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Abstract

The plasma proteomic changes that precede the onset of dementia could yield insights into
disease biology and highlight novel biomarkers and avenues for intervention. We quantified
4,877 plasma proteins in non-demented older adults in the ARIC cohort and performed a
proteome-wide association study of dementia risk over five years (N=4,110; 428 incident cases).
Thirty-eight proteins were associated with incident dementia after Bonferroni correction. Of
these, 16 were also associated with late-life dementia risk when measured in plasma collected
nearly 20 years earlier, during midlife. Two-sample Mendelian randomization causally implicated
two dementia-associated proteins (SVEP1 and Angiostatin) in Alzheimer’s disease. SVEP1, an
immunologically relevant cellular adhesion protein, was found to be part of larger dementia-
associated protein networks, and circulating levels were associated with atrophy in brain regions
vulnerable to Alzheimer’s pathology. Pathway analyses for the broader set of dementia-associated
proteins implicated immune, lipid, metabolic signaling, and hemostasis pathways in dementia
pathogenesis.

Introduction

While blood levels of several biologically relevant molecules have been associated with
risk for Alzheimer’s disease and dementia more broadly,1~# information about the full
range of changes to the plasma proteome in the years preceding dementia is lacking.
Several case-control studies have taken an unbiased ‘ omics’ approach to understanding the
plasma proteomic differences between individuals living with Alzheimer’s dementia and
non-demented older adults. Although these studies have been informative, they were limited
by modest sample sizes and by technological challenges permitting a survey of only a small
fraction of the human proteome.>~16 Furthermore, plasma proteomic studies of dementia to
date have been almost exclusively cross-sectional, potentially subject to reverse causation,
and unable to determine whether there are proteomic signatures of dementia in the years
preceding its clinical onset.

Gene expression studies have identified transcriptional changes that coincide with
dementia.1”~19 However, as regulation of protein concentrations in blood extends beyond
simply its transcriptome and as proteins are more directly linked to disease phenotypes than
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transcriptomes, surveying the proteome might offer new insights into the risk of incident
dementia. The recent advances in high-throughput technology for the characterization of

the human proteome have enabled the simultaneous assessment of ~5,000 circulating
proteins.20:21 By applying this technology to conduct a large-scale prospective analysis

of the plasma proteome in clinically non-demented individuals who progress to dementia,
the current study takes a new, relatively unbiased approach to discovery of blood-based
dementia biomarkers, some of which could also be causal disease mediators. In this study,
we test the hypothesis that widespread proteomic changes can (a) be detected in blood many
years before dementia onset and (b) be used to better understand the molecular pathways
altered in the preclinical and prodromal phase of dementia.

The current study used modified aptamer technology (SomaScan) to examine the
relationship between the plasma level of 4,877 proteins and risk for incident dementia in

a large biracial community-based sample of older adults from the Atherosclerosis Risk in
Communities (ARIC) study in the United States. In this proteome-wide association study

of dementia risk, we found the level of 38 unique proteins to be significantly associated

with dementia risk over the subsequent 5 years. In an analysis that reinforced and extended
these findings, we demonstrated that a large subset of these proteins was also associated
with incident dementia risk when measured during middle adulthood, almost 20 years
earlier. We also confirmed that a number of these proteins were associated with dementia
risk in the Age, Gene/Environment Susceptibility (AGES)-Reykjavik study, a prospective
community-based cohort in Europe (Iceland). Additionally, we have conducted systems-
level analyses of dementia-associated proteins to characterize the biological mechanisms
and regulatory pathways associated with dementia risk, and we have used neuroimaging to
relate these proteins to markers of brain structural integrity and molecular pathology relevant
to Alzheimer’s disease. Leveraging published GWAS data from external consortia, 22 we
used bidirectional two-sample Mendelian randomization to investigate causal links between
dementia-associated proteins and Alzheimer’s disease and identify new potential therapeutic
targets.

Cohort Characteristics.

A total of 4,110 participants were included in the primary analytic sample (age: 75

years [SD 5]; 58% women; 17% black; Figure 1A). At ARIC study visit 5 (2011-2013),
henceforth referred to as /ate-life baseline, 79% (n=3,238) of participants were cognitively
normal and 21% (n=872) met criteria for mild cognitive impairment (MCI). In total,

428 participants progressed to dementia after the blood draw for proteomic assessment.
The median follow-up time was 4.9 years (IQR: 4.3 to 5.2). A detailed study flowchart

is presented in Supplementary Figure 1; included/excluded participant characteristics are
presented in Supplementary Tables 1-3. Of the 5,284 available aptamer binding reagents,
4,877 (91%) passed quality control (see Methods) and were used in the current analysis.

Nat Aging. Author manuscript; available in PMC 2023 May 02.
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Association of Protein Levels with Incident Dementia.

In univariate analyses, 443 unique proteins were significantly associated with incident
dementia after Bonferroni correction for multiple comparisons (P<1.03E-05; Supplementary
Table 4). After adjusting for demographic factors, APOE e4 status, cardiovascular risk
factors, and kidney function, 38 proteins were associated with incident dementia after
Bonferroni correction (Figure 2A; protein list in Supplementary Table 5). At least 10 of

the 38 dementia-associated proteins are targeted by known drugs (Supplementary Table

6). The top five dementia-associated proteins identified using the covariate-adjusted model
were Sushi, von Willebrand factor type A, EGF and pentraxin domain-containing protein

1 (SVEP1); WAP four-disulfide core domain protein 2 (WFDC?2); Anthrax toxin receptor

2 (ANTXR?2); Agouti related protein (AGRP); and N-terminal pro-BNP (NTproBNP).
Compared with the association between older age and dementia risk derived from our
analyses, a doubling of SVEP1, WFDC2, AGRP, and NPPB protein level was equivalent

to the effect of 6, 7, 5, and 2 years of additional age on dementia risk, respectively. A
doubling in ANTXR2 level was equivalent to the effects of 6 fewer years of age on dementia
risk. Exclusion of the APOE .4 genotype as a covariate to uncover protein-dementia
associations driven by this major Alzheimer’s disease risk variant revealed six additional
dementia-associated proteins (i.e., IGFBP2, F10, CD14, GM2A, and RPL12 Supplementary
Table 7). Results of the primary analyses were robust to additional adjustment for single
nucleotide polymorphism (SNP)-based ancestry principal components (PCs),23 with the
exception of a few proteins (e.g., BAGE2 and STX7; Supplementary Table 5).

Given that a subset of participants had mild cognitive impairment at the late-life baseline
visit, we examined whether the 38 dementia-associated proteins discovered in the primary
analysis were associated with progression to dementia independent of baseline cognitive
functioning. After adjustment for global cognitive performance measured at the time

of the blood draw, 13 out of 38 proteins identified in our primary analysis remained
significantly associated with incident dementia at the same Bonferroni-corrected threshold
(Supplementary Table 5). This set of 13 plasma proteins were thus associated with
symptomatic progression independent of baseline cognitive status, which itself is strongly
associated with dementia risk (Figure 2B).24 Nearly all of the dementia-associated proteins
showed a cross-sectional association with cognition measured at late-life baseline. Some
proteins were strongly associated with memory abilities, whereas others were more closely
tied to executive functioning and language (Figure 2C; Supplementary Table 8).

Dementia-Associated Proteins Measured During Midlife.

To reinforce and extend our discovery findings, we examined whether the set of 38
dementia-associated proteins identified in our primary analysis were associated with
dementia risk when measured 18 years earlier in middle adulthood using a non-overlapping
set of dementia cases. The proteins were measured using the same version of the SomaScan
platform at ARIC Study visit 3 (1993-1995) in 11,069 participants (Figure 1B; participant
characteristics in Supplementary Table 9; flowchart in Supplementary Figure 2). As
previously reported by Lehallier and colleagues,2® there was a modest correlation between
late-life and midlife protein levels (median r=0.40; Supplementary Table 10). In the years
between visit 3 and the study late-life baseline (visit 5), there were 1,131 incident dementia
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cases over a median follow-up time of 17.2 years (IQR: 14.2 to 18.3). Sixteen of the 38
dementia-associated proteins measured during middle adulthood (visit 3) were associated
with incident dementia after Bonferroni correction, including seven of the top ten proteins
(Figure 2D; Extended Data Fig. 1). Thus, nearly half of the proteins associated with
dementia risk when measured in late life also showed an association with dementia risk
when measured two decades earlier (full results in Supplementary Table 11). The probability
of 16 or more proteins replicating out of 38 tested due to chance alone is approximately
1.00E-08.

Replication in the Icelandic AGES-Reykjavik Study.

Next, we set out to evaluate the 16 proteins that were associated with dementia risk in the
midlife replication analysis in an external cohort, the AGES-Reykjavik study, which used
an earlier generation of the SomaScan platform to perform proteomic profiling on 4,973
participants at study baseline (2002—-2006; participant characteristics in Supplementary
Table 12).26:27 |n the platform, 13 of the 16 candidate proteins were quantified. Of the 4,973
participants (mean age: 76 [SD 5]) included in the analysis, 990 developed dementia over

a median 10.3-year (IQR: 6.7 to 11.4) follow-up period. Six of the 13 candidate proteins
were significantly associated with incident dementia after Bonferroni correction, including
SVEP1 and NTproBNP (Figure 2E; Extended Data Fig. 1). The probability of 6 of 13
proteins replicating due to chance alone is approximately 1.98E-05. Nine of the 13 proteins
were associated with incident dementia at an uncorrected A<0.05 threshold (full results in
Supplementary Table 13).

Mendelian Randomization Causally Implicates Proteins.

We used a bidirectional two-sample Mendelian randomization to determine whether there
was evidence for a causal relationship between the dementia-associated proteins and
Alzheimer’s disease. Protein quantitative trait loci (pQTLs) were identified for 22 of the
38 dementia associated proteins in a recent study by Sun et al. using the INTERVAL
cohort.28 These pQTL associations at genome-wide significance (A<5.0E-08) and their
functional annotations (7.e. eQTL in brain and CADD score) are presented (Supplementary
Table 14). After pQTL pruning (pruned at r2<0.05), 10 proteins were identified to have

at least 3 pQTL instrumental variables (1Vs) for the forward analysis. We used data from

a large Alzheimer’s disease GWAS (N=21,982 cases; N=41,944 controls) to examine the
causal association between dementia-associated proteins and Alzheimer’s disease risk.22
After excluding outlier 1VVs, Mendelian randomization conducted using inverse variance
weighting (IVW) found evidence for a causal relationship between higher levels of SVEP1
and Alzheimer’s disease and higher levels of PLG and Alzheimer’s disease (Table 1), and
analyses using a weighted median method provided additional support for causal effects
from SVEP1 but not PLG (Supplementary Table 15). Sensitivity analyses estimates for
SVEP1 were consistent with I\VVW estimates in direction and magnitude, and the MR
assumptions were valid (Supplementary Table 15). In the reverse MR analysis, we identified
45 Vs for Alzheimer’s disease and tested whether Alzheimer’s disease influences 22
dementia-associated proteins. We did not identify a causal association of Alzheimer’s
disease with any proteins at Bonferroni-corrected significance level (Table 1).

Nat Aging. Author manuscript; available in PMC 2023 May 02.
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Next, we examined whether the pQTLs identified for each of the dementia-associated
proteins (a total of 2,731 unpruned genome-wide significant pQTLS) were associated with
MRNA transcript expression of genes in brain tissues. We identified 85 genes for which
dementia-associated protein pQTLs were also eQTLs in brain tissues (Supplementary Tables
14 and 16). An enrichment analysis of brain eQTL genes implicated ephrin receptor activity,
aligning with previous finding that ephrin receptors play a role in Alzheimer’s disease and
amyloid-related synaptic dysfunction (gene enrichment analyses provided in Supplementary
Table 17).29

Proteomic Prediction of Dementia.

Plasma proteins have demonstrated good prediction of current dementia previously in
case-control studies, with AUCs generally ranging from 0.70 to 0.80,30 but the utility of
circulating proteins for prediction of future dementia events has not been established. We
examined the degree to which plasma proteins can predict future progression to dementia
using elastic net machine learning to select optimal protein combinations. The protein-

only prediction model had an average area under the curve (AUC) of 0.744 (95% CI:

0.714, 0.774) calculated using ten-fold cross-validation. By comparison, the combination of
participant age, race, sex, education, and APOE e4 status yielded an AUC of 0.760 (95%
ClI: 0.730, 0.790). As displayed in Extended Data Figure 2, adding dementia-associated
proteins to a model that included demographic characteristics significantly improved the
AUC (A for C statistic was 0.017, £=0.02). The addition of proteins did not significantly
improve dementia prediction for a model that additionally included clinical variables. Recent
findings suggest that measurement of known disease-specific molecules in plasma (e.g., tau
phosphorylated at threonine 217 for Alzheimer’s disease) is likely to yield even greater
predictive accuracy.3!

Dementia-Associated Proteins and Neuroimaging Measures.

We examined the cross-sectional association of dementia-associated plasma protein levels
with structural brain MRI (n=1,319) and amyloid PET (n=259) measures taken at or

near the time of the blood draw (Supplementary Table 2). Dementia-associated protein
levels were significantly associated with MRI markers of neurodegeneration (reduced brain
volumes) and white matter pathology (white matter hyperintensity [WMH] volume), after
adjustment for confounders (Figures 3A and 3B; Supplementary Table 18). A focused
examination of the top five dementia-associated proteins found that SVEP1and NTproBNP
levels were most strongly associated with smaller brain volume in regions vulnerable

to Alzheimer’s disease, whereas WFDC2 and ANTXR2 were most strongly associated
with WMH volume (Figure 3A). A hierarchical cluster analysis (Figure 3B) indicated the
existence of protein subgroups related to neuroimaging markers of neurodegeneration, white
matter pathology, and amyloid-specific processes known to contribute to dementia (Figure
3B). There was less power to detect associations between proteins and cortical amyloid
given that fewer participants underwent PET neuroimaging. Although one association
between intestinal-type alkaline phosphatase (ALPI) and cortical amyloid emerged, it did
not survive correction for multiple comparisons (Supplementary Table 18). Unexpectedly,
some proteins showing suggestive associations with greater cortical amyloid were also
associated with lower neurodegeneration and white matter pathology. This finding is

Nat Aging. Author manuscript; available in PMC 2023 May 02.
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consistent with previous work demonstrating that certain biological processes can have
divergent effects on neurodegenerative and amyloidogenic brain changes.32:33

Expression of Genes Coding for Dementia-Associated Proteins.

Many of the genes coding for dementia-associated proteins were expressed at relatively
low levels in blood, but higher levels in other tissues, including adipose, heart, and spleen
(Extended Data Fig. 3). An examination of the top five dementia-associated proteins found
that the expression of SVEPZ and ANTXRZin blood, though generally low, correlated
with expression of the same gene in one or more brain region (Figure 3D; Supplemental
Table 19). SVEPI, in particular, showed a consistent blood vs. brain gene expression
correspondence across multiple brain regions, with a particularly strong association in the
anterior cingulate cortex. Thus, for at least a subset of dementia-associated proteins, the
abundance of transcripts in blood relate to the abundance of transcripts in the brain. We
also conducted gene network analyses to determine which genes are likely co-expressed
with genes coding for the top five dementia-associated proteins using the ExplainBio tool.34
As is indicated in Figure 3C, each dementia-associated protein has between 5 and 19 co-
expressed genes, several of which have been previously implicated in Alzheimer’s disease
and dementia. Interestingly, the gene coding for dementia-associated protein ANTXR2
was found to be co-expressed with PSENI, which codes for the proteolytic subunit of
y-secretase, an important component of brain AR peptide production (co-expressed gene
details and functional annotations are provided in Supplementary Table 20).

Enriched Biological Pathways and Protein Networks.

We next performed pathway analyses to understand the biological processes and regulatory
mechanisms that may be disrupted in individuals at risk for dementia. The set of 212
dementia-associated proteins significant at a false discovery rate (FDR) threshold of 0.05
were organized into canonical (well-understood biological) pathways by the Ingenuity
Pathway Analysis (IPA) tool. As shown in Figure 4A and Supplementary Table 21,
dementia-associated proteins were enriched for a number of biological pathways, including
pathways involved in lipid and metabolic signaling, vascular function/hemostasis, and
innate immunity. To further understand the degree to which these biological pathways

are associated with dementia risk, we developed a composite score (Canonical Pathway
Composite Scores) for each canonical pathway based on the set of proteins associated

with each pathway (Supplementary Table 22). In an analysis that examined Canonical
Pathway Composite Scores side-by-side in relation to dementia risk using a single model (to
account for pathway overlap), Composite Scores representing endocytosis signaling, innate
immune activation, and glycoprotein 6 pathway signaling were independently associated
with dementia risk (Figure 4B and Supplementary Table 23). Thus, changes to these
components of peripheral biology are uniquely associated with, and may contribute to,
future dementia risk.

To determine how protein groups may work together to influence dementia risk, we next
identified networks of related proteins from the set of 212 dementia-associated proteins
using the IPA Networks Analysis, an algorithm that groups proteins based on known genetic
or molecular relationships to other genes or gene products.3” Twelve networks consisting

Nat Aging. Author manuscript; available in PMC 2023 May 02.
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of 10 or more dementia-associated proteins were identified and their ontologies were
characterized (Figure 5; Extended Data Fig. 4-8; Supplementary Table 24). An analysis
which examined Protein Network Scores (Supplementary Table 25) side-by-side in relation
to dementia risk using a single model found that that five Protein Network Scores were
independently associated with dementia risk (Figure 5A; Supplementary Table 26). The
strongest association was found for the immune network (Network 4), which includes a
group of interconnected dementia-associated proteins, including TREM2, TREM1, IL18,
IFNA4, and SERPINB1, with an NF-xB hub (a transcription factor that is central to

innate immune function). This network was enriched for cytokines and proteins known

to be involved in microglial pathogen phagocytosis (Figures 5C and 5D; Extended Data
Fig. 6). This plasma protein network may therefore represent the peripheral signature

of the microglia response to neurodegenerative processes, what has been termed disease-
associated microglia (DAM).38 Plasma protein networks associated with extracellular
matrix organization, endopeptidase activity, PPAR signaling, and lipid binding were also
independently associated with dementia risk. We found each of these protein networks to
be differentially associated with neuroimaging characteristics, suggesting they may relate to
dementia risk through distinct neurobiological substrates (Figure 5B).

Upstream Regulators of Dementia Associated Proteins.

Next, we used IPA to determine which genes, proteins, or other gene products may

control the expression of dementia-associated protein groups, and thus play an upstream
regulatory function. The top predicted upstream regulators are presented in Figure 4C and
the full set of target proteins is presented in Supplementary Table 27. Several inflammatory
cytokines were predicted to be among the top regulators of dementia-associated protein
expression. This is consistent with evidence from multiple lines of research which suggests
that immune function plays an important role in dementia pathogenesis.*4-*8 TNF, a top
upstream regulator identified in the current study, has been identified previously as the top
regulator of differentially expressed genes in Alzheimer’s disease brains.*® TGF@, another
top upstream regulator, has been previously identified as a key regulator of microglia’s
immunological response to p-amyloid.> Regulators of other physiological processes were
also implicated, including apolipoprotein E (APOE). APOE, a major Alzheimer’s disease
risk gene, was predicted to act as regulator of dementia-associated proteins. Inhibition of
APOE was associated with an increased abundance of a number of molecules, including
TREM2 and ADAM10, which have been implicated in Alzheimer’s disease genomic studies
and linked to dementia risk in the current analysis (Figure 4D).22°1 A subset of upstream
regulator proteins were themselves associated with dementia risk (CSF1, AGT, MYC, and
EGFR; Supplementary Table 27).

Identification of Dementia-Associated Proteins Using PEER.

Given the number of unobservable factors that may affect proteomic expression, we next
used the Probabilistic Estimation of Expression Residuals (PEER) method to examine the
effect of removing hidden biological pathways or regulators, or technical/environmental
artifacts that may broadly affect proteomic expression.52:53 After PEER adjustment,
complexin-2 remained associated with dementia risk (HR, 2.48; 95% CI: 1.89, 3.28;
P=1.05E-10). PEER adjusted analysis conducted for complexin-2 measured during midlife
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also found a significant association between protein level and dementia risk (HR, 1.62;

95% Cl: 1.33, 1.99; P=2.65E-06). Complexin-2 is a protein primarily expressed in the brain
which has been shown to regulate vesicle fusion in pre-synaptic neurons and cytoplasmic
vesicle exocytosis,>*%° but little is known about its potential role in Alzheimer’s disease
pathogenesis.5® The current results suggest that unlike other dementia-associated proteins,
complexin-2 may affect dementia risk independent of broader biological signals captured
using PEER factors. Of the 110 PEER factors used in the analysis of proteins at late-life
baseline, three were associated with dementia risk (Extended Data Fig. 9). These three
PEER factors captured proteomic variation related to innate and adaptive immune activation
and cardiovascular functioning (Supplementary Table 28).

Discussion

Until recently, the high throughput technology needed to simultaneously quantify thousands
of proteins in thousands of blood samples was unavailable, and as such, an understanding
of the spectrum of circulating protein changes associated with dementia risk remained
incomplete. The current study, which extensively characterized the proteome of non-
demented individuals who later developed dementia, reassuringly ‘replicates’ some of the
associations that emerged from previous small case-control studies (see Supplementary
Table 29), but also identified an expanded group of plasma proteins whose levels were
altered in individuals who subsequently developed dementia. Notably, 38 proteins were
independently associated with dementia risk over a 5-year follow-up period at a Bonferroni-
corrected significance level. Over 200 unique proteins met the less stringent FDR-corrected
threshold, suggesting that there is a sizable plasma proteomic signature associated with
future dementia. Nearly half of these 38 proteins also demonstrated a robust association
with a different set of incident dementia cases when measured in blood collected nearly

20 years earlier, and a number of these associations were further reinforced by validation

in a population on a different continent. We found Mendelian randomization support for

a causal link between at least one dementia-associated protein (SVEP1) and Alzheimer’s
disease, and demonstrated further that plasma protein levels relate strongly to neuroimaging-
defined dementia endophenotypes. Systems-level analyses of the broader set of dementia-
associated proteins most consistently implicated peripheral immune, vascular/hemostasis,
and cholesterol metabolic processes as being relevant to dementia risk.

Statistical associations between protein level and dementia risk provided in this study

do not by themselves establish causality. However, Mendelian randomization analyses
provided evidence for causal links between SVEP1 and Alzheimer’s disease. While SVEPI
genotype has been associated with sepsis severity and circulating cytokine levels,>”-58 to our
knowledge, no previous study has demonstrated an association between SVEP1 protein level
and neurodegenerative disease. SVEP1 acts as a ligand for integrin a9p1 and is believed to
facilitate cellular adhesion in the context of pro-inflammatory signaling.>7:59.60 Numerous
studies have identified increased vascular adhesion as a key feature of aging and age-related
diseases,®1-63 consistent with recent findings showing SVEP1 to be among the top proteins
positively associated with age.2> Given that age-related increase of leukocyte adhesion

to brain endothelial cells have been shown to promote neuroinflammation and cognitive
impairment in rodent models,52 it is plausible that SVEP1 similarly influences Alzheimer’s
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disease risk by facilitating immune cell adhesion to cerebral vessel walls. Future mechanistic
studies will be needed to further test this hypothesis and its implications for treatment.

Mendelian randomization analyses also suggested a causal link between angiostatin, an
anti-angiogenic protein coded for by the plasminogen gene (PLG), and Alzheimer’s disease;
however, these results were less robust to sensitivity analyses. Microvascular dysfunction
and angiogenesis are known features of Alzheimer’s disease, and one translational study
suggests that angiostatin may regulate these neurobiological processes in the context of
cerebral amyloid pathology.8* Although higher levels of the angiostatin protein were
associated with lower dementia risk in the ARIC cohort, the Mendelian randomization
results suggests that a genetic propensity for greater plasma angiostatin levels /ncreases
Alzheimer’s disease risk. The relationship of levels and activity of angiostatin across
tissues is unclear, but given the discordant directions between the protein-dementia and
pQTL-Alzheimer’s disease associations, our angiostatin findings should be interpreted with
caution.

Using repeated protein measurement across an extended follow-up period, the midlife
replication analyses provide insight into the temporal relevance of specific molecules and,
by extension, specific biological processes. For example, proteins such as complexin-2
demonstrated a consistent association across the age range, providing further support for
their relevance in early and late stages of dementia pathogenesis. In contrast, our results
indicate that proteins such as spondin-1 and 1L-18, which have been previously implicated
in Alzheimer’s disease,%:%6 may only become abnormal closer to the time of dementia
onset. Furthermore, neuroimaging analyses suggest that dementia-associated proteins differ
in terms of their relationship with neurobiological processes underlying dementia, with some
proteins showing comparatively stronger associations with neurodegeneration in regions
vulnerable to Alzheimer’s disease pathology, and others with white matter pathology.
Proteins that show (a) a mid- and late-life association with dementia risk and (b) an
association with atrophy in Alzheimer’s vulnerable brain regions (e.g., SVEP1, GDF15,
NPPB, NTproBNP, GABARAP, ANGPT2) should be prioritized for investigation of
Alzheimer’s disease therapeutic potential. There are drugs currently available which target
some of these high priority proteins (Supplementary Table 6).

The current results offer new insight into the biological changes that may precede dementia
onset. While reinforcing results from previous plasma proteomic and gene expression
studies of Alzheimer’s disease that show enrichment for NF-kB and cytokine signaling,
complement activation, and lipid signaling pathways, these results also extend current
knowledge by highlighting the relevance of other peripheral pathways, such as those which
regulate coagulation (GP6) and natural killer (NK) cell signaling.1>16.67 Additionally, we
have identified several biologically relevant plasma protein networks that are independently
associated with dementia risk. A network enriched for immune signaling proteins, including
TREM1, TREM2, I1L-18, and LAT, had the most robust association with dementia risk

and related strongly to MRI markers of gray and white matter integrity. Further functional
profiling of this protein network indicates that it may represent the peripheral signature of
the microglial response to Alzheimer’s or other neurodegenerative pathology.® One of the
proteins in this network, TREM2 (triggering receptor expressed on myeloid cells 2), isa
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receptor known to play a role in modulating microglial function and neuroinflammation in
Alzheimer’s disease.%9 The identified plasma protein network may therefore be important
for Alzheimer’s disease neuro-immune monitoring,%8 particularly for therapeutics which
target microglia function.

The current study has numerous strengths and innovations, including the use of a high
throughput proteomic technology applied to a large community-based sample, an extended
follow-up for the longitudinal assessment of dementia risk at both older age and middle
age, the replication of candidate proteins in a different age range and geographic region,

a comprehensive assessment of neurocognitive and neuroimaging outcomes, and state-of-
the-art analyses to determine which of the protein biomarkers are also disease mediators
and plausible targets of therapies. Nevertheless, the results should be interpreted within

the context of some limitations. First, although the results of this community-based study
may apply to the population of white and Black adults living within the United States,

the ARIC population characteristics limit the generalizability of results to individuals of
other racial and ethnic groups. However, the partial replication of our protein-dementia
associations in a demographically dissimilar external cohort supports the generalizability
of our results. An additional limitation is the inability to classify dementia by presumed
etiology within the ARIC cohort. This is a common limitation given the challenges
associated with the accurate diagnosis of Alzheimer’s disease ante-mortem, especially

in a large cohort study where cerebral spinal fluid (CSF) and PET analyses are less
feasible. Given that this is a community-based sample, the majority of dementia cases
were suspected to be pathologically defined by either Alzheimer’s or mixed Alzheimer’s-
cerebrovascular disease. The likely mix of dementia causes in our primary outcome measure
reduced power to identify proteins associated with specific dementia etiologies; however,
we did evaluate protein associations with Alzheimer’s-relevant neuroimaging findings and
Alzheimer’s-specific GWAS. Future studies that incorporate CSF, PET imaging, brain
autopsy, or new highly-sensitive plasma biomarkers will be important for linking identified
proteins to specific neurodegenerative conditions. Results from the current protein-amyloid
PET analyses should be interpreted with caution given the modest sample size and the
potential effects of selection introduced by neuroimaging substudy inclusion criteria. Finally,
although SomaScan provides the most comprehensive assessment of circulating proteins,
this platform does not fully capture the human proteome and may be biased in its
preferential measurement of secreted proteins.28

Study Design and Participants

This study was conducted using data from the Atherosclerosis Risk in Communities (ARIC)
study, an ongoing community-based cohort study that initially enrolled 15,792 participants
from four communities across the US: Washington County, Maryland; Forsyth County,
North Carolina; northwestern suburbs of Minneapolis, Minnesota; and Jackson, Mississippi
between 1987 and 1989.70 ARIC participants were evaluated every three years at study
visits until visit 4 (1996-1998). Fifteen years after visit 4, participants were invited back for
visit 5 (2011-2013). Participants were invited back for visit 6 (2016—2017) approximately
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five years later (the study design is illustrated in Supplementary Figure 1). Study protocol
were approved by Institutional Review Boards at each participating center: University of
North Carolina at Chapel Hill, Chapel Hill, NC; Wake Forest University, Winston-Salem,
NC; Johns Hopkins University, Baltimore, MD; University of Minnesota, Minneapolis, MN;
and University of Mississippi Medical Center, Jackson, MS. All participants gave written
informed consent at each study visit, and proxies provided consent for participants who were
judged to lack capacity. The current study complies with STROBE guidelines.

Statistics & Reproducibility

The current analysis used a cohort study design (detailed above). No statistical methods
were used to predetermine sample sizes. Sample sizes were determined based on available
data.

The primary analysis examined the association of protein level at ARIC visit 5 (late-life
baseline) with dementia risk between visits 5 and 6. As illustrated in Supplementary Figure
1, participants who met criteria for dementia at visit 5 were excluded from the primary
analysis, as were participants missing proteomic data, covariate information, or the visit

5 cognitive assessment. After participant exclusions, a total of 4,110 participants were
included in the primary analyses. The midlife replication analysis included participants who
were non-demented at ARIC visit 3 (1993-1995). This analysis examined the association
of protein level at visit 3 with dementia risk between visits 3 and 5. The incident dementia
cases included in the midlife replication analysis (cases occurring after visit 3, but before
visit 5) were completely distinct from the incident dementia cases included in the primary
analysis (cases occurring after visit 5). These analyses included an overlapping set of non-
demented or censored participants. As illustrated in Supplementary Figure 2, participants
who were classified as having dementia or censored at or before visit 3, and participants
with missing proteomic data or covariate information were excluded from the midlife
replication analysis. A total of 11,069 participants were included in the midlife replication
analysis. The statistical approaches used for each component of the study are described in
the corresponding sections below.

Protein Measurement

Using blood collected at ARIC visit 3 and visit 5, the relative concentration of plasma
proteins or protein complexes was measured using a Slow Off-rate Modified Aptamer
(SOMAmer)-based capture array.’? In brief, this method uses short single strands of

DNA with chemically modified nucleotides, called modified aptamers, which act as
protein binding reagents with defined three-dimensional structures and unique nucleotide
sequences which are identifiable and quantifiable using DNA detection technology. The
SomaScan assay has been described in detail previously,?! as have the assay’s performance
characteristics.”273 Previous work indicates a median intra- and inter-run coefficient of
variation of approximately 5% and intra-class correlation coefficients of ~0.9.20.71 The
SomaScan assay has a sensitivity that is comparable to that of immunoassays while
extending the lower limit of detection (in the femtomolar range) down to below that offered
by conventional immunoassay approaches.28.73.74 A [ist of all the 5,284 modified aptamers
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in the v.4 SomaScan platform used in this study can be found in the supplement to a
publication by Williams and colleagues.’®

Plasma was collected using a standardized protocol at each ARIC site, frozen

at —80C, and shipped on dry ice to the ARIC central laboratory where it was

continuously frozen until aliquoting into barcoded microtiter plates with screw-top lids.

The plates were sent to SomaLogic Inc (SomaLogic, Inc, Boulder, Colorado) for
quantification. A technical description of the assay can be found in a white paper on

the manufacturer’s website (http://somalogic.com/wp-content/uploads/2017/06/SSM-002-
Technical-White-Paper 010916 _LSM1.pdf) and in previous publications.22:74 In total, 5,284
modified aptamers (SOMAmers reagents or “SOMAmMmers”) were used to measure relative
protein concentration.

Somal.ogic Quality Control—The data were normalized by the manufacturer using a
pool of healthy control participants.’® Samples were flagged if at least one of the following
four sample calibration factors fell outside of acceptable criteria: hybridization control
normalization factor; normalization factor for dilution of 0.005%; normalization factor for
dilution of 0.5%; and normalization factor for dilution of 20%. Of the total 5,327 study
samples provided by unique ARIC participants, 15 were excluded at visit 5 for failing

to meet the acceptable criteria. A total of 68 plates were run for 5,284 SOMAmers.

The manufacturer flagged SOMAmers if the interpolate calibration factor was outside the
acceptable criteria (QC Ratio of 0.8 —1.2). Although, we did not exclude proteins on this
basis, we conducted sensitivity analyses for all dementia-associated proteins to examine the
consequences of excluding samples from plates that met the out-of-range criteria. Two of
the 38 dementia-associated proteins had one or more flagged plate. Results of the primary
analysis remained similar after excluding measurements on flagged plates.

ARIC Quality Control—We manually annotated six uniprot ID’s and three protein names.
We applied log base 2 transformation to all SOMAmMmer measures to correct for skewness.
We ran blind duplicates for 187 of the 5,327 (4%) participants with available SOMAmer
data at visit 5, and 414 of 11,565 (4%) participants with SOMAmer data available at visit

3. The median inter-assay coefficient of variation for SOMAmers measured from visit 5
blood (calculated using the Bland-Altman method because proteins levels were measured on
a relative scale [CVga]) was 4.7%. The median inter-assay CVga for SOMAmMers measured
from visit 3 blood was 6.3%. The median split sample reliability coefficient was 0.85 at visit
3 and 0.94 at visit 5, after excluding quality control outliers, as described below.

Of the 5,284 available SOMAmers, we excluded 94 SOMAmers that had a CVga >50% or

a variance of < 0.01 on the log scale at either visit 5 or visit 3. Additionally, we excluded
228 SOMAmers because of binding to mouse Fc-fusion, 15 SOMAmers for binding to a
contaminant, and 70 SOMAmers binding to non-proteins, including hybridization control
elution, non-human proteins, non-biotin, non-cleavable, and spuriomer products. For each
SOMAmer, we winsorized outliers that were greater or less than five standard deviations
from the sample mean on the log2 scale. In total, 4,877 SOMAmers measuring 4,697

unique proteins or protein complexes passed quality control and were analyzed in the current
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study. The inter-assay CVgp and reliability coefficients for the SOMAmers associated with
dementia risk in our primary analysis are provided in Supplementary Table 30.

Using a subset of ARIC participants, we were able to validate the measurement of

several dementia-associated proteins that were previously measured using traditional
immunoassays: GDF15, NTproBNP, IL18, and B2M. SomaScan and traditional
immunoassay measurements for plasma GDF15 (n=142, =0.94), NTproBNP (n=5,168,
r=0.90), and B2M (n=5313, r=0.92) were highly correlated.”* However, SomaScan levels
of I1L18 were unrelated to IL18 levels measured using a traditional immunoassay (n=142;
r=—0.02) (Luminex multiplex assay, R&D Systems Inc., Minneapolis, MN). GDF-15,
NTproBNP, B2M, and IL18 antibodies were used at the recommended dilutions as per
the manufacturer protocol (typically, 50-fold as in 2 microliter of antibody stock solution
in a total of 100 microliter reaction volume for the automated assays). Seventeen of the 39
SOMAmers binding to dementia-associated proteins have been validated previously using
either multiple reaction monitoring (MRM) mass spectrometry, data dependent analysis
(DDA) mass spectrometry, or by identification of ¢/s pQTLs using GWAS (Supplementary
Table 31).27:28

Covariate Assessment

Participant race (black/white), education (less than high school/high school, general
education diploma [GED], or vocational school/college, graduate or professional school),
and sex (male/female) were reported at ARIC visit 1. Because race and study site

(center) were highly confounded, a combined race-center variable was used that classified
participants as either white-Washington County, white-Forsyth County, black-Forsyth
County, white-Minneapolis, or black-Jackson. APOE was genotyped using the TagMan
assay (coded as 0 APOEe4 alleles, 21 APOEe4 alleles, or missing; Applied Biosystems,
Foster City, CA). All other covariates were assessed at the visit concurrent with the

plasma proteomic measurement. Estimated glomerular filtration rate (eGFR) was calculated
based on serum creatinine and demographic characteristics.”®> Body mass index (BMI) was
calculated using measured height and weight (kg/m?2). Hypertension, based on the mean

of the last two blood pressure measurements, was defined as a systolic blood pressure
above 140 mm Hg, or a diastolic blood pressure above 90 mm Hg, or use of hypertensive
medication. Diabetes was defined at visit 3 as a fasting glucose =126 mg/dL or non-fasting
glucose 2200 mg/dL, current use of diabetes medication, or a self-report diabetes diagnosed
by a physician. Diabetes at visit 5 was defined based on HbA level of 6.5% or greater,
current use of diabetes medication, or self-report of physician diagnosis. Smoking was
defined based on self-report of current smoking status (yes/no).

Dementia Assessment

Primary Analysis (Visit 5 to Visit 6).—The primary analysis included 4,110
participants (mean age: 75; [SD 5]; 58% women). Participants underwent a comprehensive
cognitive and functional assessment at visits 5 and 6. This included a comprehensive
neuropsychological assessment with 10 cognitive measures (see Supplementary Methods)
to assess memory, language, and processing speed and executive function, and an informant
interview, as described previously.”8 Participants were given a limited cognitive battery
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at ARIC visits 2 and 4, which included 3 of the 10 cognitive measures used in the
comprehensive cognitive battery administered at visits 5 and 6. A detailed list of the
cognitive measures used in the comprehensive cognitive battery has been published
previously.”8 Cognitive and functional information was used to define dementia for
participants who attended visit 5 and/or visit 6. An algorithmic dementia diagnosis was
initially defined when the following criteria are met: a score of greater than 5 on the
Functional Activities Questionnaire (FAQ) or a Clinical Dementia Rating scale sum of
boxes (CDR-SB) greater than 3; two or more cognitive domain scores greater than 1.5
standard deviations below the normative mean; and previous evidence of decline on the
cognitive battery of greater than 0.055 standard deviations per year, which approximates the
rate of cognitive decline in cognitively normal older adults.””:78 All dementia diagnoses
identified using the algorithm were confirmed by an expert committee of physicians
and neuropsychologists based on the National Institute on Ageing and Alzheimer’s
Association’® and the Diagnostic and Statistical Manual of Mental Disorders (Fifth
Edition).”6.80

Participants were contacted annually by phone and semiannually after 2012. Between visit

5 and 6 participants were administered the Six-item Screener (SIS), a brief cognitive
assessment, annually via phone.8! If the participant received a low score on the SIS (or was
not able to participate in the screening via phone), the Ascertain Dementia 8-1tem Informant
Questionnaire (AD8)8 was administered to the participant’s informant. For participants
who attended visit 6, these measures were used to estimate the date of dementia onset. For
participants who did not attend visit 6 (due to death or visit non-attendance), SIS, ADS,
hospital discharge codes, and death certificate codes were used to define dementia diagnoses
and date of dementia onset up to December 31, 2017.83 The dementia incidence rate was
22.0 (95% ClI: 20.0, 24.2) cases per 1000 person-years.

Midlife Replication Analysis (Visit 3 to Visit 5).—The midlife replication analysis
included 11,069 participants (mean age: 60; [SD 6]; 55% women). Methods for dementia
surveillance between ARIC visit 1 and visit 5 have been detailed previously.”®84 After visit
3, the baseline visit for this analysis, telephone follow-up was conducted annually, and then
semiannually since 2012. Following visit 3, participants underwent a cognitive assessment
at visit 4 (1996-1998). Between visit 4 and visit 5, participants were administered the
Telephone Interview for Cognitive Status Modified (TICSm), an abbreviated cognitive
assessment, via phone. For a subset of participants suspected of having dementia, a modified
version of the CDR and the FAQ were administered to informants. For participants who
attended visit 5, these measures were used to estimate the date of dementia onset. For
participants who did not attend visit 5 (due to death or visit non-attendance), the TICSm,
CDR, FAQ, hospital discharge codes, and death certificate codes were used to define
dementia diagnosis and date of dementia onset up to September 1, 2013. The dementia
incidence rate was 6.6 (95% CI: 6.2, 7.0) cases per 1000 person-years.

Suspected dementia etiology was determined for the subset of participants to attended
visit 5. Due to an inability to provide a neurological exam for participants diagnosed
with dementia after ARIC visit 5, and for participants in whom dementia was exclusively
diagnosed using dementia surveillance methods, dementia etiology was not considered.
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Identification of Dementia-Associated Proteins

Cox proportional hazards regression models were used to examine the association between
the relative level of 4,877 SOMAmers measured at late-life baseline (visit 5) and

incident dementia occurring between visit 5 and visit 6 (Supplementary Figure 1). We
examined an unadjusted model and three covariate-adjusted models. First, we examined a
demographically adjusted model which controlled for age, sex, race-center, education, and
APOEe4 (model 1). Because kidney function was found to correlate with plasma protein
levels for a large subset of the proteome, we examined a second model that additionally
adjusted for kidney function defined eGFR-creatinine (model 2). We also examined a third
(model 3) fully-adjusted model that adjusted for cardiovascular risk factors (i.e., BMI,
diabetes, hypertension, and smoking status), given the role of these variables as potential
confounders.84 We used the fully adjusted model (model 3) for all primary analyses.
Midlife replication analyses used the same Cox proportional hazards regression models to
examine the association between SOMAmMmer levels and incident dementia occurring between
visit 3 and visit 5 for the subset of dementia-associated proteins identified in the primary
analysis (Supplementary Figure 2). We used Bonferroni-corrected two-sided P-value <0.05
to determine statistical significance. Analyses were conducted using R version 3.6.2.

Replication in the AGES-Reykjavik Study

A detailed description of the AGES-Reykjavik Study?8 and the AGES-Novartis SomaScan
platform2’ have been provided previously. Briefly, the AGES-Reykjavik Study is prospective
longitudinal cohort study of older European white adults who were initially enrolled

in the Reykjavik Study, established in 1967. From 2002 to 2006, 5,764 participants
previously enrolled in the Reykjavik study were reexamined for the first wave of the
AGES-Reykjavik. This baseline assessment was completed over three visits within a 4-

to 6-week time window. Participants underwent a comprehensive assessment which included
a clinical examination, questionnaires, a battery of cognitive measures, an MRI scan, and a
blood draw. The AGES-Reykjavik study was approved by the Icelandic Nation Bioethics
Committee (VSN: 00-063), the Icelandic Data Protection Authority, Iceland, and the
Institutional Review Board for the National Institute of Aging, NIH, United States. Written
informed consent was obtained from all participants.

Blood samples used for the current analyses were collected at the AGES-Reykjavik study
baseline. Serum was prepared using a standardized protocol and stored in 0.5 ml aliquots

at —80° C. A custom-designed Novartis SomaScan 5K platform was used to measure

5,034 SOMAmers found to bind to 4,137 distinct human proteins. Samples were sent

to SomaLogic Inc (SomaLogic, Inc, Boulder, Colorado) for quantification. SOMAmers
evaluated in the current study passed quality control. An assessment of a 1,000 protein
subset conducted by Emilsson and colleagues found a median inter-assay CVs to be < 1%.27
SOMAmer levels were log base 2 transformed for the current analysis.

Dementia classification was conducted using a three-step procedure, as described
previously.26 All participants were administered the Mini-Mental State Examination and the
Digit Symbol Substitution Test. Participants who received a low score on either measure
were administered a more comprehensive battery of cognitive measures. Participants

Nat Aging. Author manuscript; available in PMC 2023 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Walker et al.

Page 17

who received a low score on the Trails A and B measure or the Rey Auditory

Verbal Learning Test received an additional assessment, which included a neurologic
examination and a proxy interview. Dementia diagnoses were adjudicated based on
consensus during a conference that included a neurologist, geriatrician, neuropsychologist,
and a neuroradiologist who provided a clinical reading of available MRIs. DSM-IV criteria
were used to diagnose dementia.8> The dementia incidence rate was 27.5 (95% Cl: 25.9,
29.2) cases per 1000 person-years.

Of the 5,764 participants enrolled in the AGES-Reykjavik study, 4,973 participants (mean
age: 76 [SD 5]; 58% women) who were non-demented at the baseline and had non-missing
covariate information were included in the current analyses. To examine generalizability of
the protein-dementia associations found within the ARIC cohort, we submitted the sixteen
proteins associated with incident dementia in both the primary analysis and the midlife
replication analysis for external replication in AGES-Reykjavik cohort. Thirteen of the

16 identified proteins were quantified in AGES-Reykjavik participants. Cox proportional
hazards regression models were used to examine the association between the relative level of
14 SOMAmers (representing 13 unique proteins) and incident dementia occurring between
the baseline visit and October 2015. Models were adjusted for baseline age, sex, education,
APOEe4, eGFR-cr, BMI, diabetes, hypertension, and smoking status.

Relating Dementia-Associated Proteins to Cognition

We used multivariable linear regression to examine the association of dementia-associated
protein levels with global and domain-specific cognitive factor scores (defined in the
Supplementary Methods). We used fully-adjusted models (model 3) for all analyses.
Cogpnitive factor scores were standardized to facilitate comparability across cognitive
domains. Analyses were conducted using Stata, version 14 (StataCorp, College Station,
TX).

Dementia Prediction

To investigate whether dementia-associated proteins might improve dementia prediction, we
used an approach that combined cross-validation with elastic net models. Cross-validation
is used to reduce overfitting. Elastic net is a regularized regression method which penalizes
the addition of new features to each model using the two penalization parameters (L4 and
L) used in ridge and LASSO regression.”* We used elastic net with Cox proportional
hazards regression to optimize the selection of proteins for predictive models of dementia
risk. Elastic net has been used in previous proteomic studies to create protein-based models
for disease prediction.20.74 Elastic net regression models were used in the current study to
select a weighted combination of SOMAmMmers from among the top 50 SOMAmers associated
with dementia in the Cox proportional hazards models described in the section above.

We conducted sensitivity analyses allowing elastic net models to select from the top 100
and top 200 SOMAmers, but prediction was generally less accurate when the number of
SOMAmers available to choose from was increased. The gimnet R package (version 4.0.2)
with a designated alpha of 0.5 was used the elastic net models.
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We used a 10-fold cross-validation approach which split the data into two sets: 90% of the
sample was used for model derivation, which included all discovery steps: (a) selection of
the top 50 SOMAmers (ranked by P-value) using Cox proportional hazards models, and

(b) generation of prediction models using an elastic net Cox proportional hazards model

to select a weighted combination of SOMAmMmers from among the top 50 identified in step

a. The other 10% of the sample was used to validate the protein model. This process was
repeated 10 times, cycling through ten 10% validation subsets and 90% training subsets
comprising the entire dataset. We generated an average naive (from the 90% training subset)
and validated (from the 10% validation subset) C statistic for the protein prediction models.
This process was repeated for a protein-only model, models which included demographic
and cardiovascular risk factor information (these covariates were forced into the model), and
for models that included proteins and demographic/cardiovascular risk factor information.

Brain MRl and PET Imaging

Of the 6,538 ARIC participants who attended visit 5, 1,978 received a 3-Tesla brain MRI
after their medical evaluation. As has been described in detail previously,8® all ARIC
participants with evidence of cognitive impairment at visit 5 and all participants who
participated in the Brain MRI Ancillary Study (2004-2006) were selected to receive a brain
MRI, as was an age-stratified random sample of participants without cognitive impairment.
Participants with MRI contraindications were not selected. The MRI analysis included 1,319
non-demented participants from the larger analytic sample with complete brain MRI data.

A common set of MRI sequences was performed at each ARIC site and analyzed at the
ARIC MRI Reading Center (Mayo Clinic) using methods described in detail previously.88
Magnetization-prepared rapid acquisition gradient echo (MP-RAGE), axial T2*gradient
echo, and axial T2 fluid attenuated inversion recovery (FLAIR) sequences were obtained.
Brain volume was calculated using Freesurfer (v5.1.0; http://surfer.nmr.mgh.harvard.edu)8’
on MP-RAGE sequences. The current study evaluated total brain volume and Alzheimer’s
Disease Signature Region volumes. Alzheimer’s Disease Signature Region volume was
calculated by combining the volumes of the parahippocampal gyrus, entorhinal cortex,
inferior parietal lobules, hippocampus, and precuneus.®8 FLAIR images were used to
calculate white matter hyperintensity (WMH) volume, which was quantified using a
computer-aided segmentation program.89 All MRI analyses were adjusted for total
intracranial volume. WMH volume was log-transformed to correct for skewness.

Florbetapir PET scans were obtained from non-demented participants enrolled in the ARIC-
PET study within one year of the brain MRI to measure cortical amyloid. Participants

at three ARIC sites (Forsyth County, North Carolina; Washington County, Maryland; and
Jackson, Mississippi) were eligible for enrollment in the ARIC-PET study if they were free
of the following conditions at the time of enrollment: dementia, current heavy alcohol use,
renal dysfunction (creatinine levels > 2mg/dl), or a prolonged QT-c interval (>450 ms). In
total, 346 participants were enrolled in the ARIC PET study, of which 259 were included

in the current analytic sample. PET scans were co-registered with MP-RAGE sequences. As
is described in detail elsewhere,%0 PET images were acquired between 50 and 70 minutes
after intravenous injection of the florbetapir isotope for a 20-minute (4 x 5 minute) uptake
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scan. After images were reviewed for image quality by the PET image analysis center at
Johns Hopkins, standardized uptake value ratios (SUVRs) were quantified and 34 regions of
interest (ROIs) were manually applied to SUVR images in the standard Montreal Neurologic
Institute (MNI) space. We used a measure of global cortical florbetapir uptake derived from
the volume-dependent weighted average of the orbitofrontal, prefrontal, superior frontal;
lateral temporal, parietal, and occipital lobes; and the precuneus, anterior cingulate, and the
posterior cingulate. A cerebellar gray matter region was used as the reference. Global SUVR
score was log-transformed to correct for skewness.

We used multivariable linear regression to evaluate the association of dementia-associated
protein levels with MRI and PET measures. We used fully-adjusted models (model 3) for

all neuroimaging analyses. Analyses of MRI variables included sampling weights to account
for the ARIC brain MRI sampling strategy. MRI and PET measures were standardized

to facilitate comparability. Analyses were conducted using Stata, version 14 (StataCorp,
College Station, TX).

Mendelian Randomization Analysis

We used a Mendelian randomization (MR)®! approach to study the causal relation
between the dementia-associated proteins and Alzheimer’s disease (AD). MR design
mimics randomized controlled trial in an observational setting by using independent
SNPs associated with exposure as instrumental variables (1Vs). We used a bidirectional
two-sample MR design3293 to evaluate whether a dementia-associated protein is causally
related to Alzheimer’s disease, or vice versa, using summary statistics sourced from two
independent samples. We used protein quantitative trait locus (pQTL) data published by Sun
et al. (2018)28 to identify SNPs associated with SOMAmer levels of dementia-associated
proteins. Among 38 dementia-associated proteins, 22 proteins had pQTL data available.
SNP-AD associations were obtained from the International Genomics of Alzheimer’s
Project (IGAP) discovery GWAS summary statistics (n=63,926).22 For both directions
(forward: protein to AD, backward: AD to protein), SNPs with genome-wide significance
(P-value <5 x 1078) were selected and LD pruned (r2<0.05) using a web-app, LDIink
(11/06/2020 release) against 1000 Genome European reference panel.?* When the IV was
not included in the outcome data, we used a proxy (r2>0.6) within 500 kilo-basepairs.
Proteins were required to have at least 3 Vs to be eligible for multi-IV MR analyses.

Under the set of MR assumptions, the slope of inverse variance weighted (IVW) regression
(a weighted linear regression of SNP-outcome association on the SNP-exposure association
with the inverse of the variance of SNP-outcome association as the weights and zero-
intercept) provides a valid casual estimate. We performed sensitivity analyses using
complementary approaches that are robust to violation of MR assumptions, including
Mendelian Randomization-Egger,% weighted median method,% and CONtamination
MIXture®. A consistent causal estimate between approaches helps to rule out false
positives. Strength of 1Vs was evaluated with mean F statistics for IVW analysis, where
F<10 was considered as a ‘weak 1V’ (the Staiger—Stock rule® javascript:;). The “No
Measurement Error (NOME)” assumption was evaluated by Bowden 12 statistics for MR-
Egger analysis. To evaluate the no horizontal pleiotropy assumptions, we tested pleiotropy
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with Egger intercept test®® and Mendelian Randomization Pleiotropy RESidual Sum and
Outlier test.200 Cochran’s heterogeneity test was used to test the heterogeneity between
casual estimates.101 All the analysis were performed using TwoSampleMR192 (version
0.5.5) and MendelianRandomizationl3 (version 0.5.0) R packages. We also constructed
radial plots1%4 using RadialMR (version 0.4) R package to detect potentially invalid or
influential instruments (“outliers”) and performed a IVW MR analysis again after excluding
outliers. The MR association P-value was Bonferroni adjusted for the number of proteins
with IV available.

To investigate the functional consequence of the genome-wide significant protein pQTLs,
we estimated Combined Annotation Dependent Depletion (CADD, version 1.4) score

and examined their association with gene expression in brain tissue using Functional
Mapping and Annotation of Genome-Wide Association Studies!®® (FUMA) platform.
pQTLs with CADD score greater than 12.37 was regarded as having a deleterious effect,106
Associations with gene expression were identified using data from Brain eQTL Almanacl®’
(BRAINEAC) and Genotype-Tissue Expression1%8 (GTEx version 8) projects.

Gene Expression Analyses

Genotype-Tissue Expression Analysis—To examine the expression of genes coding
for dementia-associated proteins in discrete brain regions and in whole blood, we used data
acquired from the genotype-tissue expression (GTEX) project, a publicly available database
of multi-tissue gene expression data.108:109 All donors gave written informed consent and
GTEX study protocols were approved by the NIH National Human Genome Research
Institute. A detailed description of the GTEx database has been previously provided.10°
Using version 8 of the GTEx database, we first visualized the gene expression across

11 brain regions, whole blood, and other relevant tissue (heart, kidney, spleen, adipose)

for all dementia-associated proteins using the GTEx Multi Gene Query. Genes and tissue
types were grouped using a hierarchical cluster analysis based on gene expression level
presented on a scale of transcripts per million (TPM). Next, we used gene expression

data to examine the correlation between the expression of genes coding for the top
dementia-associated proteins in whole blood and expression of these same genes across

11 discrete brain regions (i.e., the cortex, anterior cingulate cortex [BA24], hippocampus,
amygdala, hypothalamus, frontal cortex [BA9], caudate, cerebellum, cerebellar hemisphere,
nucleus accumbens, and the putamen) in corresponding donors. Of the 948 donors, 755
had whole blood gene expression data available. We matched the set of participants with
whole blood gene expression data available with corresponding brain gene expression data,
which was available in a smaller subset of participants (sample sizes for each brain region
provide in Supplementary Table 19). All gene expression values were log transformed to
correct for skewness. Outliers deviating >5 standard deviations from the mean of the log
transformed distribution were excluded. We examined the correlation between whole blood
gene expression and brain gene expression using Spearman correlations.

Gene Co-expression Analysis—Gene co-expression analysis for the top five
dementia-associated proteins was conducted using the ExplainBio web tool (http://
www.explainbio.com).34 The ExplainBio tool uses a recursive algorithm to select the group
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of genes which most strongly predict expression of another gene. We used this tool to
identify the set of genes whose expression most strongly predicted the expression of genes
coding for dementia-associated proteins. We also used this algorithm to determine the set

of genes whose expression was most strongly predicted by the expression of genes coding
for each dementia-associated protein. This analysis used whole blood from 244 donors.

As described in detail elsewhere,3 the ExplainBio algorithm first finds the gene whose

log gene expression is most strongly associated with expression of the node gene (i.e, the
genes coding for top dementia-associated proteins). The program then recursively searches
remaining genes to find the gene that best improves the model until the individual R? of

the added gene is below 0.0625. This generates a linear model for the set of genes which
together have the highest direct contribution to the expression of the gene of interest. We
conducted a systematic review of the literature to determine whether the genes co-expressed
with node genes have been previously implicated in Alzheimer’s disease and dementia more
broadly. We used the search terms “((Gene Symbol [Title/Abstract]) OR (Gene Name [Title/
Abstract])) AND ((Dementia[Title/Abstract]) OR (Alzheimer’s disease[Title/Abstract]))” in
PubMed for each gene using the gene symbol, gene name and aliases. We cited work
demonstrating the involvement of co-expressed genes in Alzheimer’s disease/dementia in
Supplementary Table 20.

Ingenuity Pathway Analysis

To further examine the biological mechanisms associated with the set of plasma proteins
dysregulated in individuals at risk for dementia, we used Ingenuity Pathway Analysis

(IPA), a bioinformatics application that facilitates the analysis and interpretation of omics
data based on manually curated content provided through the Ingenuity Knowledge Base
(IPA, QIAGEN Inc., https://www.giagenbioinformatics.com/products/ingenuity-pathway-
analysis). We used the set of proteins associated with incident dementia at an FDR-corrected
threshold (two-sided A< 0.05). SOMAmers and genes that could not be mapped to the

IPA databased were excluded for IPA analyses. We linked the 217 SOMAmers associated
with dementia risk to 212 unique genes in the IPA database; Cox proportional hazards beta
estimates (in the form of log expression ratios) and FDR-corrected P-values derived from
our primary analyses using a fully adjusted model (model 3) were uploaded for each protein.
Not all SOMAmMmers mapped to a unique gene in the IPA database. In some cases, duplicate
SOMAmers mapped to a single gene (e.g., SVEP1$ and SVEP1#), and in other cases, more
than one gene product corresponded to a single gene ID (e.g., NTproBNP and natriuretic
peptide B). Duplicates were resolved by consolidating the gene ID and using the maximum
expression value of the two SOMAmers.

Analysis were conducted using the Ingenuity Knowledge Base as the reference set, and
included both direct and indirect experimentally confirmed relationships from all species,
with a maximum of 35 molecules per network and 25 networks per analysis (parameters
used in previously published studies).119:111 The IPA Core Analysis was used to estimate
the degree to which specific canonical pathways, protein networks, and upstream regulators
were implicated based on the set of proteins found to be associated with dementia risk.

The IPA Core Analysis calculates one-sided P-values using a right-tailed Fisher’s exact
test to quantify the probability of overlap between a set of dementia-associated proteins
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identified in current analysis and a set of proteins known to exist within a specific pathway
or process due to random chance. A P-value of <0.05 was used as the threshold for statistical
significance after applying Benjamini-Hochberg FDR adjustment for multiple comparisons.
A Z-score was also calculated, which quantifies the likelihood and directionality of the
expression of canonical pathways and upstream regulators, considering the direction of the
protein-specific association in our dataset and the known directional effect of one molecule
on another molecule or on a process. A Z-score <-2 or >2 has been recommended as the
threshold for significance when interpreting directionality. A detailed explanation of the
statistical underpinnings of IPA Core Analyses have been published previously.112

We conducted sensitivity analyses to examine alternative thresholds for protein inclusion,
including two-sided A<0.01 (380 SOMAmers). These analyses demonstrated a pattern of
enriched canonical pathways, protein networks, and upstream regulators that was generally
similar to that found in the primary analysis. We conducted an additional sensitivity

analysis which restricted the protein reference group to the proteins measured by the
SomaScan platform. These results showed enrichment for similar canonical pathways,
protein networks, and upstream regulators; however, for canonical pathways and upstream
regulators, the Z-scores were attenuated, and most P-values did not survive correction for
multiple comparisons. Lastly, we permutated the data and submitted a random set of proteins
to IPA to ensure that enriched pathways identified in our primary analyses were not simply a
result of technical artifact.

We also examined the relative contribution of the 21 identified canonical pathways to
dementia risk. We derived 21 Canonical Pathway Composite Scores for each participant. For
each canonical pathway, a composite score was calculated as the linear combination of the
proteins assigned to the identified canonical pathway. Protein weights were defined using
the first component of a pathway-specific principal component analysis (PCA). Proteins
included in each PCA are listed in Supplementary Table 21 and the Canonical Pathway
Composite Score factor loadings are provided in Supplementary Table 22. The association
between Canonical Pathway Composite Scores and risk for incident dementia after late-life
baseline (visit 5) was examined using a Cox proportional hazards regression model that
included all 21 Canonical Pathway Composite Scores and demographic and cardiovascular
risk factor covariates (model 3).

IPA network analysis was used to identify interactions between groups of highly connected
dementia-associated proteins. Networks were generated algorithmically based on known
genetic or molecular connectivity with other genes or gene products.3” Highly connected
genes/gene products are first identified as focus molecules or “seeds.” Focus molecules
identified as having the most interactions with other focus molecules are connected to

form a network. Connected non-focus molecules identified in our primary analysis as being
associated with dementia risk were then iteratively added to the network. Networks were
limited by 35 molecules each to facilitate the identification discrete networks. To determine
the biological relevance of identified protein networks, we used the g:Profiler toolkit.3
Functional profiling of each protein set was conducted using the Gene Ontology (GO),4041
Kyoto Encyclopedia of Genes and Genomes (KEGG),*2 and WikiPathways*? databases.
The full set of GO molecular function, GO biological process, KEGG, and WikiPathway
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terms are provided in Extended Data Fig. 4-8. In a similar manner to the derivation of

the Canonical Pathway Composite Score identified above, we generated Protein Network
Scores using the proteins included in each of the identified networks containing ten or more
dementia-associated proteins. Proteins included in each network are listed in Supplementary
Table 24 and the Protein Network Score factor loadings are provided in Supplementary
Table 25. For each protein network, a Protein Network Score was calculated as the linear
combination of the set of proteins, as defined by the first component of the PCA. The
association between Protein Network Scores and risk for incident dementia after late-life
baseline (visit 5) was examined using a Cox proportional hazards regression model which
included all 12 composite scores and demographic and cardiovascular risk factor covariates
(model 3). We also examined the association of Protein Network Composite Scores with
brain MRI and PET measures using fully adjusted models (model 3) for all analyses.

Probabilistic Estimation of Expression Residuals (PEER)

We applied the Probabilistic Estimation of Expression Residuals (PEER) method to
examine the effect of removing variation related to latent patterns within the proteomic
data.>2113 Experimental and technical noises can have systematic effects on high-throughput
measurements. Environmental conditions, both internally and externally, can also have a
large influence on those measurements. This may include cellular fluctuations and biological
pathway effects. All these factors may contribute a large proportion of variation to our
measured protein levels and thereby obscure some small-effect association signals. We

used the PEER method to estimate a set of latent covariates explaining the main source

of technical and biological sources of variance in the log-transformed protein data.113 Log-
transformed protein data were then adjusted in a linear regression for those PEER factors.
The residuals from this linear regression were used as the corrected-protein quantification

in the PEER-adjusted analysis. The PEER correction helps to elucidate isolated-effect
association signals independent of broader technical and biological sources of variance. At
total of 110 and 160 PEER factors were used for the analyses of visit 5 and visit 3 proteins,
respectively. The number of PEER factors was selected to control the proteomic inflation
factor at an acceptable level, generally less than 1.1. We examined effect of including
alternative set of PEER factors (e.g., top 50 PEERSs, top 80 PEERSs) and found that the
results were similar.

To examine the association between visit 5 PEER factors and dementia risk, we used an
adjusted Cox proportional hazards regression model (model 3) with PEER factor as the
independent variable and incident dementia as the outcome. To characterize the biological
relevance of dementia-associated PEER factors, we examined the Spearman correlations
between each dementia-associated PEER factor and visit 5 SOMAamer levels and submitted
these correlations and the associated P-values to IPA for Core Analyses. SOMAmers that
correlated with each dementia-associated PEER factor (FDR corrected two-sided £<0.05
for PEERS 9 and 88 and FDR corrected two-sided £<0.0001 for PEER 3) were included

in this analysis. Canonical pathways associated with each dementia-associated PEER factor
were defined based on the P-value of overlap, i.e., the probability of overlap between PEER-
associated proteins and the proteins which make up each canonical pathway by chance
alone.
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Extended Data

Midlife Replication, P Value
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Extended Data Fig. 1.
P-values for dementia-associated proteins in midlife replication and AGES-Reykjavik

external replication analyses

(A) P-values (two-sided) for the midlife replication analysis (index visit 1993-1995, ages
49-73) of the 38 dementia-associated proteins identified in older adults (y-axis) plotted
against P-values for each dementia-associated protein derived from the primary analysis
(index visit 2011-2013) on the x-axis. The horizontal dotted red line represents the
Bonferroni-corrected threshold for statistical significance in the midlife replication analysis
(0.05/38; P<0.0013). The vertical dotted black line represents the Bonferroni-corrected
threshold for statistical significance in the primary analysis (0.05/4,877; A<1.03x1079).

(B) A-values (two-sided) for the AGES-Reykjavik (index visit 2002—-2006) replication of
proteins that were significantly associated with dementia risk in both the primary and the
midlife replication analysis (y-axis) plotted against P-values for each dementia-associated
protein derived from the primary analysis (index visit 2011-2013) on the x-axis. The
horizontal dotted red line represents the Bonferroni-corrected threshold for statistical
significance in the AGES-Reykjavik replication analysis (0.05/13; £<0.0038). The vertical
dotted black line represents the Bonferroni-corrected threshold for statistical significance in
the primary analysis (0.05/4,877; P<1.03x107°).

Nat Aging. Author manuscript; available in PMC 2023 May 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Walker et al.

Page 25

Median num.

Naive C statistic Prediction C statistic ;)eflgzgglgs
(90% derivation cohort) (10% validation cohort) e by
elastic net
model
C statistic (95% CI) C statistic (95% CI)
Proteins only* 0.766 (0.742, 0.791) 0.744 (0.714, 0.774) 22.5
Demographic characteristics ”
No orotei 0.766 (0.743, 0.789) 0.760 (0.730, 0.790) -
o0 proteins
Demographic characteristics b 0.777 (0.747, 0.807)
+ proteins * 0.806 (0.785, 0.828) C stat. A: 0.017 (P=0.02) 205
Demographic characteristics ”
+ clinical variables © 0.777 (0.755, 0.798) 0.767 (0.737, 0.797) -
No proteins
Demographic characteristics ”
+ clinical variables “ + 0.818 (0.796, 0.840) 0.775 (0.743, 0.805) 21.5

proteins *

Extended Data Fig. 2.

C stat. A: 0.008 (P=0.22)

Prediction of incident dementia using proteins, demographic and clinical variables, and their
combination measured at late-life baseline (2011-2013)
Elastic net machine learning with Cox proportional hazards regression was used to select
the best combination of proteins from the top 50 proteins in each model. This table shows
results from 10-fold cross validated analyses. Two-sided P-values were calculated for the C
statistic comparisons. No corrections for multiple comparisons were performed.
@ Protein combination defined using elastic net machine learning algorithm

b Includes age, sex, race-center, education, and APOEFe4

¢ Includes body mass index, diabetes, hypertension, smoking status, and eGFR-creatinine

Abbreviations: C stat. A, change in C statistic with the addition of elastic net proteins.
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Protein-specific gene expression in blood, brain, and other tissue
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Extended Data Fig 3.
Gene expression in whole blood, brain, heart, kidney, spleen, and adipose tissue of genes

coding for dementia-associated proteins

Using gene expression data available from postmortem samples in the GTEx database,

this heatmap shows the expression of genes coding for dementia-associated proteins (in
transcripts per million) in whole blood, select brain regions, and other selected tissue.
Hierarchical cluster analysis was used to group dementia-associated proteins based on gene
expression across multiple tissues.
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Network 1: Hemostasis, complement, cellular adhesion
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Extended Data Fig 4.
Functional profiling of protein Network 1 identified among the set of dementia-associated

proteins

Protein networks were assembled based on evidence of known gene/molecule interactions
in the Ingenuity Knowledge Base. The g:Profiler toolkit3® was used to analyze the proteins
in each dementia-associated protein network for functional enrichment. We defined the
biological pathways/processes associated with each protein set using the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathways databases.
Images were generated using the g:Profiler web tool: https://biit.cs.ut.ee/gprofiler/.
Abbreviations: GO:BP, gene ontology biological process; GO:MF, gene ontology molecular
function
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Network 2: Protein tyrosine kinase activity
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Network 3: Regulation of proteolysis, endopeptidase inhibition
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Extended Data Fig 5.
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Functional profiling of protein Network 2 and Network 3 identified among the set of
dementia-associated proteins
Protein networks were assembled based on evidence of known gene/molecule interactions
in the Ingenuity Knowledge Base. The g:Profiler toolkit3? was used to analyze the proteins
in each dementia-associated protein network for functional enrichment. We defined the
biological pathways/processes associated with each protein set using the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathways databases.
Images were generated using the g:Profiler web tool: https://biit.cs.ut.ee/gprofiler/.

Abbreviations: GO:BP, gene ontology biological process; GO:MF, gene ontology molecular

function
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Network 4: Immune response, microglial phagocytosis
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Network 5: Extracellular matrix organization
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Functional profiling of protein Network 4, Network 5, and Network 6 identified among the
set of dementia-associated proteins
Protein networks were assembled based on evidence of known gene/molecule interactions
in the Ingenuity Knowledge Base. The g:Profiler toolkit3? was used to analyze the proteins
in each dementia-associated protein network for functional enrichment. We defined the
biological pathways/processes associated with each protein set using the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathways databases.
Images were generated using the g:Profiler web tool: https://biit.cs.ut.ee/gprofiler/
Abbreviations: GO:BP, gene ontology biological process; GO:MF, gene ontology molecular

function
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Network 7: Cytokine signaling
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Functional profiling of protein Network 7, Network 8, and Network 10 identified among the
set of dementia-associated proteins
Protein networks were assembled based on evidence of known gene/molecule interactions
in the Ingenuity Knowledge Base. The g:Profiler toolkit3? was used to analyze the proteins
in each dementia-associated protein network for functional enrichment. We defined the
biological pathways/processes associated with each protein set using the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathways databases.

Images were generated using the g:Profiler web tool: https://biit.cs.ut.ee/gprofiler/. No

enriched biological pathways/processes were found for Network 9.
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Abbreviations: GO:BP, gene ontology biological process; GO:MF, gene ontology molecular
function

Network 11: MAPK signaling pathway
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Network 12: Synaptic vescicle function
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Extended Data Fig 8.
Functional profiling of protein Network 11 and Network 12 identified among the set of

dementia-associated proteins

Protein networks were assembled based on evidence of known gene/molecule interactions
in the Ingenuity Knowledge Base. The g:Profiler toolkit3? was used to analyze the proteins
in each dementia-associated protein network for functional enrichment. We defined the
biological pathways/processes associated with each protein set using the Gene Ontology
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathways databases.
Images were generated using the g:Profiler web tool: https://biit.cs.ut.ee/gprofiler/.
Abbreviations: GO:BP, gene ontology biological process; GO:MF, gene ontology molecular
function
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PEER Factors and Incident Dementia
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Extended Data Fig. 9.

PEER factors associated with incident dementia after visit 5

(A) Volcano plot showing the hazard ratio (x-axis) and two-sided P-value (y-axis) for

the association of 110 PEER factors with incident dementia. PEER factors above the
horizontal dotted line were significantly associated with incident dementia after Bonferroni
correction (0.05/110; A<0.00045). P-values for dementia-associated PEER factors were
3.57E-06, 1.23E-04, and 3.93E-04 for PEER factors 9, 88, and 3, respectively. (B) Spearman
correlations between dementia-associated protein level and each PEER factors associated
with dementia risk.
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Figure 1.

Schematic overview of the study design.

(A) The primary (discovery) analysis related proteins measured at ARIC visit 5 (late-life
baseline; 2011-2013) to incident dementia occurring before the end of visit 6 (2016—

2017). (B) Midlife replication analyses examined the subset of dementia-associated proteins
identified in the primary analysis of older adults. Each of these dementia-associated proteins
were measured in plasma collected during an earlier ARIC visit (visit 3; 1993-1995)

and were related to incident dementia occurring up to the time of ARIC visit 5. (C)
Dementia-associated proteins that were identified in the primary analysis and replicated in
the midlife replication analysis were measured in the AGES-Reykjavik study and associated
with incident dementia. (D) A genome-wide association studies identified loci associated
with plasma levels of dementia-associated proteins. Identified protein quantitative trait loci
(pQTLs) were included in two-sample Mendelian randomization analyses to assess causal
associations with Alzheimer’s disease. (E) The GTEXx database was used to examine the
expression of genes coding for top proteins in blood and expression of the same gene

across multiple brain regions. Gene co-expression networks for genes associated with top
dementia-associated proteins were also examined. (F) Ingenuity Pathway Analysis identified
enriched biological pathways, common upstream regulators, and protein networks among
the subset of dementia-associated proteins. Figure created with BioRender.com.
Abbreviations: AD8, ascertain dementia-8; CDR, Clinical Dementia Rating Scale; FAQ,
Functional Activities Questionnaire; SIS, Six-item Screener; TICSm, Telephone Interview
for Cognitive Status Modified.
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Figure 2.
Proteome-wide associations with incident dementia, midlife replication, and external
replication

Estimates for all analyses were derived from Cox proportional hazards regression models
adjusted for age, sex, race-center, education, APOE 4 status, and body mass index,
diabetes, hypertension, smoking status, and eGFR-creatinine at the time of protein
assessment. (A) Volcano plot showing the hazard ratio (x-axis) and two-sided AP-values
(y-axis) for the association of log2 protein levels with incident dementia. Proteins above
the horizontal dotted red line were significantly associated with incident dementia after
Bonferroni correction. (B) Hazard ratios for dementia-associated proteins without (blue
bars) and with (red bars) adjustment for global cognitive functioning at baseline. (C)

The cross-sectional association between dementia-associated proteins and 4 domains of
cognition (global cognition, language, executive function and memory) at baseline (ARIC
visit 5). Standardized estimates were calculated from linear regression models adjusted for
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age, sex, race-center, education, APOE e4 status, body mass index, diabetes, hypertension,
smoking status, and eGFR-creatinine at the time of protein assessment. Estimates represent
the standard deviation difference in cognitive factor score per log2 increase in protein level
(estimates and two-sided P-values are provided in the supplement). *Indicates statistical
significance after Bonferroni correction for multiple comparisons (0.05/38; £=0.0013). (D)
Hazard ratios for the midlife (index visit 1993-1995, ages 49-73) replication analysis of
the 38 dementia-associated proteins previously identified in older adults (y-axis) plotted
against hazard ratios for each dementia-associated protein derived from the primary analysis
(index visit 2011-2013, ages 66—90) on the x-axis. The Bonferroni-corrected two-sided a
(0.05/38) = 0.0013. (E) Hazard ratios for the AGES-Reykjavik (index visit 2002—2006)
replication of proteins that were significantly associated with dementia risk in both the
primary and the midlife replication analysis (y-axis) plotted against hazard ratios derived
from the primary analysis (x-axis). Thirteen of the 16 candidate proteins were measured

in the AGES-Reykjavik and were thus included in this analysis. The Bonferroni-corrected
two-sided a (0.05/13) = 0.004. Symbols #and $indicate different SOMAmers targeting the
same protein.
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Association of dementia-associated proteins with neuroimaging markers and gene co-

expression analyses

(A) The association of the top five dementia-associated proteins with MRI-defined total
brain volume, Alzheimer’s disease signature region (AD Sig. Reg.) volume, white matter
hyperintensity (WMH) volume, and cortical B-amyloid defined using florbetapir PET
imaging. Bolded estimates were statistically significant (two-sided £<0.05). & Estimates
represent the difference in neuroimaging measure per log2 increase in protein level.

(B) Heatmap showing the adjusted association between dementia-associated proteins and
neuroimaging measures for all dementia-associated proteins. An unsupervised hierarchical
cluster analysis was used to group proteins based on their association with all displayed
neuroimaging outcomes. (A, B) Analyses were conducted using multivariable linear
regression adjusted for baseline age, sex, race-center, education, APOE e4 status, baseline
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body mass index, diabetes, hypertension, smoking status, eGFR-creatinine, and, where
appropriate, intracranial volume. Neuroimaging variables were standardized to facilitate
comparability across measures. *Indicates statistical significance after Bonferroni correction
for multiple comparisons (0.05/38; two-sided £=0.0013). Symbols #and $indicate different
SOMAmers targeting the same protein. (C) Gene co-expression networks for the top

five dementia-associated proteins. Co-expression analyses were conducted on whole blood
gene expression data from 244 participants. Results were derived using the ExplainBio
algorithm.3536 2 |ndicates the gene or gene product has been previously associated with
Alzheimer’s disease in the literature. P Indicates the gene or gene product has been
previously associated with dementia or dementia-related phenotypes in the literature (see
supplement for list of references). (D) Spearman correlations between whole blood gene
expression and gene expression in select brain regions for the genes coding for the top five
dementia-associated proteins in postmortem samples. A two-sided type 1 error of 5% was
considered statistically significant.

*P<0.05; **P<0.01; ***P<0.001
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Biological pathways and upstream regulators implicated in dementia risk

(A) Canonical (biological) pathways identified using Ingenuity Pathway Analysis (IPA)
that met the threshold for statistical significance (£ <0.05) using right-tailed (one-sided)
Fisher’s exact test and FDR-correction for multiple comparisons are displayed. Orange

and blue pathways are estimated to be activated and inhibited, respectively, in individuals
who progress to dementia. Predicted activation z-scores are displayed within each bar.

The direction of activation could not be predicted based on observed relationships for
canonical pathways that display no z-score. (B) The association between derived Canonical
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Pathway Composite Scores and risk for incident dementia calculated using a single

Cox regression model that included all 21 Canonical Pathway Composite Scores and
demographic and clinical confounder variables. Data are presented as Hazard ratios and 95%
confidence intervals. Hazard ratios represent dementia risk associated with a one standard
deviation increase in Canonical Pathway Composite Score. The statistical tests were two-
sided. Because this was a single test, there was no adjustment for multiple comparisons.

(C) Predicted upstream regulators of dementia-associated protein expression based on
experimentally observed relationships. Activation z-scores are represented by colored bars
and correspond to the left y-axis. P-values calculated using right-tailed (one-sided) Fisher’s
exact test and FDR-correction for multiple comparisons are represented by the red circles.
These values correspond to the right y-axis and represent the degree of overlap between
known upstream regulator target proteins and identified dementia-associated proteins. (D)
The network of target proteins regulated by top activated upstream regulator colony
stimulating factor 1 (CSF1), top inhibited upstream regulator apolipoprotein E (APOE),
and the upstream regulator with greatest statistical overlap, tumor necrosis factor (TNF).
All target proteins were associated with incident dementia at an FDR-corrected significance
level (P< 0.05) in the primary analysis.

*pP< 0.05; **/<0.01; ***P,<0.001
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Protein networks identified among dementia-associated proteins

Twelve networks of dementia-associated proteins were derived based on known genetic
and molecular relationships using Ingenuity Pathway Analysis (IPA). (A) The association
between Protein Network Composite Scores and risk for incident dementia calculated
using a single Cox model that included all 12 Protein Network Composite Scores in
addition to demographic and clinical confounder variables. Data are presented as Hazard
ratios and 95% confidence intervals and two-sided P-values. Hazard ratios represent

the dementia risk associated with a one standard deviation increase in Protein Network
Composite Score. Because this was a single test, there was no adjustment for multiple
comparisons. (B) The association of Protein Network Composite Scores with MRI-defined

total brain volume, Alzheimer’s disease signature

region (AD Sig. Reg.) volume, white

matter hyperintensity (WMH) volume, and cortical 3-amyloid defined using florbetapir PET
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imaging. P-values are displayed inside each cell (bolded terms are statistically significant
after Bonferroni correction (0.05/12; two-sided A<0.004). (C) Dementia-associated protein
networks and associated functional annotations. Red nodes represent proteins that were
more abundant in participants who subsequently developed dementia. Green nodes represent
proteins that were less abundant in participants who subsequently developed dementia. Gray
nodes represent measured proteins unrelated to dementia risk, and white nodes represent
unmeasured proteins that were integrated into the computationally-derived networks based
on previous evidence of network relevance derived from the Ingenuity Knowledge Base.
Lines represent connections between proteins, genes, or other gene products identified

in the Ingenuity Knowledge Base. (D) (D) The g:Profiler toolkit was used to assess the
functional enrichment.3® Functional profiling of each protein set was conducted using the
Gene Ontology (GO),4041 Kyoto Encyclopedia of Genes and Genomes (KEGG),*2 and
WikiPathways?*3 databases. The full set of GO molecular function, GO biological process,
KEGG, and WikiPathway terms are provided in Extended Data Fig. 4-8.

@ Model adjusted for age, sex, race-center, education, APOEe4, and baseline body mass
index, diabetes, hypertension, smoking status, and eGFR-creatinine.

b Term derived from Ingenuity Pathway Analysis protein network ontology.

¢ Adjusted for multiple comparisons using the g:SCS algorithm in the g:Profiler.3°
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Examination of Alzheimer’s disease causal effects for the dementia-associated proteins using bidirectional
Mendelian randomization

Inverse variance weighting (IVW) estimate

Backward (Protein <— Alzheimer’s

Protein Gene name Forward (Protein — Alzheimer’s disease) disease)
No. of SNPs Slope+SE P-value No. of SNPs Slope+SE P-value

Agouti-related protein AGRP <31Vs 249 -0.016+0.024 0.498
Intestinal-type alkaline a
phosphatase ALPI <31Vs 44 0.013+0.024 0.592
Angiopoietin-2 ANGPT2 No 1V identified 224 -0.048+0.025 0.061
B melanoma antigen 2 BAGE2 4 -0.041+0.036 0.251 4172 -0.037+0.026 0.167
Complement C1q tumor
necrosis factor-related CIQTNF3 1V not present in AD GWAS 214 0.018+0.026 0.496
protein 3
Protein dpy-30 homolog DPY30 No IV identified 249 -0.015+0.024 0.538
Ephrin type-A receptor 2 EPHAZ2 <31Vs 204 -0.051+0.024  3.39x1072
Coagulation Factor X F10 5 0.037+0.033 0.259 4492 0.029+0.024 0.225
Growth/differentiation factor gy 1,msTV 3 -0.025:0053  0.627 449 -0.063:0.024  8.24x10°3
Growth/differentiation factor GDF15 5@ 0.051+0.030 0085 407 005240024  3.25x10°2
Growth hormone receptor GHR <31IVs 439 —0.027+0.024 0.251
Interleukin-18-binding : a _
protein IL18BP 1V not present in AD GWAS 44 0.045+0.024 0.056
N-terminal pro-BNP NPPB 4 0.058+0.039 0.136 437 -0.005+0.024 0.835
Angiostatin PLG 9? 0.083+0.029  4.51x10-37 394 0.013+0.025 0.616
R-spondin-4 RSPO4 Not enough IVs 449 -0.042+0.024 0.076
Serine protease inhibitor :
Kazal-type 9 SPINK9 IV not present in AD GWAS 45 0.036+0.024 0.126
Spondin-1 SPONI 3 0.002+0.033 0.954 439 -0.014+0.024 0.558
Syntaxin-7 STX7 52 -0.002+0.026 0.932 422 -0.012+0.024 0.622
glulfg k\g)n Willebrand factor SVEPI g? 0.077£0.024  1.38x10°37 45 -0.013+0.024 0.597
tSy“pS:'A‘g’” Willebrand factor SVEPI g@ 0.075+0.024  216x10-37 45 -0.03140.024  0.190
Transgelin TAGLN No IV identified 437 0.017+0.024 0.487
WAP four-disulfide core T
domain protein 2 WFDC2 No IV identified 45 -0.037+0.024 0.116
Y-box-binding protein 2 YBX2 3 -0.028+0.041 0.497 394 0.015+0.026 0.565

GWAS information from Kunkle et al. (2019) used for Mendelian randomization analysis;

Symbols #and $indicate different SOMAmers targeting the same protein.
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a. .. . . .
Outlier was detected. VW analysis was re-performed excluding the outliers.

fSignificant causal association at Bonferroni-adjusted significance level (0.05/number of proteins included in the analysis): two-sided P <
3.33x10™3 for forward and two-sided P < 2.27x10™3 for backward.
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