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Abstract

This preclinical AD CSF proteome study identified a panel of 12-CSF markers detecting amyloid positivity and clinical
progression to AD with high accuracy; some of these CSF proteins related to immune function, neurotrophic pro-
cesses, energy metabolism and endolysosomal functioning (e.g., ITGB2, CLEC5A, IGFBP-1, CST3) changed before amy-

loid positivity is established.

Main text

Pathological features of Alzheimer’s disease (AD) start to
develop decades before the appearance of clinical signs,
providing a unique opportunity to define and intervene
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AD biologically before the irreversible brain damage
occurs. AD is a multifactorial disorder in which multiple
factors and pathways beyond amyloid and tau pathologies
are involved (e.g., immunity, lipid metabolism, vascular
dysfunction, endocytic pathway) [1]. Cerebrospinal fluid
(CSF) reflects the ante-mortem biochemical alterations
occurring in the brain and can thus provide the patho-
biological fingerprint of AD in vivo [2—4]. CSF proteome
is dynamic and protein levels change over the AD disease
stages [2, 5]. This is not trivial as a detailed analysis of the
in vivo CSF proteome of cognitively unimpaired individ-
uals in the AD preclinical stage may unveil proteins and
biological pathways especially relevant for the etiology
and progression of AD pathophysiology. These could be
useful as biomarkers to improve the biological prognosis
of AD, potential therapeutic targets and surrogate end-
points for clinical trials conducted in pre-dementia stages
targeting different disease mechanisms [6, 7].

We here analyzed >900 CSF proteins reflecting a wide
range of mechanisms in the presymptomatic phase of
AD (297 cognitively unimpaired individuals (CU): 232
amyloid negative and 65 amyloid positive), with 72%
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followed-up clinically [8, 9]. Proximity extension assay
(PEA) proteome data from 122 CU participants (103
amyloid positive and 19 amyloid negative; Supplemen-
tary Material: Fig. 1) from the EMIF-AD preclinical
cohort [10] was used to dismiss proteins in downstream
analyses with highly divergent results across CU cohorts
and to validate the biomarker panel (see Supplementary
Material 1). Demographic characteristics, core AD CSF
biomarker concentrations and follow-up information of
the cohorts used are described in Supplementary Mate-
rial 2 Table 1. Figure 1a presents an overview of the study
design including the following aims: (i) define the biolog-
ical changes that characterize the preclinical stage of AD;
(ii) identify and validate the panel of markers needed to
identify cases who are in the preclinical stage of AD and
evaluate if these markers can predict clinical progres-
sion to cognitive impairment; and (iii) model the levels of
these markers along the levels of CSF APB42 as a proxy of
pathophysiological progression, and define if biomarker
changes occurs before or after significant amyloidosis in
the brain is established (structural break, see Supplemen-
tary Material 1).

CSF proteome profiling revealed a total of 100 unique
proteins differentially regulated in amyloid positive
CU compared to those with negative amyloid status
(FDR<0.05; Fig. 1b, Extended data Table 1 (ED Table 1))
after excluding those proteins that showed opposite
effects in the independent EMIF-AD data set (n=43
proteins, Supplementary Material 1, Supplementary

(See figure on next page.)
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Material: Table 2 and ED Table 1). The top 5 differen-
tially regulated proteins are involved in immune func-
tion (ITGB2, CCL11), protein glycosylation and folding
(ENTPDS5), insulin growth factor signaling pathway
(IGFBP-1) and protein phosphorylation (ABL1). CHIT1,
involved in reactive gliosis and increased in different neu-
rodegenerative dementias including AD [2], showed the
strongest effects in correlation with amyloid pathology.
This was followed by ITGB2, IGFBP-1, PRCP, LGMN
(Fig. 1b and ED Table 1), the last two proteins are involved
in lysosomal proteolytic function. The different proteins
identified support the multifactorial biology of AD from
the very early stages. Interestingly, 79 of the 100 unique
proteins dysregulated in preclinical AD were also dys-
regulated in symptomatic stages of AD [2] (Fig. 1c) [2—-4,
11, 12], supporting their association to AD. The fact that
ITGB2 and APOL1 were the only two proteins among the
top candidates previously identified at the AD demen-
tia stage [2], underpins the importance of analyzing pre-
clinical phases to identify relevant proteins at these earlier
stages. Functional enrichment analysis showed that the
100 CSF markers dysregulated in preclinical AD were
mainly associated to proteolysis and immune response
(Supplementary Material: Fig. 2), pathways involved in AD
pathophysiology associated with the development of amy-
loid and tau misfolding [1, 2]. This is in line with a recent
targeted CSF proteomic study in autosomal AD showing
that proteins associated with immune function were dys-
regulated 6 years before disease onset [5].

Fig. 1 CSF proteins of inflammation, proteolysis and lipid transport define preclinical AD and predict progression to AD dementia in cognitively
unimpaired individuals a Protein levels in CSF from cognitively unimpaired individuals with and without amyloid pathology (based on CSF

AR42 concentration; CU(AB+)=65; CU(AR-) =232) were measured using antibody-based PEA technology. We defined which proteins differed
across groups and a classification model to identify preclinical AD cases, which was validated in an independent cohort of cognitively unimpaired
volunteers (EMIF-AD cohort, CU(AR-):103; CU(AB +): 19). The performance of the model to predict clinical progression to cognitive impairment

was also evaluated in a subset of cases from the discovery cohort (progressors to symptomatic stages: 39). We also evaluated the association

of the proteins within the panel with proxies of progression of AD pathophysiology (e.g., CSF AB42). b Volcano plot shows the CSF proteins that are
differentially regulated in CU(AB+) vs. CU(AR-). Each dot represents a protein. The beta coefficients (log2 fold-change) are plotted versus g values
(-log10-transformed FDR corrected p-value). Proteins significantly dysregulated after adjusting for false discovery rate (FDR, q < 0.05) are coloured

in light green. The name of the top ten significant dysregulated CSF proteins and the top five with the strongest effect sizes are annotated. The total
number of proteins that are down-regulated (left) or up-regulated (right) in CU(AB +) is indicated. Horizontal dotted line indicates the significance
threshold. Adjusted p values (q < 0.05) were calculated using a two-sided nested linear model adjusting for FDR. ¢ UpSet plot indicates the overlap
across the proteins regulated in the preclinical phase of AD (CU(AB+) vs. CU(AB-)) and those at the prodromal or dementia AD stage (MCI(AR+)

or AD (positive AD CSF profile) vs. controls) based on the results from our previous study [2]. d Receiver operating characteristic (ROC) curves depict
the performance of 12-CSF protein panel to discriminate amyloid positive from amyloid negative cognitively unimpaired individuals in the ADC
discovery and the EMIF-AD validation cohorts. In the discovery ADC cohort, black line is the mean Area Under the Curve (AUC) over all re-samplings
(1000 repeats of fivefold cross-validation, grey lines). Inserts outline corresponding AUC and 95% Cl. In the EMIF-AD validation cohort, insert outline
the resulting AUC after directly applying the model developed with the discovery cohort. @ ROC analysis depicts the performance of the CSF

preAD panel to predict cases that progressed to MCl or dementia stage (progressors: 39; non progressors: 258). f CSF proteins within the preAD
panel modelled along CSF AB42 as an early proxy of AD pathology progression. Each NPX protein value was transformed to z-scores based

on the distribution in the actual dataset to allow visual comparison across proteins. Bold line indicates the mean trajectory and shadows the 95%
Cl. Dotted line depicts CSF AR42 positivity threshold (<813 pg/mL). CN, cognitively unimpaired controls; preAD: preclinical AD (CU individuals

with amyloid pathology); MCl, Mild cognitive impairment; AD, Alzheimer’s disease; MMSE, Mini Mental Score Examination. Some images

within Fig. 1a are courtesy of Olink® Proteomics AB
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Fig. 1 (See legend on previous page.)
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We next aimed to condense the proteomics data into
practical biomarker signatures (minimal combination of
proteins leading to the highest performance) using gen-
eralized linear modeling (GLM) with an elastic net pen-
alty [2, 13]. Classification modelling revealed a panel of
12-CSF proteins to detect individuals in the preclinical
phase of AD with an area Under the ROC curve (AUC) of
0.93, which was validated in the EMIF-AD cohort (0.89
AUC, Fig. 1d and Supplementary Material: Table 3). In
line with the pathway enrichment analysis for the total
regulated protein dataset, most of the proteins within the
panel were mainly related to immune function (ITGB2,
CXCL13, CLEC5A, CCL11, MCFD2, CRTAM, IL7). The
panel also contained proteins related to dopamine bio-
synthesis (DDC), lysosome activity (GLB1), protease
inhibition (CST3 or so-called Cystatin-C) or lipopro-
tein metabolism and lipid transport (IGFBP-1, PLTP).
Interestingly, both CLEC5A and ITGB2 can regulate the
expression or activation of TYROBP/DAP12 protein,
the strongest microglia network regulator associated
with sporadic late onset AD pathophysiology [14], which
supports the potential role of these proteins in the ear-
liest stages of AD pathophysiology. We know that many
of these proteins (e.g., ITGB2, IGFBP-1, CLEC5A) were
also specifically associated with AD when compared to
a group with non-AD dementia (Supplementary Mate-
rial: Fig. 3) [2], and that all markers except IL7 correlated
with CSF AB,, or (p)Tau levels (Supplementary Material:
Fig. 4), overall supporting their association to AD patho-
physiology. We observed that the 12-CSF panel pre-
dicted progression to mild cognitive impairment (MCI)
or dementia stage with 84% performance in the subset of
cases followed clinically (n=39 out of 213; Fig. 1le). This
performance increased to 90% when predicting the group
that progressed to MCI or dementia due to AD (i.e. amy-
loid positive only, Supplementary Material: Figure 5a),
underpinning the relevance of the proteins’ panel and
their mechanisms for progression to AD dementia. In
line with those results, panel positivity at baseline was
associated with increased risk of clinical dementia (Haz-
ard ratio=8.37; p<0.0001; Supplementary Material:
Fig. 5b). Linear mixed model analysis further showed
that panel positivity was associated with a steeper cogni-
tive decline over time as measured by mini mental score
examination (MMSE, p=0.01, Supplementary Material:
Fig. 6), supporting the clinical relevance of the panel.

We next modelled biomarker levels along the AD
pathology using CSF Ap,, as the proxy of early patho-
logical changes [6] (Fig. 1f), and evaluated at what point
of amyloid load the levels of these novel biomarkers start
to change (structural break; Supplementary Material 1,
Supplementary Material: Fig. 7). We observed that all 12
panel proteins had only one structural break in the slope
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along the CSF AP, values. Of note, all proteins except
GLB1 and MCFD2 had a structural break before CSF Ap,,
positivity (i.e, CSF-AB,,<813 pg/mL; Supplementary
Material: Fig. 7). These results provide additional sup-
port of the relation of these proteins to the earliest detect-
able stages of AD and suggest that processes related to
immune function, energy metabolism, neurotrophic and
endolysosomal functioning start to change before signifi-
cant amyloidosis is present in the brain and might thus be
relevant in disease etiology. Further experimental studies
are needed to understand the connection between these
proteins and progression of AD pathogenesis.

Some limitations should be considered. The number of
cases that converted to MCI or dementia due to AD was
limited, and thus the prognostic capabilities of the panel
should be validated in larger and independent cohorts
with substantial follow-up clinical data. As for most CSF
studies, the study was cross-sectional. Despite our results
identify CSF changes associated to the earliest AD stage
defined to date, future analysis with longitudinal samples
covering the full AD continuum would provide a more
precise picture of the temporal evolution of these different
processes in sporadic AD considering also interindividual
differences (e.g., basal amyloid levels, accumulation rates,
resilience factors). Noteworthy, PEA proteomic technol-
ogy was optimized for blood analysis and thus, different
effect sizes might be obtained when using single immu-
noassays. Still we and others have previously validated dif-
ferent proteins in independent AD cohorts using custom
PEA assays (e.g., those relevant for the current study such
as ITGB2, DDC, CLEC5A, PARK?) [2], as well as different
single immunoassays (e.g., DDC, THOP1, sTREM1, MIF,
GFAP, NfL) [11-13], supporting the validity of the results
obtained with PEA proteomics.

Overall, this CSF proteome profiling shows that pro-
teins involved in immune function, proteolysis and lipo-
protein metabolisms are changed before the appearance
of clinical signs. A selection of this proteins can be used
not only to identify preclinical AD with>89% perfor-
mance, but also to predict progression to AD dementia
with good accuracy and likelihood (>84% and HR 8.37),
supporting the association of these proteins to early AD
pathophysiology. Some of these proteins were abnor-
mal even before amyloidosis is detected in CSF, sug-
gesting that these proteins and mechanisms might be
useful targets for prevention of amyloidosis and clinical
symptoms due to AD. The panel identified can easily be
translated into custom assays [4, 11] containing the 12
markers of interest, especially those with the strongest
effect sizes (e.g., ITGB2, CCL11). This panel can be used
to track in vivo processes associated with AD beyond
amyloid and tau pathology before the appearance of cog-
nitive symptoms. These results depict the multifactorial
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pathophysiology of AD in the earliest stages before amy-
loid pathology is established in vivo, providing new leads
for the development of new therapeutics to counteract
the development of AD and complementary biomarker
tools for clinical settings and trials.
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