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Abstract

INTRODUCTION: The sortilin-related receptor (SORL1) directs APP and Aβ traffick-
ing within the retromer pathway. Cleavage at the cell surface releases soluble SORL1

(sSORL1) into cerebrospinal fluid (CSF).We examinedwhether CSF-sSORL1 can serve

as an in vivomarker of genetically impaired SORL1.

MatthijsW. J. deWaal andOlavM. Andersen andHenneHolstege Contributed equally to the study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2026 The Author(s). Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2026;22:e71042. wileyonlinelibrary.com/journal/alz 1 of 14

https://doi.org/10.1002/alz.71042

https://orcid.org/0000-0001-6746-4326
https://orcid.org/0000-0002-7688-3087
mailto:c.teunissen@amsterdamumc.nl
mailto:o.andersen@biomed.au.dk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/alz
https://doi.org/10.1002/alz.71042
http://crossmark.crossref.org/dialog/?doi=10.1002%2Falz.71042&domain=pdf&date_stamp=2026-02-13


2 of 14 DEWAAL ET AL.

HenneHolstege, AmsterdamUMC, location

VUmc, De Boelelaan 1117, 1081HV

Amsterdam, The Netherlands.

Email: h.holstege@amsterdamumc.nl

Funding information

EU Joint Programme –Neurodegenerative

Disease Research, Grant/Award Number:

JPND2019-466-197; ZonMw, Grant/Award

Numbers: #73305095007, #733051110,

#10510032120002, #10510032120003;

Danish Innovation Foundation and the Velux

Foundation Denmark;Ministry of Education,

Youth and Sports of the Czech Republic,

Grant/Award Numbers: 8F20009,

LX22NPO5107; Czech Health Research

Council, Grant/Award Number:

NU22J-08-00075; IHI- PROMINENT,

Grant/Award Number: #101112145;

IHI-AD-RIDDLE, Grant/Award Number:

#101132933; European Union’s Horizon

Europe research and innovation programme,

Grant/Award Numbers: 101156175, 831434,

101034344, 22HLT07NEuroBioStand;

InnovativeMedicines Initiative 2 Joint

Undertaking (JU), Grant/Award Number:

831434; IMI 2 Joint Undertaking (JU),

Grant/Award Number: 101034344; European

Partnership onMetrology, Grant/Award

Number: 22HLT07NEuroBioStand;Marie

Curie International Training Network,

Grant/Award Numbers: 860197, 101119596;

NWO, Grant/Award Number: #733050512;

Health∼Holland - Topsector Life Sciences &

Health, Grant/Award Number: #LSHM20106

METHODS: CSF-sSORL1 was quantified by enzyme-linked immunosorbent assay

(ELISA) in 218 participants: 90 carriers of SORL1 variants, 78 SORL1-wildtype (WT)AD

patients, and 50 SORL1-WT controls.

RESULTS: sSORL1 concentrations were significantly lower in carriers of protein-

truncating and damaging missense variants. In SORL1-WT patients, CSF-sSORL1

correlated with pTau181 but not with Aβ42 among AD patients, and did not differ

between patients and controls.

DISCUSSION: These findings suggest that impaired SORL1 trafficking reduces recep-

tor delivery to the cell surface and thereby decreases sSORL1 shedding, supporting its

potential use as a pathway-specific biomarker.

KEYWORDS

Alzheimer’s Disease, cerebrospinal fluid (CSF), missense variants, quantitative immunoassay,
soluble SORL1 (sSORL1), SORL1

Highlights

∙ Enzyme-linked immunosorbent assay (ELISA) enables quantitative measurement of

soluble sortilin-related receptor (sSORL1) in cerebrospinal fluid (CSF).

∙ sSORL1 levels are reduced in CSF from carriers of a pathogenic SORL1 variant.

∙ CSF-sSORL1 levels correlate with tau pathology in Alzheimer’s disease.

∙ sSORL1 levels represent an in vivo biomarker of SORL1 function.

1 BACKGROUND

Sortilin-related receptor (SORL1 also known as SORLA and LR11)

operates in the endolysosomal pathway as a sorting receptor of various

proteins, with a main function to traffic cargo proteins from the endo-

some to the Golgi or for recycling of cargo from the endosome back to

the cell surface.1,2 Genetic variants that impair SORL1 function have

been linked with an increased risk of developing Alzheimer’s disease

(AD).3–5 In the context of AD, SORL1 can regulate the proteolysis of

amyloid precursor protein (APP) into amyloid-beta (Aβ) by controlling
the transport of APP to the endosome.6–10 In addition, SORL1 facili-

tates the trafficking of cargo-Aβ to lysosome for degradation.11 SORL1

protein-truncating variants (PTVs) have been observed almost exclu-

sively in AD cases, supporting SORL1 haploinsufficiency.3,12 However,

themajority of SORL1 variants are raremissense variants, with diverse

effects on SORL1 function.13,14 While most variants are likely benign,

a subset of variants have strong risk-increasing effects on AD.12

Determining of the pathogenicity of SORL1 variants is challeng-

ing, as variants are rare and pedigrees of SORL1 variant carriers are

commonly small.15–18 We recently proposed a prioritization scheme

of SORL1 missense variants according to a “disease mutation domain

mapping” approach (DMDM), a comprehensive manual effort, tak-

ing in-depth knowledge of SORL1 functional domains into account.12

Using this approach, we leveraged mutations in proteins associated

with monogenic diseases that share homologous domains with SORL1

to identify domain positions where mutations are predicted to be

pathogenic. This led to the categorization of missense variants into

high–moderate, low-, and no-priority missense variants. Testing the

effect on AD risk in a large sequencing dataset from AD cases and

controls 12 indicated that high-priority variants associated with a 10-

fold increased risk of early onset AD and a 6-fold increased risk

of overall AD. In contrast, moderate-, low-, and no-priority missense

variants did not associate with AD risk. In addition to DMDM, vari-

ant prioritization may further benefit from a functional readout to

support DMDM prediction of pathogenicity. Here, we leveraged the

observation that functional SORL1 traffics to the cell-surface, where

the ectodomain of the receptor is cleaved by ADAM17 (TACE) into

extracellular sSORL1, which is released in the interstitial space and

cerebrospinal fluid (CSF).19 Impaired trafficking of the SORL1 receptor

might be reflected in lower levels of SORL1 that reach the cell sur-

face and, thus, lower levels of cleaved sSORL1 as recently shown using

Western blotting (WB).20 Therefore, we explored whether ELISA for

CSF sSORL1 can serve as an effective quantitative in vivo biomarker

for pathogenic SORL1 missense mutations. We first analytically vali-

dated a commercially available immunoassay to measure sSORL1 in

CSF.Next,wemeasured sSORL1 concentrations in humanCSF samples
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fromADpatientswho carried SORL1 genetic variantswith varying pre-

dicted pathogenicity, as well as from non-variant carriers. Finally, we

compared these CSF concentrations with thosemeasured usingWB to

assess the consistency in our findings.

2 METHODS

2.1 Study cohort

For this study, we selected 218 participants from the Amsterdam

Dementia Cohort (ADC), which includes patientswho visited themem-

ory clinic at the Alzheimer Center, Amsterdam University Medical

Center, The Netherlands, and underwent a diagnostic work-up.21 We

selected participants with available CSF samples and genetic infor-

mation and divided them into three groups (see Figure 1). The first

group consisted of 90 participants carrying rare genetic variants in

the SORL1 gene. Because our primary aim was to evaluate sSORL1

levels as a functional readout of SORL1 variant effects, all variant car-

riers were included irrespective of diagnosis. Most participants within

this group were diagnosed with dementia due to AD (n = 71), while

others had diagnoses of mild cognitive impairment (MCI) (n = 9), vas-

cular dementia (n= 2), psychiatric disorder (n= 2), subjective cognitive

decline (SCD) (n = 5), and non-neurodegenerative neurological dis-

ease (n = 1). Clinical diagnosis was made through consensus-based,

multidisciplinary meeting. AD-type dementia diagnosis was according

to the clinical criteria formulated by the National Institute of Neuro-

logical and Communicative Disorders and Stroke–Alzheimer’s Disease

and Related Disorders Association (NINCDS-ADRDA) and based on

National Institute of Aging–Alzheimer association (NIA-AA).22,23 AD

diagnoses were supported by biomarker confirmation of amyloid-

positive status,24 determined throughCSF analysis (n=55) or positron

emission tomography (PET) imaging (n = 15), except for one carrier

whose amyloid status could not be confirmed. MCI diagnosis was

basedon international consensus criteria 25 andvascular dementiawas

diagnosed according to the NINDS–Association Internationale pour

la Recherche et l’Enseignement en Neurosciences (NINDS-AIREN)

criteria.26 Diagnoses for psychiatric or non-neurodegenerative neuro-

logical disorders were based on the diagnostic work-up. The second

group consisted of 78 SORL1 wild-type (WT) AD patients (65 CSF and

13 PET confirmed amyloid-positive) that were selected to match opti-

mally with the 90 carriers by age and sex. The third group consisted

of 50 randomly selected cognitively normal SORL1WT controls, all of

whom showed no signs of cognitive impairment during their diagnos-

ticwork-up. Cognitive impairmentwas assessed using theMini-Mental

State Examination (MMSE),27 with data available for all patients. In

addition, apolipoprotein E (APOE) genotype information was avail-

able for all patients. All patients gave informed consent for the use

of their medical data and biomaterial. The Medical Ethics Committee

of the Amsterdam UMC approved this study in accordance with the

declaration of Helsinki.

RESEARCH INCONTEXT

1. Systematic review: Genetic studies have established

strong associations between sortilin-related receptor

(SORL1) variants and Alzheimer’s disease (AD) risk, but

whether these variants lead to measurable functional

effects in vivo remains unclear. Cellular studies suggest

effects for a few variants, while previous biomarker work

usingWestern blot provided only semi-quantitative read-

outs and focused on limited variant types. A quantitative-

basedapproachacross abroader rangeof variants hasnot

yet been applied.

2. Interpretation: Using enzyme-linked immunosorbent

assay (ELISA) as a quantitative assay, we demonstrate

that cerebrospinal fluid (CSF) concentrations of soluble

SORL1 (sSORL1) are significantly reduced in carriers

of pathogenic SORL1 variants compared with wild-type

AD patients and controls. CSF-sSORL1 also correlates

with tau pathology, suggesting that SORL1-retromer

activity may be upregulated under AD-related stress but

impaired in variant carriers.

3. Future directions: Larger and independent cohorts

should be used to replicate our findings and assess

additional SORL1 variants not covered here. Longi-

tudinal studies are warranted to determine whether

CSF-sSORL1 fluctuations differ between carriers and

non-carriers over the course of disease.

2.2 SORL1 genetic variant detection

SORL1 variantswere determined bywhole exome sequencing (WES)4,5

and stratified into different pathogenicity categories according to

previously described selection criteria.12 Protein truncating variants

(PTVs), included in-frame insertion/deletion variants (in-frame indels)

and nonsense variants. Missense variants were stratified according to

previously described DMDM,12,28 into high priority missense variants

(HPV), moderate priority missense variants (MPV), low priority mis-

sense variants (LPV), and no priority missense variants (NPV). Since

no clear disease-associated mutations have been found in any of the

VPS10p familymembers, it was not possible to performDMDMfor the

VPS10p/10CC domain, such that HPVs in this domain were based on

having a REVEL score> 0.5 andMAF (> 0.05%; gnomAD).29,30

2.3 CSF sample collection and measures

CSF samples were obtained as part of routine clinical care by lum-

bar puncture using a 20/25-gauge needle and syringe between the

L3/L4, L4/L5, or L5/S1 intervertebral space, collected in polypropy-
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F IGURE 1 Selection of the study cohort. Participants were included from the AmsterdamDementia Cohort. SORL1 variant carrier status was
determined using whole-exome sequencing. Samples for which CSFwas available were included in the study cohort,WT-SORL1 included controls,
and AD patients (amyloid-confirmed). A528T, p.Ala528Thr; CSF, cerebrospinal fluid; E270K, p.Glu270Lys; HPV, high priority variants; indels,
in-frame insertion/deletion; LPV, low priority variant; MAF, minor allele frequency;MPV, moderate priority variant; NPV, no priority variant; PTV,
protein truncating variant;WT, wild-type. *Two carriers both carried an E270K and A528Tmutation andwere included in both groups.

lene tubes, and processed as previously described.31 Concentrations

of the CSF AD core biomarkers (Aβ42 (n = 216), phosphorylated Tau-

181 (pTau-181; n= 162), and total Tau (tTau;N= 162)) were measured

in the Amsterdam UMC using commercial kits: Elecsys Aβ42, pTau
(181P), and tTAU CSF assays (Roche Diagnostics, Basel, Switzerland)

or INNOTEST β-Amyloid(1-42), pTau (181P), and hTAU Ag (Fujire-

bio, Gent, Belgium). Aβ42 concentrations measured on INNOTEST

were corrected for a drifting effect in biomarker concentrations that

appeared throughout the years.32 Abnormal amyloid status (A+) was
determined based on previously defined abnormal assay-specific con-

centration cutoffs in CSF: for INNOTEST, an Aβ42 level of <813 pg/mL

was considered abnormal, while for Elecsys, an a pTau-181/Aβ42 ratio

of≥0.02was considered abnormal.32,33

2.4 Validation and application of SORL1 ELISA in
CSF

The quantification of sSORL1 was performed with a commercially

available ELISA kit (ab282864, ABCAM, Cambridge, UK) according to

the manufacturer’s protocol, which was validated for Heparin Plasma,

Cell Culture Supernatant, Serum, Cell Lysate, and ethylenediaminete-

traacetic acid (EDTA) Plasma. Here, we analytically validated this assay

for 10x diluted CSF, following standard protocols.34 We evaluated

the assays’ precision, parallelism, dilution linearity, recovery, speci-

ficity, target sensitivity, and sample stability. Details of the different

parameters can be found in the SupplementaryMaterials. This includes

information on cell culture and SORL1 constructs used for speci-

ficity. Absorbance was measured with the EPOCH2NS reader (BioTek,

Agilent, Santa Clara, US) using Gen5 reader software (Version 3.12).

After validation, we applied the assay to 218 CSF samples as analyzed

here.

2.5 WB analysis

For 37 SORL1 variant carriers, we compared the ELISA results with

the relative sSORL1 CSF concentrations (rel-sSORL1) determined by

WB. We determined the sSORL1 CSF concentrations in the variant

carriers relative to concentrations of optimally matched with SORL1

WT AD patients, based on gender, APOE genotype, and age at AD

onset (Table S1). Details of the estimation of the rel-sSORL1 con-
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TABLE 1 Demographics of the cohort.

Parameter

AD

SORL1WT Controls PTV

High

priority

In-frame

indels

Low

priority

Moderate

priority

No

priority p.A528T p.E270K

N 78 50 9 18 8 6 11 14 13a) 13a)

Sex (F%) 52 (67%) 19 (38%) 4 (44%) 8 (44%) 3 (38%) 3 (50%) 6 (55%) 7 (50%) 8 (62%) 7 (54%)

Age (SD) 63.4 (7.1) 60.9 (6) 64.7 (8.3) 63.8 (6) 63 (5.5) 63.5 (8.8) 64.2 (7.1) 62.2 (7.3) 65.5 (6.2) 66.4 (8.3)

MMSE (SD) 20.7 (4.7) 28.3 (1.6) 23.4 (6.7) 20.7 (7.1) 22.8 (5.9) 21.5 (4.1) 22.9 (7.2) 20 (3.7) 19.8 (6.2) 21.8 (5)

Abeta-42 (SD) 774 (266) 1511 (477) 695 (184) 848 (388) 934 (675) 650 (204) 1190 (482) 869 (365) 831 (298) 604 (176)

pTau (SD) 85.2 (32.3) 56.4 (18.1) 77.8 (16.2) 89.9 (32.8) 105.2 (33.1) 87.4 (26.5) 79.8 (40.1) 75.8 (50) 82.6 (37.8) 83 (22.6)

tTau (SD) 686 (354) 337 (115) 639 (236) 785 (402) 784 (393) 768 (257) 852 (866) 553 (354) 747 (419) 730 (266)

APOE-4 (%) 37 (47%) 13 (26%) 5 (56%) 10 (56%) 5 (62%) 5 (83%) 7 (64%) 6 (43%) 8 (62%) 7 (54%)

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; F, female; In-frame indels, in-frame insertion deletion variant; MMSE, Mini-Mental State

Examination; PTV, protein truncating variant; SD, standard deviation.
aTwo carriers have both an A528T variant and a E270K variant and are therefore included in both groups.

centration and generation of sSORL1 standard protein are described

in the Supplementary Materials. In short, equal volumes of CSF or

sSORL1 standard protein were separated by sodium dodecyl sulfate—

polyacrylamide gel electrophoresis (SDS-PAGE) using NuPAGE 4-12%

Bis Tris gels (NP0321BOX, Thermo Fischer, Waltham, US) and then

transferred to nitrocellulose membranes (Amersham GE Healthcase

Life Sciences, Chicago, US). Unspecific binding was blocked (0.25 M

Tris-Base, 2.5 M NaCl, 2% skimmed milk powder, 2% Tween-20) for

1 h at room temperature, and incubated overnight at 4◦C with mouse

anti-LR11 primary antibody (611860, BD Biosciences, Franklin Lakes,

US). The following day, the membranes were incubated in polyclonal

rabbit anti-mouse horseradish peroxidase (HRP) secondary antibody

(P0260, 1:1500; Agilent Dako) for 1 h at room temperature. After

washing membranes in washing buffer (0.2 mMCaCl2, 0.1 mMMgCl2,

1 mMHEPES, 14 mMNaCl, 0.2% skimmed milk powder, 0.05% Tween

20) for a total of 25 min, proteins were detected with SuperSignal

West Femto Maximum Sensitivity Substrate (34094, Thermo Fisher),

and images were captured using LAS-4000 chemiluminiscent imager

(GE Healthcare). Signals were quantified with Multi Gauge software

(Fujifilm Life Sciences, Tokyo, Japan).

2.6 Statistical analysis

Weanalyzed theassociationbetweenCSF-sSORL1concentrations and

pathogenicity or SORL1 variants in two ways. First, we used robust lin-

ear regression to investigate the relationship between CSF-sSORL1

concentrations and variant-effect on AD risk, as estimated for each of

eight variant pathogenicity categories, while adjusting for age and sex.

Rare missense variants were assigned to the (1) high-, (2) moderate-,

(3) low-, and (4) no- priority group, as estimated by DMDM in our pre-

vious study.12 Truncating variants were assigned to the (5) PTV group

and individuals without SORL1 variants were assigned to the (6) WT

group. The risk level associated with each pathogenicity category was

the natural logarithm of odds ratios associated with it, as estimated by

our previous study.12

Second, we performed binary robust linear regression (adjusted

for age and sex) to compare CSF-sSORL1 concentrations across each

pathogenicity category with those in the SORL1 WT control group

(n = 128), as well as with the AD WT group (n = 78) and cogni-

tively unimpaired controls (n = 50). Statistical significance was set at

a Bonferroni-corrected threshold of 0.00625 (0.05/8 groups).

We performed causal mediation analysis to assess to what extent

CSF sSORL1 levels mediate the association between SORL1 variant

carrier status (PTVs, HPVs) andAD risk. Themediatormodel regressed

CSF sSORL1 on SORL1 variant status, age, and sex, while the outcome

model regressed AD status on these variables. Nonparametric boot-

strap simulations (n = 2000) were used to estimate the mediation and

direct effects.

Then we associated sSORL1 concentrations with (1) age (adjusted

for sex), (2) sex (adjusted for age), (3) APOE genotypes, (4) MMSE, (5)

AB42, (6) tTau, and (7) pTau-181, using robust linear regressions adjust-

ing for age and sex. The threshold for statistical significance was set

at 0.00714, to correct for multiple testing (0.05/7 tests). In this anal-

ysis, we considered only SORL1 WT AD cases, and excluded controls

and SORL1mutation carriers, tominimize potential confounding effect

from SORL1-related deficiencies on AD pathology. Potential interac-

tions of APOE ε4 genotype on sSORL1 concentrations across carrier

groups were calculated incorporating the interaction term between

APOE ε4 and the SORL1 genotype groups (sSORL1 concentration ∼

pathogenicity category group * APOE ε4 genotype).
We aimed to define the lower end of the normal range of sSORL1

concentrations. Values below this threshold should be enriched for

pathogenic variant carriers. For this, we estimated the first percentile

of sSORL1 concentrations (pg/mL) in the control group and its 95%

confidence interval (CI). We performed a bootstrapping procedure

with 1000 resampling iterations. In each iteration, we drew a new

dataset by randomly sampling (with replacement) from the observed

sSORL1 values in the control group, maintaining the original sample

size. The first percentile was calculated for each bootstrap sample,

and the 95% CI was determined as the 2.5th and 97.5th percentiles of

the bootstrapped distribution. Relative sSORL1 concentrations in CSF
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(A) (B)

(C) (D)

F IGURE 2 Technical validation of the CSF-sSORL1 ELISA assay. (A) Parallelism indicates that two-fold serial dilution of sSORL1
measurements are parallel to themeasurement of the standard curve. (B) Dilution linearity indicates that samples remain reliably measurable
within a range of 9-fold to 81-fold dilution. (C) The recovery of low, medium, and high spike concentrations falls within the expected range for
accuratemeasurement. (D) Sample stability demonstrates that CSF samples subjected to four freeze/thaw cycles still yield similar concentrations.
CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; sSORL1, soluble sortilin-related receptor.

quantified viaWB, were compared against a referencemedian value of

100, representing the control group usingWilcoxon signed-rank test.

3 RESULTS

3.1 SORL1 ELISA analytical validation

We tested the performance of the sSORL1 ELISA kit for CSF-samples,

a matrix that was not included in the specifications of the manufac-

turer. The lower limit of detection (LLOD) for this assay is 55 pg/mL.

Precision of the assay in CSF was robust, with a 3.9% intra-assay vari-

ability (low QC = 4.4%, medium QC = 3.4%, and high QC = 3.8 and a

10.0% inter-assay variability (lowQC=12.0%,mediumQC=9.8%, and

highQC=8.2%). Parallelism (Figure 2A), linearity (Figure 2B), recovery

(Figure 2C), and freeze-thaw stability (Figure 2D) were all within the

85%–115% acceptable range. Thus, the assay allows the estimation of

variation in CSF-sSORL1 concentrations in CSF.

Then, we examined specificity/cross-reactivity. According to the

manufacturer, the antibodies for the ELISA assay were raised against

a SORL1 recombinant fragment containing amino acid residue 82 to

755 of the SORL1 protein, which represents the VPS10p domain. This

domain characterizes the VPS10p family of proteins (SORL1, SORT1,

SORCS1, SORCS2, and SORCS3). To test for cross-reactivity of the

ELISA with other VPS10p family members, we spiked solutions of

recombinant SORL1 protein with defined concentrations of recombi-

nant SORT1 or SORCS2 (see Supplementary Materials). We did not

observe an increase in the sSORL1 concentration after spiking (Figure

S1), suggesting that there was no cross-reactivity. In addition, the

assay was able to detect different full size SORL1 recombinant pro-

teins, including one produced in-house (residue 82-2135) and another

commercially available (residue 82-2135) (Figure S2); see details in

Supplementary Materials. Finally, to determine potential nonspecific

signal, we measured the media of different SORL1 KO cell lines, which

should be devoid of any sSORL1 protein. Indeed, we observed almost

no signal for the KO condition, while the WT and the mock cell lines

showed good expression (Figure S3). Overall, these results demon-

strate the robustness and specificity of the assay for detecting sSORL1,

without cross-reactivity to soluble cleaved products of other VPS10p

domain-containing proteins.

3.2 High-risk SORL1 missense variants exhibit
lower CSF-sSORL1 levels similar to PTVs

To assess whether SORL1 variant carriers had different sSORL1 con-

centrations compared to WT-SORL1 carriers, we measured sSORL1

concentrations in CSF derived from (1) 50 non-demented controls
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DEWAAL ET AL. 7 of 14

(average age at sample collection is 61 (SD = 6), 38% female); (2) 78

SORL1-WT AD patients (average age at sample collection is 63, 66%

female); (3) 90 SORL1 variant carriers (average age at sample collection

is 64 (SD= 7), 50% female). See Table 1 for demographics.

We categorized the CSF samples from the 90 SORL1 variant carri-

ers according to predicted variant effects (listed in Table S1): 9 PTVs,

18 rareHPVs, 11 rareMPVs, 6 rare LPVs, rare 14NPVs, rare 8 in-frame

indels, 11 carriers of the common E270K variant (rs117260922), 11

carriers of the common A528T variant (rs2298813), and 2 individuals

who carried both the E270K andA528T common variants. The remain-

ing 128 CSF samples were derived from individuals who were WT for

SORL1. CSF sSORL1 concentrations varied widely among individuals

(Figure S4), and were similar between SORL1 WT-AD (n = 78; mean:

462± 134 pg/mL) and SORL1WT-NC (n= 50;mean: 474± 131 pg/mL)

(p = 0.45) (Table S2), such that these groups were merged into a sin-

gle “SORL1 WT” control group for further analysis. Table S2 reports

comparisons of the variant carrier groups with both the individual AD

and control SORL1WT subgroups, as well as with the combined SORL1

WTreference group used in themain analyses. Additionally, due to lim-

ited statistical power, carriers of two or three NPVs or twoMPVswere

grouped according to the highest predicted effect for further analysis.

We previously established that SORL1 variants adhering to dif-

ferent priority groups associated with specific effects on AD risk

(i.e. odds ratios [ORs]): ORPTV = 17.2, ORHPV = 6.1, ORMPV = 1.5,

ORLPV = 1.2, ORNPV = 1.1. This then allowed us to investigate variant-

associated sSORL1 concentrations relative to category-specific AD-

risk. We found that carriers of variants with higher predicted risk for

AD, have lower sSORL1 concentrations: for each 1-unit increase in the

natural log-transformed odds ratio (ln(OR)), sSORL1 concentrations

decreased by 87.4 pg/mL (β = -87.4; SE = 12.4; p = 1.9×10−12)(Figure
S5).We performed causal mediation analysis to test towhat extent the

effect of pathogenic SORL1 variants on AD risk is mediated through

CSF sSORL1 levels. For PTVs and HPVs, the average causal mediation

effect (ACME) was not statistically significant (PTVs: ACME = 0.044,

p = 0.50; HPVs: ACME = 0.029, p = 0.50), whereas the average direct

effect (ADE) remained significant (PTVs:ADE=0.304,p=0.001;HPVs:

ADE = 0.280, p = 0.004), suggesting that the association between

variant carriership and AD risk is largely independent of CSF sSORL1

concentrations.

Next, we compared CSF-sSORL1 concentrations between individ-

ual variant groups and SORL1 WT controls (Figures 3 and 4). The

average CSF-sSORL1 concentration across the 128 WT-SORL1 carri-

ers was 466 pg/mL (SD = 133). As expected PTV carriers, who carry

only one functional allele had significantly lower CSF-sSORL1 con-

centrations compared to the group of SORL1 WT carriers (i.e the

merged SORL1 WT AD cases and controls) (260 pg/mL ± 123 SD,

p = 2.1×10−7). Notably, CSF-sSORL1 concentrations of high-priority

missense variants were lowest of all prioritized missense variant

groups, and significantly lower than the SORL1 WT controls (323

pg/mL ± 154 SD, p = 9.8×10−8). Specifically, recent functional stud-
ies on the Y1816C and D1105H variants have demonstrated their

pathogenicity andcausativeeffect onAD17,35 and in theCSFof the car-

riers of these variants, we observed very low sSORL1 concentrations

(305 pg/mL for Y1816C; 270 and 309 pg/mL for D1105H). In contrast,

the sSORL1 concentrations of MPV, LPV, and NPV carriers were not

significantly different from theWT controls (padj > 0.00625). In-frame

indels, for which AD risk estimates are currently unavailable andwhich

cannot be assigned to any prioritization group, showed significantly

reduced concentrations compared to WT controls (315 ± 75 pg/mL,

p = 1.1×10−3). Finally, CSF-sSORL1 concentrations in carriers of the

E270K and A528T common variants were not significantly different

compared to WT controls (E270K: 420 pg/mL ± 135 SD, p = 0.29;

A528T: 464 pg/mL± 118, p= 0.72).

The distribution of sSORL1 concentrations was wide, prompting us

to estimate the lower bound (lowest 1%) of the CSF-sSORL1 concen-

tration range in WT SORL1 controls. We found the lower-bound CSF

concentrations to be at 260 pg/mL (95% CI: 202-274 pg/mL) sSORL1

concentrations below this lower-bound extreme can be considered

abnormally low. Notably, 12 out of 27 (44%) HPV and PTV carriers

had sSORL1 levels below this threshold. In addition, several carriers of

variants within the non-pathogenicWT,MPV, LPV, andNPV categories

had very low sSORL1 levels. Specifically, while variants translating to

G1440R and S1107N, affecting the CR domain, were conservatively

classified as a “moderate priority variant” due to a lack of evidence for

pathogenicity byDMDManalysis,12 our results suggest that these vari-

ants may have an impairing effect on SORL1 function. On the other

hand, we observed that several HPV and PTV carriers had unexpect-

edly high sSORL1 levels. For example, we observed an outlier high

sSORL1 concentration in the CSF derived from a carrier of an exon 13-

splicing variant that likely causes an exon skipping frameshift, expected

to lead to nonsense mediated RNA decay. Possibly, the incorrect

splicing may be incomplete such that the haploinsufficiency observed

for PTVs is less pronounced. Alternatively, in addition to impairing

genetic variation, sSORL1 levelsmaybedrivenbyalternative, currently

unknownmechanisms.

3.3 Measurement of sSORL1 in CSF and cell
culture media using WB and sSORL1 in plasma

We validated ELISA-based sSORL1 measurements in CSF using WB

in a subset of 37 individuals, observing a strong correlation (ρ = 0.54;

p = 6.6 × 10−6; Figure S6A) given the distinct analytical methods

underlying the two assays. When ELISA values were expressed as

relative ratios (analogous to the WB approach), the correlation with

WB-derivedmeasures increased (ρ= 0.64, p= 3.1× 10−8; Figure S6B).

WB images and comparisons across pathogenicity categories are pro-

vided in (Figures S7 and S8; uncropped blots of S7 are included as

Supplementary Files).

In agreement with ELISA and WB, a cellular model expressing

either high-priority missense variants or in-frame indels exhibited

significantly reduced sSORL1 secretion compared to WT, also these

models show no difference in sSORL1 secretion in media between

cells expressing the common E270K and A528T variants and those

expressing WT SORL1 (Supplementary Materials and Figure S9;

uncropped blots of S9 are included as Supplementary File). Finally, for
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8 of 14 DEWAAL ET AL.

F IGURE 3 sSORL1 concentrations versus pathogenicity category. ELISAmeasurements of sSORL1 concentrations in CSF derived from
carriers of SORL1 genetic variants with different pathogenicity categories or carriers ofWT SORL1. Sample size per group: Controls= 50, AD
WT= 78, NPV= 14, LPV= 6,MPV= 11, HPV= 18, and PTV= 9. p-Values were obtained using robust linear models adjusted for age and sex. CSF,
cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; HPV, high priority variants; indels, in-frame insertion deletion variant; LPV, low
priority variant; MPV, moderate priority variant; NPV, no priority variant; OR, odds ratio; PTV, protein truncating variant; sSORL1, soluble
sortilin-related receptor;WT, wild-type. Adjusted significance threshold: 0.000625< p≤0.00625= *; 0.0000625< p≤0.000625= **;
p≤0.0000625= ***.

F IGURE 4 The effect of different severity groups versusWT. The effect having a specific SORL1 variant on the CSF-sSORL1 concentration, as
determined by a robust linear regression for CSF-sSORL1 concentrations between the different severity groups versusWT (SORL1WTAD cases+
controls combined). AD, Alzheimer’s disease; CI, confidence interval; CSF, cerebrospinal fluid; SD, standard deviation; SORL1, sortilin-related
receptor; sSORL1, soluble sortilin-related receptor;WT, wild-type.
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44 individuals, both CSF and plasma samples were available, which

indicated that plasma sSORL1 concentrations did not correlate with

CSF-sSORL1 concentrations (ρ = 0.126; Figure S10). A comparison

between pathogenicity categories, is provided in Figure S11.

3.4 Association of CSF sSORL1 concentrations
with APOE genotype, MMSE, age of diagnosis,
p-Tau181, t-Tau, and A-beta 42

Lastly, we investigated whether CSF-SORL1 levels in SORL1 WT

AD patients were significantly associated with clinical measures of

dementia and other CSF-biomarker levels, including APOE-ε4 geno-

type,MMSE, age, sex, Aβ42, tTau, and pTau-181, accepting associations
with padj < 0.00714 as significant. CSF-sSORL1 levels were not sig-

nificantly associated with age at AD diagnosis (β = 3.4; SE = 2.7;

p = 0.21) (Figure 5A). Furthermore, we observed that females trended

to have lower CSF-sSORL1 levels (mean = 437 pg/mL) compared to

males (mean = 511 pg/mL), although with a p-value of 0.033 this

was not accepted as a significant correlation (Figure 5B). Similarly,

higher CSF-sSORL1 levels trended to be associated with lower cogni-

tive performance as measured by MMSE score, but this did not reach

significance (β = −6.3; SE = 3.4; p = 0.06) (Figure 5C). CSF-sSORL1 did

not associate with APOE ε4 genotype (β = −7.6; SE = 20.6; p = 0.71;

data not shown), and we observed no significant interaction effect

between APOE ε4 status and SORL1 pathogenicity category (p = 0.19).

While CSF-sSORL1 did not associate with CSF-Aβ42 concentrations

(β = 0.03; SE = 0.06; p = 0.62) (Figure 5D) we observed a positive

correlation with both tTau (β = 0.15; SE = 0.04; p = 5.8×10−4) and
pTau-181 (β = 1.8; SE = 0.41; p = 9.7×10−6), which seems to be driven

by the subset of AD patients with the highest levels of CSF-(p) and

(t)Tau (Figure 5E,F). Then, we investigated to what extent correlations

between CSF-sSORL1 concentrations and AD biomarkers covered the

wider cognitive spectrum. Upon correlating CSF-sSORL1 across the

union of AD cases and controls whowere SORL1WT,we observed only

a weak trend for an (unexpected) positive association with CSF-Aβ42
concentrations (p = 0.022), and while the correlation with pTau-181

was weaker than when conditioning on AD patients only, it remained

significant (p= 3.1 × 10−3) (Figure S12).

4 DISCUSSION

CSF-sSORL1 concentrations were strongly variable, and distributions

overlapped between AD patients and healthy controls. However, CSF-

sSORL1 concentrations in carriers of high-priority SORL1 missense

variants (HPVs) were significantly lower than those observed in SORL1

WT AD patients or controls, and resembled concentrations observed

in carriers of PTVs. These findings identify CSF-sSORL1 as a poten-

tial biomarker that may aid in the interpretation of SORL1 variant

functional impact.

Specifically, CSF-sSORL1 concentrations in HPV carriers clus-

tered at the lower end of the distribution. Notably, carriers of the

mechanistically validated pathogenic variants Y1816C and D1105H

showedvery lowCSF-sSORL1 levels,17,35,36 consistentwith findings by

Castelot et al., who demonstrated decreased CSF-sSORL1 in carriers

of “trafficking-defective” variants using WB.20 Similarly, PTV carriers

showed reduced CSF-sSORL1 concentrations, which is consistent with

expectations for losing one copy. Although PTVs and HPVs reduce

CSF-sSORL1, mediation analysis suggests this does not explain the

increased risk of AD, suggesting that the more direct impairing effects

of these variants on intracellular trafficking mechanisms are central to

the predisposition to disease. Carriers of in-frame indels also displayed

significantly reduced sSORL1 concentrations than WT-SORL1 carri-

ers, although these were slightly higher than PTV- and HPV-carriers.

This suggest that in-frame indels may have a milder but still deleteri-

ous effect compared to PTV and HPV carriers. Several MPV carriers

had very low CSF-sSORL1 concentrations, suggesting that although

variants were not predicted to be pathogenic by DMDM, they mays

still have an impairing effect on SORL1 function. On the other hand,

for some HPV and PTV we observe relatively high CSF-sSORL1 lev-

els. This variability suggests that additional factors, other than rare

coding genetic variants, such as non-coding and epigenetic differences

between SORL1 haplotypes37 or effects of sex and disease severity,

may influence sSORL1 concentrations in CSF.

Although most individuals carrying SORL1 variants were diagnosed

with AD or prodromal conditions such as MCI or SCD, a few had

other neurological or psychiatric diagnoses. These were included since

our aim was to assess sSORL1 levels in SORL1 variant carriers as a

functional measure of variant effect, independent of clinical diagnosis.

Given their small number, any influence on the overall results is likely

minor, though some residual confounding related to disease type, dis-

ease stage, amyloid/tau pathology, vascular comorbidity, ormedication

use cannot be fully excluded and should be addressed in future studies.

Previous studies examiningCSF-sSORL1 inADhave reported incon-

sistent results. One ELISA-based study found elevated sSORL1 levels

in AD,38 while two WB studies showed conflicting outcomes: one

reported decreased sSORL1 in patients with mild cognitive decline,39

and another observed no difference between AD and controls but

reduced levels among carriers of pathogenic SORL1 variants.20 Dif-

ferences in assay methodology, cohort size, and disease stage (e.g.,

severity of cognitivedecline) likely contribute to thesediscrepancies. In

our study, we did not observe anAD-related difference in CSF-sSORL1

concentrations, consistent with the findings of Castelot et al.20 Our

study extends these observations by employing a quantitative ELISA

assay, enabling comparison of absolute concentrations across individ-

uals, and by analyzing a broader range of SORL1 variants classified

using a gene-wide prioritization scheme. Together, our findings further

strengthen the evidence that SORL1 variant pathogenicity, rather than

AD diagnosis, underlies reduced CSF-sSORL1 levels.

Upon investigation of associations between CSF-sSORL1 levels

and aspects of AD, we found that CSF-sSORL1 concentrations did

not correlate with CSF-Aβ42 concentrations within our sample of

amyloid positive SORL1 WT AD patients, despite SORL1’s role in

APP processing and Aβ degradation.6–11 Thus, while CSF-Aβ42
clearly distinguishes between AD cases and controls,24 CSF-Aβ42
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(A) (B)

(C) (D)

(E) (F)

F IGURE 5 Correlation of sSORL1 levels in SORL1WTADpatients (n= 78), with age of diagnosis, sex, MMSE, and AD biomarkers. To assess the
relationship between CSF-sSORL1 concentrations and age at diagnosis (A), sex (B). MMSE (C) and AD biomarkers (D)–(F) in SORL1WTAD, we
performed a Robust LinearModel to account for the potential influence of outliers. The association of age of diagnosis with CSF-sSORL1was
corrected for sex and APOE-status. The association of sex with CSF-sSORL1was corrected for age of diagnosis. The association ofMMSE and the
AD biomarkers with CSF-sSORL1were corrected for age of diagnosis and sex. AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MMSE,
Mini-Mental State Examination; SORL1, sortilin-related receptor sSORL1, soluble sortilin-related receptor;WT, wild-type.
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concentrations may not contribute additional meaningful signal within

advanced (amyloid positive) AD cases,40 which might preclude any

association with CSF-sSORL1. Supporting this interpretation, a study

in SORL1-deficient minipigs that genetically model PTV carriers have

shown the expected inverse relationship between CSF-sSORL1 and

Aβ levels before amyloid plaque formation,41 suggesting that this

link may be masked in later disease stages. An alternative explana-

tion may relate to distinct biological processes. sSORL1 shedding

primarily reflects intracellular receptor trafficking and endolysosomal

processing, whereas CSF-Aβ42 levels mainly capture extracellular

amyloid deposition. Consequently, these two markers may represent

distinct molecular events within the amyloid pathway, and their

relationship may weaken once extracellular amyloid pathology is

established. In contrast, we observed a positive association between

CSF-sSORL1 with (p)Tau concentrations within the SORL1-WT AD

cases. Since elevated CSF (p)Tau levels are indicative of increased

disease severity,24,42 we speculate that higher sSORL1 concentrations

reflect an adaptive cellular response to counter disease-associated

neurodegenerative stress, possibly linked to enhanced retromer

activity. Recent in vitro work has suggested a possible interaction

between SORL1 and tau that could influence tau seeding, propagation

or aggregation.43 However, evidence for this mechanism remains

limited, and the observed association should therefore be regarded as

hypothesis-generating and explored further in future studies. While

the cross-sectional design of our study precluded us from assessing

fluctuations in CSF-sSORL1 concentrations with different disease

stages, this should clearly be an important objective for future studies.

Here, we provide the first thorough technical validation of an ELISA

assay for sSORL1 in CSF. The ELISA detects the SORL1 VPS10p

domain. No nonspecific signals were detected in SORL1 knockout (KO)

cells, and the assay showedno cross-reactivitywith otherVPS10p fam-

ily members (SORT1 and SORCS2). However, since the epitopes of the

antibodies are not fully characterized, we cannot exclude that binding

may depend on a properly folded VPS10p domain. While calibrated

with a recombinant SORL1 VPS10p fragment, the assay successfully

detected full-length sSORL1. Importantly, CSF-sSORL1concentrations

were consistent between ELISA and WB analyses across genetic vari-

ant carriers, reinforcing the robustness of sSORL1 detection in CSF.

However, future studies should confirm the robustness and generaliz-

ability of the ELISA assay in independent datasets and across centers.

The investigation of CSF-SORL1 concentrations in multiple individ-

uals who carry the same rare mutation contributes to an increased

understanding of robustness of specific variant-effects on in CSF-

sSORL1,17,35 but the extreme rarity of impairing SORL1 variants

precludes such an analyses for most. Here, we presented five carri-

ers of the p.F1123-R1124delinsLS variant (four AD patients and one

SCD patient), in whom we observed consistent CSF-sSORL1 concen-

trations, suggesting a robust variant-specific effect on CSF-sSORL1

levels. Furthermore, we found that variants, grouped according to hav-

ing a similar predicted effect on AD risk, have a similar effect on

CSF-sSORL1 concentrations, further supporting the observation that

genetic SORL1 impairmentmay have a robust variant-specific effect on

CSF-sSORL1 concentrations.

In conclusion, our findings suggest that CSF-sSORL1, as quantified

by the sSORL1 ELISA assay, may represent a biomarker for the assess-

ment of the functional impact of specific rare SORL1 variants, rather

than a diagnostic biomarker for AD. Despite strong inter-individual

variability in CSF-sSORL1 concentrations, our results show a robust

decrease in CSF-sSORL1 concentrations in carriers of rare impair-

ing SORL1 missense variants, comparable to the decrease observed

in carriers of PTVs. Further refinement of the clinical utility of CSF-

sSORL1 in confirming variant pathogenicity is warranted, including

further investigations on the impact of factors including disease sta-

tus and sex on the wide variance in concentrations. Together, we

hypothesize that genetic impairment of SORL1 leads to increased

risk of AD due to the inability of the retromer to traffic cargo and

to rescue early AD-associated cell stress, predisposing variant carri-

ers to the development of advanced AD processes. Whether on the

other hand, enhanced SORL1 expression may contribute to increased

tau seeding and advancement of AD-associated processes will have

to be focus of future studies in larger cohorts with longitudinal

design.
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