS), no

studies have specifically examined biomarkers in neuron-

derived extracellular vesicles (NDEV) in the context ofAD

progression in DS. All relevant previous work has been

cited appropriately.

2. Interpretation: Our findings underscore the feasibility of

using NDEV biomarkers to track dementia onset in indi-

viduals with DS. We provide evidence that the cargo of

NDEV can serve as a source of brain-specific biomarkers,

applicable not only toDS but also to other neurodegener-

ative conditions.

3. Future directions: Longitudinal studies leveraging NDEV

and other brain-derived EV are needed to deepen

our understanding of the pathological processes driv-

ing dementia onset in individuals with DS. Additionally,

future work should prioritize validating the use of NDEV

as a non-invasive approach to monitor brain-specific

processes, with an emphasis on implementing standard-

ization and interlaboratory validation experiments.

L1, NfL, and SNAP25 in NDEV preps. We also measured the levels of

plasma-abundant lipoprotein ApoB100 (Cat.# E08100h, Cusabio; TX,

USA), as suggested by International Society for Extracellular Vesicles

(ISEV) guidelines.33

2.4 Biomarker analysis

Levels of CD81 were measured in all NDEV preps using a colori-

metric ELISA kit (EL004960Hu, Cusabio; TX, USA). NDEV biomarker

levelsweremeasured using ultrasensitive Simoa technology on the SR-

X instrument (Quanterix; MA, USA). The human Neurology 3-plex A

assay was used to measure Tau (N-terminal to mid-domain (R1) Tau),

Aβ40, and Aβ42. NfL, SNAP25, pTauT181, and pTauT231 levels were

measured using Quanterix singleplex assays on the SR-X platform,

followingmanufacturer’s instructions.

2.5 Statistical analysis

Since group variances were significantly different, we used Welch’s

analysis of variance (ANOVA) followed by Dunnett’s T3 post hoc mul-

tiple comparisons to test for group differences. Sex differences were
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TABLE 1 Cohort demographics.

Parameter Asymptomatic (aDS)

Prodromal Alzheimer’s

disease (pDS)

Alzheimer’s disease

dementia (dDS) ANOVA p-value
Dunnett’s T3 post hoc

adjusted p-values

Sample size 43 (40%) 31 (29%) 33 (31%) –

Age (years) 40.4 [19.2–56.8] 50.4 [44.2–59.7] 53.7 [45.4–64.3] <0.001 aDS-pDS: p< 0.0001

aDS-dDS: p< 0.0001

pDS-dDS: p= 0.036

Biological sex

Male 29 (67%) 15 (48%) 16 (48%) 0.152

Female 14 (33%) 16 (52%) 17 (52%)

Intellectual disability

Mild 13 (30%) 4 (13%) 3 (9%) 0.032

Moderate 21 (49%) 13 (42%) 24 (73%)

Severe or profound 9 (21%) 14 (45%) 6 (18%)

CAMCOG-DS score 73 [31–101] *32 47 [26–73] *10 40 [2–72] *16 <0.001 aDS-pDS: p= 0.002

aDS-dDS: p< 0.0001

DLD score 18 [0–55] *34 32 [13–69] *13 48 [6–75] *21 <0.001 aDS-pDS: p= 0.022

aDS-dDS: p< 0.001

pDS-dDS: p= 0.034

Note: Data are presented as n (%) ormean [range]. CAMCOG-DSandDLDscoreswere available only for some individuals in each group (number of individuals

indicated after the asterisk *). Group differenceswere testedwith Chi-square test for sex, Kruskal–Wallis test for intellectual disability and one-way ANOVA

for continuous variables (age, CAMCOG-DS and DLD scores). For continuous variables, significant adjusted pairwise comparisons p-values (Dunnett’s T3)
are presented.

Abbreviations: ANOVA, analysis of variance; CAMCOG-DS, Cambridge Cognitive Examination for Older adults with Down syndrome; DLD, Dementia

questionnaire for people with Learning Disabilities.

examined with Welch’s t-test and two-way ANOVA with sex and diag-

nosis (or age group) as independent variables. Correlation analysis

between NDEV, plasma, and CSF, and cognitive measures was car-

ried out using Spearman’s correlations. To assess which biomarker or

combination of biomarkers would best predict the dementia status,

we used backward stepwise logistic regression models using all NDEV

biomarkermeasures, age, and level of intellectual disability to calculate

predicted values that were used to build receiver operating charac-

teristics (ROC) curves. NDEV SNAP25 levels were not included in the

logistic regression analysis as measurements were available for a lim-

ited number of subjects. Backward stepwise logistic regression results

were confirmed by running logistic regressions on all possible com-

binations of predictive variables using ChatGPT (OpenAI). Statistical

analyses were performed with SPSS (v28), and graphs were prepared

with GraphPad Prism (v10).

3 RESULTS

3.1 Participants demographics

We included NDEVs enriched from 107 plasma samples from individ-

uals with DS. At the time of blood collection, 43 were asymptomatic

(aDS), 31 were diagnosed with pDS, and 33 with AD dementia (dDS,

Table 1). As expected, participants asymptomatic for AD were signif-

icantly younger than those in the pDS and dDS groups (p < 0.001),

although the age ranges showed some overlap between groups. There

were significant differences in the distribution of intellectual disabil-

ity among groups (p = 0.032). CAMCOG-DS and DLD scores, available

only for someparticipants,were significantly different between groups

(Table 1).

3.2 Characterization of NDEVs

The analysis of intact NDEVs using fluorescent NTA revealed an

enrichment of EVs in the expected size range, with concentrations

ranging from 108–109 particles/mL, and an average size of 102 nm

(Figure S1A). Transmission electron microscopy revealed EVs within

the expected size range (Figure S1B). Further, using the SP-IRIS plat-

form, we found NDEV concentrations ranging from 1 × 107 EV/mL to

1.2×108 EV/mL,with amedian size of≈50nm (Figure S1C), as typically

observed on this platform.32 A majority of NDEV were captured by

CD9, followed by CD63 and CD81 (Figure S2A). Colocalization analy-

sis (Figure S2B) demonstrated an enrichment of double-positiveNDEV

captured on the tetraspanin chips compared to the CD41a and MIgG

chips.

Using commercial ELISA kits, we found that CD81 and Alix levels

were significantly elevated (Figure S3A,B) while levels of apolipopro-

tein B (ApoB) were decreased 200-fold (Figure S3C) in the NDEV
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F IGURE 1 Biomarker levels (black bars showmean± 95%CI) in neuron-derived EVs. Group differences were tested withWelch’s ANOVA
test, followed by Dunnett’s T3multiple comparisons test. p-Values were adjusted for multiple comparisons. aDS, asymptomatic Down syndrome;
ANOVA, analysis of variance; CI, confidence interval; dDS, Alzheimer’s disease dementia Down syndrome; EV, extracellular vesicle; pDS,
prodromal Alzheimer’s disease Down syndrome.

preps compared to matching plasma samples, demonstrating a rela-

tively specific enrichment for EVs in our preparations. Next, to confirm

enrichment for neuronal EVs in our preparations, we measured lev-

els of specific neuronal biomarkers (UCH-L1, NfL, SNAP25, and Tau)

as well as GFAP (glial fibrillary acidic protein, an astrocyte-specific

marker) in the NDEVs preps and matching plasma samples. All four

neuronal proteins were measurable to some extent in plasma sam-

ples using the Simoa technology (Quanterix; MA, USA) (Figure S3E,H).

However, levels of the neuron-specific proteins were between 5 and

2500 times higher in NDEV preps than in matching plasma samples,

confirming a specific enrichment of EVs from neuronal origin.

3.3 AD biomarker levels in NDEVs

The levels of tetraspanin CD81 were not significantly different

between diagnosis groups (p = 0.196, Figure S4). The mean value of

CD81 levels in each diagnosis group was set to 1.00, and the rela-

tive values for each sample were used to normalize the biomarker

levels.34 We examined the effects of dementia progression on the

cargo of NDEV from individuals with DS by measuring the levels of

seven biomarkers indicative of neurodegenerative processes. NDEV

levels ofAβ40,Aβ42, Tau, pTauT231, pTauT181, SNAP25, andNfLwere
significantly higher in individualswith pDS, compared to asymptomatic

participants with DS (Table S1 and Figure 1). Interestingly, in NDEVs

from individuals with clinically diagnosed AD, the levels of biomark-

ers were stable or even slightly decreased compared to individuals

withprodromalAD,which resulted innon-significant groupdifferences

between the pDS and dDS groups (Figure 1). We found no significant

differences based on ID levels (Figure S5). Lastly, we found that only

NDEVNfL levels correlatedwith age (Spearman rho=0.318, p=0.001,

Figure S6).

3.4 Effects of biological sex on NDEV biomarker
levels

We previously reported23 that men with DS had higher levels of

pTauT181 than women with DS, which prompted us to examine sex

differences in this study. We found that women had significantly

higher NDEV biomarker levels than men (all p < 0.05, Welch’s t-test,

Figure 2A), except for pTauT181 and SNAP25 (not shown). We further

investigated this across diagnosis groups using two-way ANOVA (sex

× diagnosis). The main effect of diagnosis was statistically significant

for all biomarkers (all p < 0.03), except for SNAP25. Using pairwise

comparisons, we found no sex difference in the asymptomatic group.

However, in the dDS group, women had significantly higher levels of

Aβ42, NfL, pTauT231, and pTauT181 thanmen (all p≤ 0.05, Figure 2B).

Further, in the pDS group, women tended to have higher levels of

pTauT231 compared tomen (p=0.09, Figure 2B).Overall, these results

point to sex differences emerging in symptomatic stages of the disease.

However, cohort demographics show that age is not always a good indi-

cator of clinical diagnosis (see Table 1). To further narrow down the age

window during which the difference between men and women arises,

we stratified by age groups, with age groups being defined as less than

43 years of age, between 43 and 49, and older than 50 years of age.
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F IGURE 2 Biological sex differences in AD biomarker levels in neuron-derived EVs in the entire cohort (A), by diagnosis group (B), and by age
group (C). Data are presented asmean± 95% confidence intervals. (A)Women had significantly higher levels of AD biomarkers (except pTauT181)
in NDEVs (Welch’s t-test). (B)Women in the AD diagnosis group (dDS) had significantly higher levels of all biomarkers (except Aβ40) compared to
men. (C)When the cohort was divided based on age groups (younger than 43, between 43 and 49, and 50 and older), women older than 50 years
had significantly higher levels of Aβ40, Aβ42, and pTauT231, whereas 43- to 49-year-old women had higher levels of Tau andNfL, in contrast to
what was observed with diagnosis groups. Aβ, amyloid-beta; AD, Alzheimer’s disease; EV, extracellular vesicle; NDEV, neuron-derived extracellular
vesicle; NfL, neurofilament light chain.

We found thatwomen had significantly higher levels of Aβ40 andAβ42
than men in the older group (> 50 years) while their levels of Tau and

NfL were highest between 43 and 49 years of age (Figure 2C). Overall,

sex differences appeared similarly distributed between age and clinical

diagnosis only for Aβ42 and pT231 (Figure 2B,C).

3.5 NDEV biomarker levels correlate with CSF
and blood biomarkers

We next examined whether NDEV and plasma or CSF biomarker

levels correlated, hypothesizing that CSF and NDEV levels, because

of their CNS origin, would correlate more strongly than plasma and

NDEV levels. NDEV NfL levels correlated positively with CSF NfL,

Tau, and pTauT231, as well as with plasma levels of pTauT231, NfL,

and pTauT181 (Figure 3). NDEV Aβ42 levels correlated negatively

with CSF Aβ42 levels only marginally, but positively with CSF Tau and

pTau as well as with plasma pTauT181 levels. NDEV Tau levels were

positively correlated with CSF Tau and Aβ42 levels, as well as with

plasma pT181 levels. NDEV pTauT231 levels were positively corre-

lated with CSF Aβ42, NfL, Tau, and pT231 levels. NDEV pTauT181

and SNAP25 levels did not correlate with other CSF or plasma

measures.

3.6 Relationships between NDEV biomarker
levels and cognitive measures

CAMCOG-DS and DLD scores were available for more than half of

the cohort participants, predominantly in the asymptomatic group

(Table1).We found thatNDEVNfL, andSNAP25 levelswerenegatively

correlated with CAMCOG-DS scores across the entire cohort (Figure

S7A,B). Further, we found positive significant correlations between

NDEV levels of Tau, Aβ42, and NfL with DLD scores (rho = 0.247,

p = 0.043; rho = 0.277, p = 0.022; and rho = 0.430, p < 0.001,

respectively; Figure S7C–E).
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F IGURE 3 Spearman correlations heatmap. Spearman rho-values
are presented with p-values (#p< 0.07; *p< 0.05, **p< 0.01).
Correlations were run using partial datasets for CSF and plasma
biomarkers. CSF biomarker levels were available for 22 participants
(Aβ40, Aβ42, and NfL) and 55 participants (tTau, pTau, and pT231).
Plasma biomarker levels were available for 59, 90, and 71 participants,
respectively, for NfL, pT231, and pT181. NDEV levels of SNAP25 (not
shown) did not correlate with any other measures. Aβ, amyloid-beta;
CSF, cerebrospinal fluid; NDEV, neuron-derived extracellular vesicle;
NfL, neurofilament light chain.

3.7 Onset of dementia in DS is predicted by age
and increase in NDEV biomarker levels

We used a backward stepwise logistic regression model to examine

which combination of the six NDEV biomarkers, along with age and

ID levels, would best predict the onset of AD in DS. A model including

the variables age, NfL, and pTauT231 levels was the most predictive of

the progression from aDS to pDS, giving an area under the ROC curve

(AUC) of 0.96 (95% confidence interval [CI] 0.92–0.99) (Table 2 and

Figure 4). When examining the transition from pDS to dDS dementia,

only the variables age and ID levels stood out as the most predictive

(AUC = 0.76 [95% CI 0.65–0.88]), with no NDEV biomarker remain-

ing in the model. When comparing aDS versus combined pDS and dDS

groups, age, NfL, pT231, and Aβ42 remain in the model, producing

an AUC of 0.96 [95% CI 0.92–0.99]. These findings were further sup-

ported by running logistic regressions on each possible combination of

predictive variables (see Table S2).

Lastly, we examined correlations between NDEV biomarker levels

for each diagnosis group. Overall, with the exception of NfL, stronger

positive Spearman correlations were observed in the pDS and dDS

groups compared to the aDS group (Figure S8), potentially indicating

dynamic changes associated with compensatory mechanisms aimed at

clearing toxic proteins from neurons.

4 DISCUSSION

Detection of AD dementia onset in people with DS is challenging due

to variable levels of intellectual disability, making it particularly diffi- T
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F IGURE 4 Receiver operating characteristics (ROC) curves
comparing the asymptomatic (aDS) groupwith prodromal AD
dementia (pDS) group (green curve), with the dementia (dDS) (purple
curve) group, andwith the combined pDS and dDS groups (orange
curve). The blue curve depicts the ROC curve comparing the pDS to
the dDS group. Area under the ROC curves (AUC) and 95% confidence
intervals (95%CI) are presented for each curve. The ROC curves
correspond to the best backward stepwise logistic regressionmodel
for each comparison.

cult to diagnose the onset of AD symptomatology in this population.

We report that the levels of Aβ40, Aβ42, Tau, pTauT231, pTauT181,
SNAP25, and NfL in NDEVs enriched from plasma are elevated in

symptomatic AD stages compared to cognitively stable (CS) individ-

uals with DS. These findings add to our previous study in which we

reported that individuals with DS had increased NDEV levels of Aβ42
and pTauS396 compared to non-DS cases.23 Novel findings of this

study include that females had higher biomarker levels than men in

symptomatic patients and in the older participants. Lastly, we demon-

strated an excellent diagnostic performance of NDEV biomarker levels

of NfL and pTauT231 in combination with age to distinguish aDS from

pDS cases with an AUC of 96%.

While there has been some debate around the use of the L1CAM

antibody to enrich plasma/serum samples for EVs from neuronal

origin,35 recent studies have unambiguously demonstrated the pres-

ence of the ectodomain of L1CAM on neuronal EVs.36,37 In our

validation experiments, we observed several-fold increases in NDEV

levels of specific neuronal proteins such as Tau, SNAP25, and UCH-

L1 and a significant decrease in astrocytic GFAP, when compared to

matching plasma samples, supporting the idea of a relatively specific

enrichment for neuronal EVs. Interestingly, we did not find any dif-

ferences in terms of levels of CD81 between the diagnostic groups,

suggesting that similar numbers ofNDEVswere released into plasma in

all participants. Although we did not include a non-DS control group in

this study,CD81 levelsmeasured inNDEVfromanothernon-DScohort

were lower,38 supporting the observation that individuals withDSmay

release increased numbers of NDEVs.39 Nonetheless, future studies

should include other methods to quantify NDEV abundance, such as

microfluidic resistive pulse sensing or nanoflow cytometry.40

A major finding of this study is the significant increase in NDEV

levels of Aβ40, Aβ42, Tau, pTauT181, pTauT231, SNAP25, and NfL

between CS individuals with DS and those diagnosed with prodro-

mal AD, with percent increases ranging from 55% (pTauT181) to

317% (NfL). Detection of AD pathology in living individuals currently

relies on CSF biomarkers or neuroimaging, which provide insights into

neuropathological events and can help diagnose AD. However, these

techniques require a high level of expertise, remain invasive, expensive,

and are not well-suited for the inclusion of people with DS in clini-

cal trials.2 In this context, plasma biomarkers have gained traction as

a minimally invasive option for AD diagnosis in DS. While plasma lev-

els of Aβ40, Aβ42, and Tau showed low diagnostic accuracy,41 plasma

NfL, albeit increased with age and not specific to AD, was found in

distinct cohorts to have good diagnostic performance to detect AD

in adults with DS.15,42,43 In a large cohort of adults with DS, plasma

pTauT181 was shown to have good diagnostic accuracy (AUC = 0.92)

for differentiating CS individuals from those with dementia but did

not perform as well for distinguishing prodromal AD from CS indi-

viduals (AUC = 0.80).16 However, plasma levels of pTauT181 can

be confounded by comorbidities such as chronic kidney disease and

hypertension,44 which appear to be prevalent in individuals with DS,45

highlighting the need for more brain-specific biomarkers. Future stud-

ies should examine NDEV levels of ptau217 or pTau212 as they were

shown to be accurate plasma biomarkers of both Tau and Aβ pathology
in DS.46,47

Findings from CSF biomarker measures showed significant differ-

ences in Aβ42, Tau, and pTauT181 levels between asymptomatic and

symptomatic AD stages in DS,27,28,48 but consistent with our find-

ings in NDEV, showed no differences between prodromal AD and AD.

Between 50 and 55 years of age, many individuals with DS will tran-

sition from no cognitive impairment (NCI) to symptomatic AD.9,10

Neuropathological studies have found that neuronal loss reaches its

highest levels (about 30%) between ages 51 and 59, while the percent-

age of neurons with neurofibrillary tangles and the amyloid load both

appear stable in individualswithDSolder than51 years.49 Our findings

suggest that the number of EVs released remains consistent between

diagnostic groups; however, this conclusion is limited by the reliance on

CD81 levels as an indicator of the quantity of EVs released.When con-

sidered alongside the drastic neuronal loss, this observation alignswith

studies pointing toward increased EV production and release with age,

perhaps as a compensatory mechanism to clear toxic, unwanted mate-

rials in DS.39,50 Our study significantly adds to this by suggesting that

as the disease progresses, fewer neurons release similar levels of EVs,

which cargo contains more AD-related proteins. This is also supported

by the stronger positive correlations between NDEV biomarker levels

in the pDS group, and to a lesser extent in the dDS stage of disease

progression.

A limited number of studies have examinedNDEVbiomarkers in the

context of sporadic AD. Conflicting results have been reported using

immunocapture of NDEVswith theNCAM1 antibody.While Jia et al.34

reported stepwise significant increases from control (NCI) to mild cog-

nitive impairment (MCI) to AD participants in NDEV levels of Aβ42,
Tau, and pTauT181, a recent study by Boyer and colleagues51 found no

differencebetweencontrol andADgroups.Using theL1CAMantibody,

Winston et al.52 reported higher increases in NDEV Aβ42, pTauT181,
and pTauS396 levels in adults who transitioned to AD within 3 years
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compared to participants with stable MCI, but, consistent with our

findings, no difference with the AD group.

In the non-DS population, women are at higher risk of developing

AD than men, and autopsy studies reported women to have greater

Tau pathology than men.53 In DS, few studies have examined sex

differences in blood biomarkers. Since women with DS experience

menopause around 45 years of age,54 it can be hypothesized that

the drop in estrogen levels would correspond to increased AD-related

pathology. Indeed, a strong association between lower levels of estro-

gen and higher risk for AD has been observed in DS.55 In a recent

large cohort study, Iulita and colleagues56 found comparable levels of

AD-related plasma and CSF biomarkers between males and females.

However, when stratified by age, females between 40 and 50 years

of age had higher levels of NfL and pTauT181.56 Our findings expand

these observations, as we found higher levels of AD-related NDEV

biomarkers in females compared to males, and further found that neu-

ronal damagemarkers NfL and Tau were higher in females between 43

and 49 years of age, while Aβ levels were higher in females older than

50 years.

One obvious limitation of our study is the relatively small number

of individuals in each diagnosis group and the cross-sectional nature

of the sampling. APOE status was not available for all participants,

preventing its inclusion in the analysis. Since neuroinflammation is

elevated in individuals with DS,57 assessing longitudinal changes in

ADmarkers and neuroinflammatory markers in NDEVs would provide

insights into the neuropathological trajectories in alive individualswith

DS. Our results show that biomarkers in NDEVs enriched from plasma

can be used to monitor AD progression and could complement neu-

roimaging or CSF studies to monitor effects of treatment therapies in

DS.
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