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N E U R O S C I E N C E

Proteomic signatures of corona and herpes viral 
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Mechanisms underlying the dynamic relationships of viral infections and neurodegeneration warrant examina-
tion. Using a community-based cohort of older adults, the current study characterized the neurocognitive (cogni-
tive functioning, brain volumes, Alzheimer’s disease positron emission tomography, and plasma biomarkers) and 
plasma proteomic (7268 proteins) profiles of four common coronavirus and six herpesvirus antibody titers. Ge-
netic inference techniques demonstrated the associations between viral antibody titers and neurocognitive out-
comes may be attributed to altered expression in a subset of mechanistically relevant proteins in plasma. One of 
these proteins, IGDCC4 (immunoglobulin superfamily deleted in colorectal cancer subclass member 4), was re-
lated to 20-year dementia risk, cognitive functioning, and amyloid-β positivity using data from two independent 
cohorts, while its plasma and intrathecal abundance were causally implicated in dementia risk and clinically rele-
vant brain atrophy. Our findings illuminate the biological basis by which host immune responses to viruses may 
affect neurocognitive outcomes in older adults and identify IGDCC4 as an important molecular mediator of neu-
rodegeneration.

INTRODUCTION
Systemic and central nervous system (CNS) immune processes play 
an important role in Alzheimer’s disease (AD) and related demen-
tias (ADRD) (1), but mechanisms underlying the dynamic relation-
ships between viral infections and ADRD warrant further examination. 
Severe, hospitalized infections (e.g., sepsis and pneumonia) can in-
crease ADRD risk, and we recently found that symptomatic viral 
infections can accelerate regional brain atrophy (2–6). On the other 
hand, serological assays of more common, often asymptomatic viral 
infections have shown variable results, including reports of lower 
ADRD risk and higher brain volumes among individuals with elevated 
antibody titers (7–11). Meanwhile, accumulating epidemiological 

evidence shows decreased ADRD risk following different types of 
viral vaccinations (12). While it is unlikely that viral infections exert 
protective effects on neurological disease, these patterns could sug-
gest that individuals predisposed to mount a more robust immune 
response to viruses (i.e., higher antibody levels due to host genetic 
factors and/or differences in exposures) may also be less susceptible 
to neurodegeneration. However, the biological processes that may ac-
count for these relationships are unclear.

Viral antibody levels may be associated with unique circulating 
proteomes that can interact with target cells of the brain and influence 
its structure and function through a variety of mechanisms (13, 14). For 
example, altered plasma concentrations of cytokines following severe 
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acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can 
affect cognition and brain volumes by engaging with cells along the 
blood-brain barrier (15). In addition, changes in the broader plasma 
proteome following other types of viral infections can influence de-
mentia risk, brain atrophy, and ADRD biomarkers (6, 16). The use of 
high-throughput proteomic platforms can enable these insights by 
identifying reliable, scalable predictors and determinants of neurode-
generation (17). Given their relatively high prevalence and reported 
associations with neurologic health (18, 19), examining the plasma 
proteomic signatures of common coronavirus and herpesvirus anti-
bodies may reveal specific molecular conduits that link host immune 
responses to neurodegeneration.

Using a community-based cohort of older adults from the Baltimore 
Longitudinal Study of Aging (BLSA), the current study character-
ized the neurocognitive and plasma proteomic profiles of four corona 
and six herpes virus antibody titers, including their associations with 
prevalent dementia, cognitive performance, brain volumes, positron 
emission tomography (PET) and plasma ADRD biomarkers, and the 
plasma proteome (7268 proteins). After identifying a subset of proteins 
differentially expressed with multiple titers, we demonstrated via two-
sample Mendelian randomization (MR) that genetic variation modulating 
their abundance in plasma was mechanistically relevant to neurode-
generation. One of these proteins, IGDCC4 (immunoglobulin super-
family deleted in colorectal cancer subclass member 4), was associated 
with long-term incident dementia risk, cognitive functioning, and the 
presence of cortical amyloid-β (Aβ) using data from two indepen-
dent cohorts. After demonstrating that genetic variation modulating 
IGDCC4’s intrathecal abundance was mechanistically relevant to neu-
rodegeneration, we analyzed the biological processes by which this 
protein might exert its downstream effects, including proximal pro-
tein interactions, enriched canonical pathways, and unique expres-
sion patterns (i.e., cell and tissue specific, AD patient and transgenic 
mouse brain tissue).

RESULTS
Coronavirus and herpesvirus antibodies are associated with 
lower odds of dementia, higher cognitive performance, and 
preserved regional brain volumes
Four coronavirus titers [human coronavirus (HCoV)–229E, HCoV-
HKU1, HCoV-NL63, and HCoV-OC43) and six herpesvirus titers 
{Epstein-Barr virus (EBV) [EBV nuclear antigen (EBNA) and EBV 
capsid antigen (VCA)], herpes simplex virus type 1 (HSV-1), cytomeg-
alovirus (CMV) [immunoglobulin G (IgG) and IgM], and varicella- 
zoster virus (VZV)} were measured in plasma of 323 BLSA participants 
[age = 77.6 years (SD = 10.1); 43.7% female; 78.3% white] (Fig. 1, 
fig. S1, and table S1). All measurements reflected IgGs, with the ex-
ception of CMV, where IgMs were also quantified. No participants 
maintained an active diagnosis (International Classification of Dis-
eases, 9th Revision) of a coronavirus or herpesvirus infection, al-
though 5.3% showed evidence of another infection type, most often 
a urinary tract infection (n =  5). Titer levels did not significantly 
differ by marriage status or household size (fig. S2), but did differ by 
coronavirus- and/or herpesvirus-related HLA variants identified in 
previous genome-wide association studies (GWAS) (table S2 and 
fig. S3), suggesting that variation in this sample’s antibody levels 
may be related to host immune predispositions and not differences 
in community exposures. Titer levels did not vary by APOEε4 geno-
type (table S2 and fig. S2). Standardized continuous titer measure-
ments, their tertiles, and cumulative burden indices [i.e., percentage 
of measurements in the top tertiles of coronavirus, herpesvirus, and 
total (coronavirus and herpesvirus)] were examined as predictors of 
neurocognitive outcomes. Serostatus was not assessed, as older adults 
show that high rates of seropositivity and cut points among these 
individuals can be unreliable (20). All samples were collected before 
the SARS-CoV-2 pandemic, and we demonstrated that blood draws 
were evenly distributed across months and seasons to ensure that 
findings were not affected by seasonality (fig. S4). Cumulative burden 

Fig. 1. Study design. (A) Titers of coronavirus and herpesvirus antibodies were measured in BLSA participants. Viral titers were associated with prevalent dementia, cog-
nitive performance across five domains, regional brain volumes, ADRD plasma and PET biomarkers, and the plasma proteome (SomaScan; 7268 proteins). (B) Two-sample 
MR examined evidence for a causal link of viral titer–related plasma proteins with dementia risk and clinically relevant brain atrophy. (C) Candidate plasma proteins were 
associated with cognitive performance in the Generation Scotland (GenS) study, 20-incident dementia risk and odds of Aβ+ PET status in the Atherosclerosis Risk in Com-
munities (ARIC) study, as well as etiology specific dementia risk in the UK Biobank (UKB). (D) The biological implications and functional relevance of candidate plasma 
proteins were assessed using multiple complementary analytic tools and open-source databases. Created in BioRender. Duggan, M. (2025) https://BioRender.com/hxnxsb2.
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indices of corona and herpetic viral titers exhibited minimal cor-
relation (r  =  0.06, P  =  0.29), suggesting that antibody responses 
were specific to different families of viruses.

Using logistic regression models adjusted for demographic, phys-
iological, and comorbid variables, as well as sample storage time (by 
default controlling for seasonal/annual viral variation), we first con-
ducted extreme group analyses by examining the associations of viral 
antibody titers with cognitive status among dementia cases (n = 91) 
and cognitively normal, Aβ-negative (Aβ−) PET participants (n = 98). 
We found that the odds of dementia were 51% lower with a 1 SD 
higher HCoV-OC43 or CMV (IgM) antibody level (Fig. 2, A and B, 
and table S3). In addition to cumulative burden of total antibody 
titers, higher tertiles of HCoV-HKU1 and CMV (IgG and IgM) 
antibodies were also linked to lower dementia odds (Fig. 2C and 
table S3). The associations of higher antibodies with lower odds of 
dementia were replicated for HCoV-OC43 and extended to HCoV-
NL63 tertiles in analyses that included all 323 participants (rather 
than extreme groups; table S4). Among these participants, HCoV-
OC43 antibodies were related to higher performance across all five 
of the examined cognitive domains, CMV (IgM) antibodies were as-
sociated with higher executive functioning and verbal fluency, and 
cumulative burden of total antibody titers was associated with high-
er executive functioning, verbal fluency, and memory (Fig. 2D and 
table S5). After excluding participants with dementia, higher verbal 
memory scores associated with cumulative burden of total antibody 
titers and higher verbal fluency scores associated with CMV (IgM) 
antibodies persisted, and associations of higher verbal fluency scores 
with CMV (IgG) levels emerged (table S6). HCoV-OC43 antibody’s 
relationships with dementia, executive functioning, and verbal flu-
ency survived false discovery rate (FDR) correction, and titer associa-
tions were not modified by self-reported sex. To assess the specificity 
of our results, we conducted secondary assays to measure IgG anti-
bodies for another virus (measles) and bacteria (Toxoplasma gondii), 
but neither of these titers were related to dementia odds or cognition 
(tables S3 to S6).

We then determined whether coronavirus and herpesvirus anti-
body titers were associated with differences in 3-T magnetic resonance 
imaging (MRI)–derived brain volumes among BLSA participants with 
available neuroimaging data (n = 223; table S1). HCoV-NL63 anti-
bodies were associated with greater total brain and gray matter volumes, 
particularly parietal and occipital gray matter (Fig. 2E and table S7). 
HCoV-OC43 and HCoV-229E titers were related to higher white 
matter volumes, especially in the frontal lobe, and VZV titers were 
also related to higher white matter volumes, especially in the frontal 
and parietal lobes. HSV-1 antibodies showed a positive association 
with occipital gray and white matter volumes, and CMV (IgG) anti-
bodies showed a positive relationship with parietal gray matter. In 
addition, cumulative burden of coronavirus titers was related to 
higher total brain volume, cumulative burden of herpesvirus titers 
was related to higher parietal lobe volume (particularly gray mat-
ter), and cumulative burden of total viral antibody titers was related 
to higher total brain and gray matter volume (particularly in the 
parietal lobe). In contrast to the protective associations with other 
antibody titers, EBV (VCA) antibodies were related to lower frontal 
lobe volume. The associations of HCoV-NL63 titers (total brain and 
occipital lobe volumes) and HSV-1 tiers (occipital lobe volume) sur-
vived FDR correction, and antibody associations were not modified 
by self-reported sex (table S7). Together, these results suggest that 
participants with a more robust immune response to common corona 

and herpetic viruses also exhibit lower odds of dementia, higher 
cognitive performance, and preserved regional brain volumes.

Viral antibody titers are associated with PET and plasma 
ADRD biomarkers
Next, we investigated the associations of viral antibodies with odds 
of amyloid PET positivity in the BLSA, specifically between 73 amyloid- 
positive (Aβ+) and 99 Aβ− participants (table S1). A 1 SD higher 
HCoV-OC43 antibody was associated with 34% lower odds of Aβ+, 
and a 1 SD higher CMV (IgM) antibody was associated with 54% 
lower odds of Aβ+ (Fig. 3A and table S8). However, in analyses re-
stricted to Aβ+ individuals, a 1 SD higher CMV (IgG) titer was associ-
ated with a 1.9-year younger amyloid onset age and 0.04 distribution 
volume ratio (DVR) (or 8.6 centiloids) higher mean cortical Aβ 
(Fig. 3, B and C, and table S8). Among participants with tau PET 
(n = 36), several coronavirus antibodies were related to greater tau 
deposition, including HCoV-NL63 (Braak V-VI), HCoV-229E [in-
ferior temporal gyrus (ITG)], and HCoV-HKU1 (Braak III-IV and 
ITG), while cumulative burden of corona and total antibody titers 
were also related greater tau levels (ITG, Braak III-IV, and Braak V-
VI; Fig. 3D and table S9).

Using BLSA data, we then examined the associations of corona-
virus and herpesvirus antibodies with plasma ADRD biomarkers 
[Aβ42/40, glial fibrillary acidic protein (GFAP), and NfL, n  =  258; 
pTau-181 and pTau-231, n = 202; table S1]. Higher EBV (EBNA) 
titers were associated with lower Aβ42/40 (reflecting higher cortical 
amyloid; Fig. 3E), and higher tertiles of CMV (IgM) and HSV-1 ti-
ters were also associated with lower Aβ42/40 (Fig. 3F and table S10). 
Conversely, higher tertiles of HCoV-OC43, HCoV-HKU1, and EBV 
(EBNA) antibodies were related to lower pTau-181 (reflecting lower 
amyloid-induced tauopathy; Fig. 3G). No clear associations with 
plasma GFAP, NfL, or pTau-231 were observed. The association of 
cumulative coronavirus antibody burden with tau levels in the ITG 
survived FDR correction, titer associations were not modified by self- 
reported sex, and examination of secondary measles and T. gondii as-
says did not reveal relationships with ADRD biomarkers (tables S8 to 
S10). These findings demonstrate that participants with a more robust 
immune response to HCoV-OC43 consistently show better neuro-
cognitive outcomes and suggest that several antibody titers display 
pleiotropic relationships with ADRD biomarkers.

Proteomic signatures of viral antibody titers
Having established the neurocognitive profiles associated with coro-
navirus and herpesvirus titers, we then examined the plasma pro-
teomic signatures of these viral antibodies (7268 plasma proteins; 
n = 323; tables S1 and S11). CMV (IgM) antibodies had the strongest 
proteomic profile (722 proteins, P < 0.05; 169 proteins, FDR < 0.05), 
whereas HCoV-HKU1 antibodies displayed the weakest (298 pro-
teins, P < 0.05; 0 proteins, FDR < 0.05), and hierarchical clustering 
indicated that corona- and herpetic-antibody proteomic signatures 
were largely distinct (Fig. 4A and table S12). None of the 220 pro-
teins that survived FDR correction were associated with more than 
one viral titer. Of these proteins, 13 (6%) and 43 (20%) were differ-
entially expressed in acute viral infection models (e.g., influenza) 
using SomaScan v1 and v4 platforms, respectively, suggesting that 
the patterns of protein expression reported here likely reflect host 
immune traits or prior viral exposures rather than active or unre-
solved viral infections (table S13). Several canonical pathways were 
consistently enriched in the broader proteomic profiles (P < 0.05) of 
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Fig. 2. Antibody titer associations with dementia, cognitive performance, and brain volumes in BLSA. (A) Forest plot shows the associations of viral antibody titers 
with odds of dementia between control (cognitively normal, Aβ−; n = 98) and dementia (n = 91) participants. Cumulative burden indices reflected the percentage of 
coronavirus, herpesvirus, and total (coronavirus and herpesvirus) titer measurements in the top tertile. Red shapes indicate P < 0.05. Results were derived from logistic 
regression models adjusting for age, sex, race, education, APOEε4, sample storage time, and a comorbidity index. OR, odds ratio. (B) Box plots (and corresponding density 
plots along y axes) show the distributions of HCoV-OC43 and CMV (IgM) titers between control and dementia participants. Results were derived from logistic regression 
models adjusting for the aforementioned covariates. (C) Forest plot shows antibody titer tertiles associated with odds of dementia between control and dementia par-
ticipants. Results were derived from logistic regression models adjusting for the aforementioned covariates. Red shapes indicate P < 0.05. (D) Rose plots show the relation-
ships of antibody titers with performance across five cognitive domains among all participants (n = 323). Results were derived from linear regression models adjusting for 
the aforementioned covariates. (E) A heatmap shows differences in regional brain volumes associated with antibody titers among participants with available 3-T MRI 
(n = 223). Results were derived from linear regression models adjusting for the aforementioned covariates plus intracranial volume. *P < 0.05.
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viral titers, including (i) immunological processes (e.g., interleukin 
signaling), (ii) cellular mechanisms implicated in neurodegenera-
tive diseases (e.g., proteostasis), (iii) gene regulatory processes (e.g., 
translation termination), (iv) blood-brain barrier components (e.g., 
neurovascular coupling), and (v) viral response pathways (e.g., coro-
navirus pathogenesis; Fig. 4B, figs. S5 to S7, and table S14). Viral anti-
body proteomic signatures were also enriched for immune- and brain 
tissue–specific proteins, as well as proteins preferentially expressed by 
adaptive (e.g., B and T cells) and innate (e.g., macrophages, neutrophils, 

and mast cells) immune cells (tables S15 and S16). Twelve plasma pro-
teins were differentially expressed across five or more antibody titers at 
an uncorrected threshold (P < 0.05; Fig. 4C), henceforth referred to as 
candidate proteins.

The directions of candidate protein associations were generally con-
sistent; for example, IGDCC4 was positively associated with CMV (IgM), 
EBV (EBNA), HCoV-NL63, HCoV-HKU1, and HCoV-229E, and these 
relationships did not vary by APOEε4 genotype (table S17). However, 
several candidate proteins (i.e., LAG3, TBX5, DDIT4, PRSS27, and 

Fig. 3. Antibody titer associations with ADRD biomarkers in BLSA. (A) Box plots (and corresponding density plots along y axes) show the distributions of HCoV-OC43 
and CMV (IgM) titers between Aβ− (n = 99) and Aβ+ (n = 73) PET participants. Results were derived from logistic regression models adjusting for age, sex, race, education, 
APOEε4, sample storage time, and a comorbidity index. Among Aβ+ participants, scatterplots show the associations of CMV (IgG) with (B) mean cortical Aβ levels and 
(C) estimated age of Aβ+ onset. Results were derived from linear regression models adjusting for the aforementioned covariates. (D) Jitter plots show associations of antibody 
titers with regional tau PET levels (n = 36). Results were derived from linear regression models adjusting for age, sex, amyloid PET status, and a comorbidity index. Titers 
that showed the strongest and weakest associations with tau levels are labeled, with red color indicating P < 0.05. (E) Scatterplot shows the association of EBV (EBNA) with 
plasma Aβ42/40 (n = 258). Results were derived from linear regression models adjusting for age, sex, race, education, APOEε4, sample storage time, estimated glomerular 
filtration rate (eGFR), and a comorbidity index. Forest plots show antibody titer tertiles associated with (F) plasma Aβ42/40 (n = 258) and (G) plasma pTau-181 (n = 202). 
Results were derived from linear regression models adjusting for the aforementioned covariates. Red shapes indicate P < 0.05.
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Fig. 4. Antibody titer associations with the plasma proteome in BLSA and two-sample MR. (A) Heatmap shows differences in the plasma proteome (SomaScan; 7268 
proteins) associated with antibody titers (n = 323). Dendrogram reflects hierarchical clustering using Euclidean distances. Results were derived from linear regression 
models adjusting for age, sex, race, education, APOEε4, sample storage time, eGFR, and a comorbidity index. (B) Summary of enriched biological processes in the plasma 
proteomic signatures (P < 0.05) of antibody titers. Results were derived from ingenuity pathway analysis. cGAS-STING, cyclic GMP-AMP synthase - stimulator of interferon 
genes. (C) A clustered bar graph shows plasma proteins associated with five or more antibody titers (P < 0.05). (+) and (−) indicate higher or lower protein levels were 
associated with a given titer. # indicates an association that survived FDR correction. (D) A modified heatmap shows the results of two-sample MR analyses that assessed 
the relationships of genetically determined plasma protein levels with genetic susceptibility for neurocognitive outcomes, along with a corresponding graphic summariz-
ing these findings. Protein quantitative trait loci (pQTLs) were obtained from deCODE Genetics. AD GWAS was obtained from European Alzheimer & Dementia Biobank 
(EADB) and FinnGen, all-cause dementia (ACD) GWAS was obtained from FinnGen, and neuroimaging signature GWAS was obtained from the UKB. *P < 0.05. Created in 
BioRender. Duggan, M. (2025) https://BioRender.com/u8a6ebo.

https://BioRender.com/u8a6ebo
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C2ORF66) showed divergent associations with CMV (IgG). We sus-
pected that these 12 candidate proteins may be especially important 
molecular mediators of host immune responses due to their associa-
tions with multiple viral antibodies, and we subsequently examined 
their potential causal contributions to neurocognitive outcomes.

Genetic variation underlying candidate proteins is causally 
linked to neurocognitive outcomes
To gain mechanistic insights and identify potential causal relation-
ships, we determined whether genetic variation that predicts candi-
date protein abundance in plasma may influence AD and all-cause 
dementia (ACD) risk, as well as machine learning–derived measures 
of distinct aging and AD-related brain atrophy patterns. Specifically, 
we conducted two-sample MR after combining candidate plasma pro-
tein quantitative trait loci (pQTLs) identified by the deCODE study 
(n = 35,559) with GWAS summary statistics of AD from the European 
Alzheimer & Dementia Biobank (EADB; n = 487,511; cases = 39,106), AD 
(n = 214,893; cases = 3899) and ACD (n = 211,397; cases = 7395) 
from the FinnGen project, and six validated neuroimaging signa-
tures from the UK Biobank (UKB) (n = 33,541; AD-atrophy patterns, 
age-related atrophy patterns in subcortical, medial-temporal, parieto-
temporal, diffuse cortical, and perisylvian regions) (21–25). Ten can-
didate proteins maintained at least one pQTL instrumental variable 
(table S18).

We found evidence supporting neuroprotective effects of two 
candidate proteins that were up-regulated with viral antibodies 
(IGDCC4 and GSS) and neuropathogenic effects of three candidate 
proteins that were down-regulated with viral antibodies (PRSS27, 
C2ORF66, and LAG3; Fig. 4D and tables S19 and S20). For example, 
IGDCC4 was consistently up-regulated with viral titers and MR 
analyses using three cis-pQTLs and one trans-pQTL causally impli-
cated this protein in dementia risk reduction (ACD) and the main-
tenance of medial temporal brain volume with increasing age. Sensitivity 
analyses using the weighted median method confirmed these find-
ings, while MR Pleiotropy Residual Sum and Outlier (MR-PRESSO) 
analyses additionally supported IGDCC4’s causal relationships with 
preserved medial temporal brain volumes. However, several pro-
teins did not show this trend (FCMR, PCDHGC3, and RSPO4). Le-
veraging SomaScan plasma and cerebrospinal fluid (CSF) protein 
measurements from the Johns Hopkins CSF Cohort (n = 194), we 
found that only LAG3 and FCMR were correlated across biofluids, 
indicating that the potential causal roles of candidate proteins in neu-
rodegeneration may be primarily attributed to their effects in periph-
eral circulation (table S21). Along with demonstrating that several 
candidate proteins play a mechanistic role in neurodegeneration, these 
findings also indicate that beneficial viral antibody associations 
identified in preceding BLSA analyses may be attributed to an up-
regulation of neuroprotective proteins and a down-regulation of neu-
ropathogenic proteins (Fig. 4D).

IGDCC4 is a key mediator of neurodegeneration
Given that IGDCC4 was the only candidate protein which showed (i) 
causal associations with both clinical and neuroimaging outcomes, 
(ii) a consistent pattern of regulation across viral antibody titers, and 
(iii) primarily cis-plasma pQTLs (i.e., supporting a gene-protein out-
come relationship), this unique protein was selected for additional 
follow-up analyses. Leveraging computed results from the Genera-
tion Scotland (GenS) cohort (26) (n = 1065), we found that plasma 
IGDCC4 was related to higher performance in nonverbal reasoning, 

verbal fluency, vocabulary, processing speed, and general cognition 
(Fig. 5A and table S22). We also used data from the Atherosclerosis 
Risk in Communities (ARIC) study, where a blood draw in mid-life 
(visit 2; n = 11,596) was followed by 20-year dementia surveillance 
through late life (visit 5) when Aβ PET scans were acquired for a 
subset of participants (n = 260). Here, each log2 increase in plasma 
IGDCC4 abundance in mid-life was associated with 79% lower odds 
of Aβ+ 20 years later, as well as a 33% decreased risk of ACD over this 
same follow-up period; furthermore, the same increase in plasma 
IGDCC4 abundance in late life was similarly associated with 70% 
lower odds of Aβ+ (n = 272; Fig. 5B and tables S23 and S24). To ex-
amine IGDCC4’s relationships with etiology-specific dementia risk, 
we used Olink proteomic data from the UKB (n = 41,344), where we 
found that plasma IGDCC4 abundance was not significantly related 
to ACD or other dementia subtypes over a 14-year follow-up period, 
but showed trending opposite associations with AD [hazard ratio 
(HR) = 1.28; 95% confidence interval (CI), 0.94 to 1.74; P = 0.117] 
and vascular dementias (VaDs; HR  =  0.69; 95% CI, 0.42 to 1.13; 
P = 0.139; Fig. 5C and tables S25 and S26). This inverse association 
between plasma IGDCC4 and VaD was reported previously in a ge-
netic inference study, although this relationship did not survive correc-
tion for multiple comparisons (27). While the lack of UKB statistical 
significance may be due to variability in IGDCC4’s measurements 
across platforms (SomaScan and Olink; r = 0.66), IGDCC4’s opposite 
patterns with AD and VaD could also suggest that its associations with 
dementia risk are contingent on cerebrovascular pathology (i.e., ARIC 
has 4.6-, 2.3-, and 2.1-fold higher prevalence of diabetes, hypertension, 
and smoking, respectively, compared to UKB; tables S23 and S25).

Considering its consistent protective associations with neurocog-
nitive outcomes across multiple independent cohorts, we then exam-
ined whether genetic variation that influences IGDCC4 protein levels 
in CSF may be mechanistically relevant to clinical and neuroimaging 
outcomes. Because of their causal associations with plasma IGDCC4 
identified in preceding two-sample MR analyses, we combined GWAS 
summary statistics of ACD from the FinnGen project and age-related 
medial temporal atrophy from the UKB with four cis- and one trans-
CSF pQTLs identified by Washington University (WashU; n = 3107) 
and conducted two-sample MR (22–24, 28). Consistent with prior 
results, we found evidence supporting a causal relationship of CSF 
IGDCC4 abundance with dementia risk reduction (ACD) and the 
maintenance of medial temporal brain volume with increasing age 
(Fig. 5D and tables S27 to S29). Sensitivity analyses using the weighted 
median method confirmed these findings, while MR-PRESSO anal-
yses additionally supported IGDCC4’s causal relationship with de-
mentia risk reduction. Because IGDCC4 displayed limited correlation 
across biofluids (plasma/CSF) in preceding analyses and IGDCC4’s 
MR analyses across these same biofluids relied on largely distinct ge-
netic instruments [i.e., CSF and plasma pQTLs shared one common 
trans–single-nucleotide polymorphism (SNP) but were otherwise 
unique cis-SNPs], these patterns could suggest that IGDCC4’s causal 
contributions to neurodegeneration in peripheral and central circu-
lation are temporally discrete. Together, these results indicate that 
intrathecal abundance of IGDCC4 is mechanistically relevant to 
neurodegeneration and may play a particularly important role in 
mediating protective effects on neurocognitive outcomes.

Biological characterization of IGDCC4
Existing studies have externally validated the IGDCC4 SomaScan 
protein measurement (table S30). Previously published results with 
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Fig. 5. IGDCC4 associations with neurocognitive outcomes in external cohorts and biological characterization. (A) Forest plot shows plasma IGDCC4 associations 
with cognitive performance in the GenS cohort (n = 1065). Results were derived from linear mixed-effects regression models adjusting for kinship matrix, age, sex, depres-
sion diagnosis, clinic study site, and sample storage time. Orange color indicates P < 0.05. (B) Box plots show IGDCC4 distributions measured at visit 2 (n = 260) and visit 
5 (n = 272) across participants with differing Aβ PET status at visit 5 in the ARIC study. A Kaplan-Meier plot shows the observed 20-year dementia event-free probabilities 
grouped according to upper/lower IGDCC4 quartiles (n = 11,596). HR reflects the association with continuous protein measurements. Results were derived from logistic 
or Cox regression models adjusting for age, sex, race-center, education, APOEε4, eGFR, and cardiovascular risk factors. (C) Forest plot shows the associations of IGDCC4 
with 14-year risk of dementia in the UKB (n = 41,344). Results were derived from Cox regression models adjusting for age, sex, study site, education, APOEε4, eGFR, and 
cardiovascular risk factors. (D) Scatterplots show two-sample MR results that assessed the relationships of genetically determined IGDCC4 protein levels in CSF with ge-
netic susceptibility for ACD and age-related medial temporal atrophy. pQTLs were obtained from WashU. ACD GWAS was obtained from FinnGen, and neuroimaging 
signature GWAS was obtained from the UKB. (E) Top-five cell and tissue types with the highest IGDCC4 expression. Transcriptomics data were sourced from the Human 
Protein Atlas. (F) IGDCC4 protein-protein interaction (PPI) network and corresponding enriched biological process and cell types for this network. Results were derived 
from the STRING and PanglaoDB. (G) Predicted conformation of IGDCC4; domains are labeled with corresponding amino acid sequences. Image sourced from AlphaFold. 
(H) Working model of IGDCC4’s potential cellular mechanisms underlying its relationships with viral infections and neurocognitive outcomes. Created in BioRender. 
Duggan, M. (2025) https://BioRender.com/4hiujxt.

https://BioRender.com/4hiujxt
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electronic health records from the UKB (n = 46,218; Olink) and 
deCODE (n = 35,892; SomaScan) (29) showed that higher plasma 
IGDCC4 abundance was related to lower odds of multiple (espe-
cially respiratory) infection diagnoses, while data from WashU and the 
Massachusetts General Hospital (both SomaScan) showed higher 
plasma IGDCC4 was related to lower odds of SARS-CoV-2 hospital-
ization and ventilation (30) (table S31). Using a subset of UKB partici-
pants with available data (n = 817), we found that plasma IGDCC4 
abundance (Olink) was related to lower antigen-specific antibody 
levels of EBV (early diffuse antigen) and CMV (pp28 antigen), with 
data from the Religious Orders Study/Rush Memory and Aging 
Project (ROSMAP; n  =  270) also showing that plasma IGDCC4 
abundance (SomaScan) was related to lower CMV (IgG) titers (ta-
bles S32 and S33). Given IGDCC4’s consistent positive relationships 
with coronavirus and herpesvirus titers in the BLSA (i.e., a cohort 
where higher antibody titers were related to better neurocognitive 
outcomes), these negative relationships observed in external cohorts 
could suggest that a more robust immune response to viruses is ac-
companied by an up-regulation of circulating IGDCC4 levels that is 
otherwise attenuated among individuals who are susceptible to in-
fections and neurodegeneration.

In addition to immune cell–specific expression patterns (e.g., mono-
cytes), publicly available single-cell and bulk-tissue transcriptomics 
data showed enriched expression of IGDCC4 in several CNS cell types 
(e.g., astrocytes) and brain regions (e.g., thalamus) (Fig. 5E, fig. S8, 
and table S34). Single-cell RNA sequencing (RNA-seq) of brain 
parenchyma cell types showed that IGDCC4 was down-regulated 
in inhibitory neurons among individuals with early AD pathology 
and in excitatory neurons among individuals with any AD pathology 
(fig. S8 and table S35). Single-cell RNA-seq of neurovascular cell types 
also showed that IGDCC4 was primarily down-regulated in AD (i.e., 
up-regulated in oligodendrocytes and perivascular/meningeal fibro-
blasts but down-regulated in capillary endothelial cells, oligodendro-
cyte precursor cells, T cells, and solute-transport pericytes; fig. S8 
and table S36). In addition to clinical AD tissue, IGDCC4 was down-
regulated at the protein level (i.e., via mass spectrometry) in the hip-
pocampus of 5xFAD mice and down-regulated at the RNA level 
(i.e., via bulk transcriptomics) in the hippocampus of APP/PS1 mice 
(table S37). Together, these results suggest that IGDCC4 is (i) enriched 
in brain tissue and CNS cell types, (ii) down-regulated in neurons 
and neurovascular cell types in AD brains, and (iii) down-regulated 
in clinically relevant brain regions in AD mouse models.

Protein interaction analyses revealed IGDCC4’s extensive network 
with regulators of axonal integrity, including ample coexpression pat-
terns and experimentally verified interactions with the netrin family 
of cell adhesion proteins (Fig. 5F and table S38). This network was 
enriched for axonal guidance and axonogenesis and for expression 
in several CNS cell types (e.g., neurons; tables S39 and S40). IGDCC4’s 
canonical functions are largely uncharacterized, but similar to other 
immunoglobulin superfamily members with dual cell adhesion and 
immunological roles, its associations in the current study may be attrib-
uted to its unique functional domains that facilitate cross-talk between 
cellular growth, structural integrity, and defense response mechanisms 
(Fig. 5G). As a transmembrane glycoprotein, IGDCC4’s extracellular 
domain can bind to cell adhesion molecules [resulting in cell growth 
and stabilization of cytoskeletal components by its cytoplasmic do-
main (31)] and facilitate viral internalization [triggering viral entrap-
ment by its cytoplasmic domain (32); Fig. 5H]. Therefore, the protective 
effects on neurocognitive outcomes associated with higher circulating 

IGDCC4 abundance may reflect this protein’s basic capacity to enhance 
cellular structural integrity (hence its associations with axonal via-
bility) and arrest virion production in the context of viral exposure.

DISCUSSION
The current multiomic investigation characterized the neurocognitive 
and plasma proteomic profiles of four coronavirus and six herpesvirus 
antibody titers in a community-based cohort of older adults. Partici-
pants who maintained a more robust immune response to several viruses 
(especially HCoV-OC43) showed better neurocognitive outcomes (i.e., 
lower odds of dementia, higher cognitive performance, and regional 
brain volumes), mixed relationships with some ADRD biomarkers, and 
plasma proteomic signatures enriched with immunological and neuro-
logically relevant biological processes. Using genetic inference tech-
niques, we found that the associations between circulating antibody 
titers, dementia, and dementia endophenotypes may be attributed to 
altered expression of mechanistically relevant proteins in plasma. One 
of these proteins, IGDCC4, was related to 20-year incident dementia 
risk, cognitive functioning, and Aβ+ risk using data from two inde-
pendent cohorts, while its plasma and intrathecal abundance were 
causally linked to dementia risk and clinically relevant brain atrophy. 
Together, our findings reveal the neurocognitive and plasma pro-
teomic signatures of viral antibodies and implicate IGDCC4 as an im-
portant molecular mediator of neurodegeneration.

Prior investigations have reported the protective effects associ-
ated with herpetic titers observed in our study (7–11), while other 
studies have reported deleterious or null effects of herpes viruses 
(33, 34). We add to existing literature by showing that these protec-
tive effects may extend to antibody titers of common coronaviruses. 
Despite minimal correlation between cumulative burden indices for 
these two groups of antibodies, several coronavirus and herpesvirus 
titers were related to higher cognitive functioning and preserved 
brain volumes, suggesting that greater capacities to mount general-
ized immune responses against common viruses (due to host genetic 
factors and/or differences in exposures) may render some individu-
als more resilient to neurodegeneration. This postulation is supported 
by studies showing that (i) the activation of innate and adaptive antivi-
ral defense mechanisms in the periphery (e.g., boosting Toll-like re-
ceptor 9 signaling, increasing populations of antibody-producing B 
cells, etc.) can attenuate neuropathology and cognitive decline by trig-
gering homeostatic microglial functions (35, 36), (ii) genetic varia-
tion in host immune traits can influence vulnerability to infection 
and neurodegeneration (37, 38), and (iii) mild, systemic pathogenic 
exposures can elicit protective neuroimmune mechanisms that mit-
igate brain amyloidosis (39). The lack of associations with measles 
and T. gondii titers in secondary analyses suggests that the observed 
relationships with neurocognitive outcomes may be specific to virus-
es circulating in the community, rather than bacteria or more rare viral 
agents. While the discordant associations of some antibody titers 
(particularly CMV and EBV) with ADRD biomarkers could reflect 
the pleiotropic or disease stage–dependent relationships between im-
mune functioning and AD neuropathology (40–42), they may also 
reflect variable contributions of Aβ’s antiviral properties (43). The 
consistent effects associated with HCoV-OC43 antibodies (i.e., low-
er pTau-181, lower odds of dementia and Aβ+, higher white matter 
volumes, and cognitive performance across all domains) may be at-
tributed to this virus’s unique neurotropism (44), its capacity to in-
duce adaptive immune responses that protect against more severe 
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infections (45, 46), or its higher prevalence relative to other viruses 
examined in our study (47, 48). Along with differences in neurotro-
pism, host immune responses, and prevalence, the broader differen-
tial associations of some coronavirus titers but not others may be 
attributed to their unique virology (e.g., distinct viral life cycles, cell-
specific tropism, etc.) or other biological factors (e.g., faster clear-
ance of some viral proteins).

Our findings establish how viral antibodies relate to the periph-
eral proteome beyond select inflammatory markers measured in 
single-plex assays and extend our understanding of the biological 
mechanisms by which host immune predispositions to viruses may 
influence neurodegeneration. Given that 94.7% of participants did 
not show evidence of an active infection, as well as the limited over-
lap with acute viral infection models, we suspect that the patterns of 
protein expression reported here may reflect host immune traits or 
prior viral exposures that render some individuals resistant to infec-
tion or maladaptive inflammatory responses. We also suspect that 
these patterns of protein regulation accurately reflect differences in 
circulating antibody titers because their proteomic profiles were en-
riched with immune tissue- and cell-specific proteins, as well as ca-
nonical immune and viral response pathways. Although the direction 
of candidate protein expression with respect to different viral anti-
bodies was generally consistent, the divergent relationships of some 
proteins with CMV and EBV antibodies may be related these viral 
titers’ discordant associations with ADRD biomarkers. Using genetic 
techniques to infer causality, we found that the neurocognitive pro-
files associated with antibody titers may be attributed to an up-regulation of 
candidate proteins that exert beneficial mechanistic effects and a down- 
regulation of candidate proteins that exert deleterious mechanistic 
effects, consistent with other studies showing that changes in the plas-
ma proteome triggered by immune insults or host immune factors 
can influence dementia risk and neurodegeneration (6, 16, 49). Given 
that candidate proteins exhibited limited correlations across plasma 
and CSF, their potential causal roles in neurodegeneration may be 
primarily attributed to their effects in peripheral circulation, similar 
to other proteins that are not expressed at meaningful levels in the 
CNS but, nonetheless function as reliable biomarkers for, and as caus-
al mediators of, neurodegenerative diseases (e.g., growth differentia-
tion factor 15 and vascular cell adhesion molecule–1) (17, 50).

Multicohort, orthogonal evidence implicated IGDCC4 as a sen-
sitive predictor of neurologic health and a molecular determinant 
that links host immune responses to neurodegeneration. Our results 
add to existing studies that have demonstrated the neuroprotective 
roles of other immunoglobulin superfamily members, including de-
creased rates of Aβ deposition associated with soluble TREM2 (40) 
and preserved cognitive functioning and decreased Aβ production 
related to CD147 (51, 52). While we hypothesize that the benefits 
associated with higher circulating IGDCC4 may be attributed to its 
basic capacity to enhance cellular structural integrity and arrest vi-
rion production in the context of viral exposure, its enriched expres-
sion in brain tissue and its causal, mechanistic roles across plasma 
and CSF indicate that this protein’s effects may be exerted in both 
peripheral and CNS cell types. Along with its predominantly cis-
pQTLS, IGDCC4’s associations with lower antibody levels and odds 
of symptomatic infections in external cohorts but consistent posi-
tive associations with viral titers in the BLSA could indicate that this 
protein’s up-regulation is an adaptive process triggered by viral ex-
posures or host immune traits that is otherwise blunted among indi-
viduals who are susceptible to viral infections and neurodegeneration. 

Although there are no approved drugs targeting IGDCC4, this 
membrane-bound protein is highly accessible to antibody-based 
biologics, suggesting that it may be an attractive candidate for acti-
vating monoclonal therapies that are under development for other 
immunoglobulin superfamily members [e.g., TREM2 (53)].

The current study has several strengths, including multimodal char-
acterization of viral serology in a deeply phenotyped cohort, state-
of-the-art proteomics, genetic techniques to support causality, and 
multicohort replication. However, this study also has several limita-
tions. First, our results may have been influenced by residual confound-
ing from unmeasured variables jointly associated with viral exposures 
and neurocognitive outcomes. Second, although no participants main-
tained an active diagnosis of an infection examined in the current study, 
unresolved or emerging viral infections may have been present at the 
time of blood draw, which were not otherwise manifested in symp-
tomatology. Additional investigations should use longitudinal serol-
ogy to establish the stability of asymptomatic viral titers over time 
and determine whether individual-specific rates of change in anti-
body levels may modulate effects on neurocognitive outcomes. Third, 
because of this study’s exploratory nature and the modest number of 
participants, we had limited power to detect significant effects at an 
FDR-corrected threshold and therefore did not adjust P values for 
multiple comparisons in primary analyses. Although we applied or-
thogonal strategies to reduce potential type 1 error and despite several 
candidate proteins having been previously implicated in AD [e.g., 
LAG3, GSS, and PCDHGC3 (54–56)], additional studies will be 
needed to validate our findings. Fourth, immune responses to other 
viruses that were not assessed in the present analyses may have in-
fluenced our study’s conclusions, and idiosyncratic effects of anti-
body measurements (e.g., cross-reactivity) may have affected the 
sensitivity and specificity of titer quantifications. To capture the rep-
ertoire of viral immune responses more accurately and to deconvolute 
the relationships among viral exposures, infections, and neurodegen-
eration more reliably, future studies are encouraged to use complemen-
tary techniques to measure viral abundance [i.e., serology, polymerase 
chain reaction (PCR), and antigen tests]. Despite these limitations, 
our results reveal associations between viral antibody titers and neu-
rocognitive outcomes in a community-based cohort of older adults, 
while highlighting the circulating molecular conduits that may link 
host immune responses to neurodegeneration.

MATERIALS AND METHODS
Baltimore Longitudinal Study of Aging
The current study used data from the BLSA, a community-based co-
hort that has continuously enrolled participants since 1958 (57). Com-
prehensive health and functional screening evaluations (including 
blood draws) were conducted at enrollment and at each study visit, 
which occurred biennially until 2005 and then every 1 to 4 years de-
pending on age (age < 60 years, every 4 years; age 60 to 79 years, every 
2 years; age ≥ 80 years, every year). Participants were eligible for the 
current analyses if they had an available blood sample, which was 
collected concurrently with neurocognitive outcomes examined in 
the current study (e.g., MRI scan) using standardized protocols and 
frozen at −80°C until analysis. The current study prioritized selec-
tion of BLSA participants with dementia (n = 91; 17 with PET scan) 
or a PET scan (n = 172); we also selected another set of BLSA par-
ticipants at random (n = 77), for a total sample size of 323. Vaccina-
tion records were unavailable. The current manuscript follows the 
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Strengthening the Reporting of Observational Studies in Epidemiol-
ogy reporting guidelines.

BLSA viral antibody measurements
Solid-phase chemiluminescence assays (Meso Scale Discovery) were 
used to measure IgG antibodies to the following HCoVs: HCoV-
OC43, HCoV-HKU1, HCoV-NL63, and HCoV-229E. Solid-phase 
enzyme immunoassays (IBL-America) were used to measure IgG an-
tibodies to the following human herpesviruses: CMV, HSV-1, VZV, 
EBV-EBNA, EBV-VCA, and IgM antibodies to CMV. To assess the 
specificity of coronavirus and herpesvirus titer results, in secondary 
analyses we also measured IgG antibodies to measles and T. gondii 
using similar solid-phase enzyme immunoassays. Assay procedures 
and parameters have been described previously (20, 58, 59). Stan-
dardized continuous titer measurements, their tertiles, and cumula-
tive burden indices [i.e., percentage of measurements in the top tertiles 
of coronavirus, herpesvirus, and total (coronavirus and herpesvirus)] 
were examined as predictors. Serostatus was not assessed, as older 
adults have high rates of seropositivity and meaningful cut points among 
these individuals can be unreliable (20).

BLSA cognitive status
Cognitive status was adjudicated by an expert panel of physicians 
and specialists, as detailed previously (60). Briefly, participant serial 
clinical and neuropsychological data were reviewed at each consen-
sus case conference if the participant had >3 errors on the Blessed 
Information-Memory-Concentration test or ≥0.5 total combined score 
on the Clinical Dementia Rating Scale. Mild cognitive impairment was 
based on Petersen’s criteria. Dementia was based on the criteria out-
lined in the Diagnostic and Statistical Manual of Mental Disorders, 
Third Edition, and the National Institute of Neurological and Com-
municative Disorders and Stroke-Alzheimer’s Disease and Related 
Disorders Association.

BLSA cognitive performance
Composite scores of five cognitive domains—visuospatial ability, verbal 
memory and fluency, executive functioning, and attention—were 
calculated from standardized (converted to a z-score using the base-
line mean and SD) and averaged individual task components, as de-
scribed previously (3). As certain cognitive tasks were initiated in 
the BLSA at different periods according to protocol changes, com-
posite scores for participants at each visit were computed from those 
tasks available at the time of assessment. Visuospatial ability was 
measured using a modified version of the Educational Testing Ser-
vice Card Rotations Test and two Clock Drawing Tests (CDTs), where 
participants were asked to draw the hands and face of clocks indicat-
ing 3:25 and 11:10; a composite score was then calculated using the 
average of the standardized z-scores from the Card Rotations Test 
and the mean of the CDTs. Verbal memory was measured using im-
mediate (sum of five learning trials) and long-delay free recall from 
the California Verbal Learning Test. Verbal fluency was measured 
using verbal fluency—letters (F, A, and S) and verbal fluency—
categories (fruits, animals, and vegetables). Executive functioning was 
measured using Trail Making Test Part B and the Digit Span Back-
ward subset of the Wechsler Adult Intelligence Scale—Revised. At-
tention was measured using Trail Making Test Part A and the Digit 
Span Forward subset of the Wechsler Adult Intelligence Scale—
Revised. Scores of Trail Making Test Part A and Part B were first 
natural log transformed, z-scored, and then signs inverted, so that 

higher scores reflect higher performance (i.e., consistent with the 
direction of performance of other cognitive tasks).

BLSA 3-T brain MRI
T1-weighted magnetization-prepared rapid gradient echo scans were 
acquired on a 3-T Philips Achieva (repetition time = 6.8 ms, echo 
time = 3.2 ms, flip angle = 8°, image matrix = 256 by 256, 170 slices, 
pixel size = 1 mm by 1 mm, slice thickness = 1.2 mm, sagittal acqui-
sition). We applied a validated, Multi-Atlas Region Segmentation Uti-
lizing Ensembles anatomic labeling method specifically designed to 
achieve a consistent parcellation of brain anatomy in longitudinal 
MRI studies using T1-weighted sequences (61). Analyses adjusted 
for intracranial volume (defined at age 70) and examined standard-
ized values of total brain, gray matter, white matter, and lobar vol-
umes (frontal, parietal, occipital, and temporal).

Baltimore Longitudinal Study of Aging positron 
emission tomography
11C-Pittsburgh compound-B (PiB) DVRs and 18F-flortaucipir stan-
dardized uptake value ratios (SUVRs) were measured using PET 
(62). Aβ scans (70 min) were acquired on a GE Advance or a Siemens 
high-resolution research tomograph (HRRT) scanner immediately 
following an intravenous bolus injection of ~555 megabecquerel 
(MBq) of the radiotracer. Using cerebellar gray matter as a reference, 
DVRs were computed with a spatially constrained simplified refer-
ence tissue model. Mean cortical Aβ reflected the average DVR values 
across the cingulate, frontal, parietal (including precuneus), lateral 
temporal, and lateral occipital regions, excluding the pre- and post-
central gyri. Mean cortical DVR values were harmonized between the 
two scanners by leveraging longitudinal data available on both scan-
ners for 79 participants. Aβ status (+/−) was defined on the basis of 
a Gaussian mixture model threshold of 1.064 mean cortical DVR 
(62). Age of Aβ onset reflected the estimated age at which a partici-
pant became Aβ+ and was calculated using nonlinear mixed-effects 
models incorporating random effects, as described previously (63). 
Participants who converted from Aβ− to Aβ+ (n = 7) had ≥3 scans; 
for these participants, observations at which a participant’s Aβ sta-
tus reflected the participant’s status at ≥50% of scans were retained. 
One participant who converted from Aβ+ to Aβ− across their only 
two scans was excluded. Tau PET scans (30 min) were acquired on a 
Siemens HRRT scanner 75 min after an intravenous bolus injection 
of ~370 MBq of the radiotracer. Using PET images partially volume 
corrected with the region-based voxelwise method, SUVRs were com-
puted with the inferior cerebellar gray matter as a reference. Averaged 
bilateral SUVRs for five regions of interest (ROIs)—Braak composite 
ROIs (i.e., unique ROIs corresponding to Braak stages I-II, II-IV, and 
V-VI), the entorhinal cortex (ETC), and the ITG—were examined 
because of their relevance to cortical Aβ pathology (64, 65). Braak 
stage–specific SUVR calculations used an established Braak staging 
system that approximated the anatomical definitions of transentorhi-
nal (I-II), limbic (III-IV), and isocortical (V/VI) Braak stages (64, 66).

BLSA ADRD plasma biomarkers
ADRD plasma biomarkers were measured on the single-molecule 
array (Simoa) HD-X instrument (Quanterix), as described previ-
ously (3, 62). Aβ40, Aβ42, GFAP, and NfL were quantified using the 
Neurology 4-Plex E assay. Samples were run in duplicate, and values 
were averaged; coefficients of variation (CVs) were 1.5, 1.0, 4.9, and 
4.8% for Aβ40, Aβ42, GFAP, and NfL, respectively. pTau-181 and 
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pTau-231 were measured using a validated in-house Simoa assay 
(62, 67). Repeatability coefficients were 5.3% for pTau-181 (5.1% for 
11.6 pg/ml and 5.5% for 15.5 pg/ml) and 5.8% for pTau-231 (3.4% 
for 31.6 pg/ml and 7.4% for 42.7 pg/ml). GFAP, NfL, pTau-181, and 
pTau-231 were log2 transformed. Aβ42/40 ratio and standardized val-
ues were used in analyses.

BLSA plasma proteomics
The plasma proteome was assessed using the SomaScan v4.1 platform 
(7288 SOMAmer reagents), as described previously (68). Using 102 
blind duplicates, aptamers with an intra-assay CV of >50% were ex-
cluded (n = 20), and the median intra-assay CV was 4.5%. Values 
were log2 transformed, and those beyond 5 SDs were winsorized. En-
trez Gene IDs were used as labels for corresponding aptamers.

BLSA genetics
Genome-wide genotyping was performed using the Illumina 550K 
or NeuroChip platforms using standard quality control (QC) proce-
dures described previously (6). Variants were excluded for poor 
call rate (missing > 1%), violations of Hardy-Weinberg equilibri-
um (P < 1 × 10−6), and limited minor allele frequency (<1%). Sam-
ples were excluded for poor genotyping efficiency (missing > 2%), 
sex inconsistencies (i.e., discordance between chromosomal and self- 
reported sex), cryptic relatedness (pihat > 0.25), or if they were not 
of European ancestry by self-report or principal component detec-
tion. Imputation was performed for Illumina 550K or NeuroChip 
datasets separately with the Michigan Imputation Server MaCH 
(https://imputationserver.sph.umich.edu/) using the HRC r1.1.2016 
reference panel. After imputation, datasets were merged, overlap-
ping samples were removed, and SNPs with low imputation quality 
(R2 < 0.9), minor allele frequencies < 1%, Hardy-Weinberg equilib-
rium P < 1 × 10−6, and those that did not overlap between the two 
datasets (missingness < 99%) were excluded. The final genetic data-
set included 5,439,477 SNPs.

BLSA covariates
Baseline age (years), sex (male/female), race (white/non-white), and 
education level (years) were defined on the basis of self-report. 
APOEε4 carrier status (0 ε4 alleles/≥1 ε4 alleles/missing) was de-
fined via PCR with restriction isotyping using the type IIP enzyme 
Hha I or the TaqMan method. Estimated glomerular filtration rate 
(eGFR)–creatinine was defined at the time of blood sample collec-
tion using the CKD-EPI criteria. Comorbid diseases that represent 
potential confounders were defined using a comorbidity index cal-
culated as the sum (score range, 0 to 8; converted to a percentage to 
account for missing data) of eight conditions: obesity, hypertension, 
diabetes, cancer, ischemic heart disease, chronic heart failure, chron-
ic kidney disease, and chronic obstructive pulmonary disease (3).

Johns Hopkins CSF cohort
CSF and plasma samples from the same participants were used for 
proteomic analyses using SomaScan v4.1 assay (7288 SOMAmer re-
agents). Samples that did not pass SomaScan QC criteria were ex-
cluded (CSF, n = 0; plasma, n = 2). Samples identified as outliers by 
SomaScan or by principal components analyses were excluded (CSF, 
n = 3; plasma, n = 1). CVs were calculated using QC-pooled, matrix- 
matched sample replicates provided by SomaLogic to monitor over-
all assay performance. The paired plasma-CSF study design spanned 
three plates for each biological matrix (plasma or CSF) and included 

three matrix-matched QC sample replicates in each plate. CVs were 
calculated as CV = 100 × SD(RFU)/mean(RFU), where RFU is the 
SOMAmer intensity in relative fluorescence units measured for all 
intra- and interplate QC samples. Aptamers with CVs of >50% were 
excluded (CSF, n = 15; plasma, n = 18). The median CV for candi-
date protein plasma aptamers used in the current analyses was 5.8% 
for CSF and 4.0% for plasma. Values were log2 transformed, and those 
beyond 5 SDs were winsorized. Entrez Gene IDs were used as labels 
for corresponding aptamers.

GenS study
We used previously published results from the GenS: The Scottish 
Family Health Study, a population-based cohort that enrolled over 
24,000 Scottish individuals between 2006 and 2011, including 1065 
participants with proteomic and cognitive measurements collected 
concurrently at their clinical visit (26). Proteins were measured us-
ing the SomaScan v4.0 assay (4991 SOMAmer reagents), and per-
formance was measured using six cognitive domains. Memory was 
computed as the sum of Immediate and delayed recall of one oral 
story from the Wechsler Logical Memory Test, where details cor-
rectly recalled about the story were recorded as points. Verbal flu-
ency was assessed using the Controlled Oral Word Association Test 
(letters C, F, and L), reflecting the number of words named with a 
1 min. Vocabulary was measured using the Mill Hill Vocabulary 
test. Processing speed was measured using the Wechsler Digit Symbol 
Substitution Task, specifically counts of correct pairs of digits recoded 
to symbols over 2 min. Nonverbal reasoning was assessed using the 
matrix reasoning test, which reflected the number of correct an-
swers identifying missing elements in patterns presented as matri-
ces. A measure of general cognition was computed as the first unrotated 
principal component combining logical memory, verbal fluency, pro-
cessing speed, and vocabulary.

ARIC study
ARIC is a prospective epidemiologic study conducted in Forsyth County 
(NC) and Jackson (MS); the northwest suburbs of Minneapolis 
(MN) and Washington County (MD). The study enrolled 15,792 
mostly white and Black participants aged 45 to 64 between 1987 and 
1989 (69). Participants had four additional in-person visits after en-
rollment: visit 2 (1990–1992), visit 3 (1993–1995), visit 4 (1996–1999), 
and visit 5 (2011–2013). Additional follow-up visits are ongoing. 
Blood was drawn for proteomic analysis at visits 2 and visit 5. Mid-life 
(20-year) dementia risk was assessed between visit 2 and visit 5, and 
Aβ PET scans were acquired on a subset of participants at visit 5. Pro-
teins were measured in ARIC using the SomaScan v4.0 assay (4991 
SOMAmer reagents), as previously described (70). Values were log2 
transformed, and those beyond 5 SDs were winsorized. Using 197 
blind duplicates, the median CV for the aptamer examined in the cur-
rent analyses (IGDCC4) was 8.4% at visit 2 and 5.1% at visit 5. 18F-
florbetapir PET scans (20 min) were acquired on Siemens scanners 
(various models across ARIC sites) 50 to 70 min after an intrave-
nous bolus injection of the radiotracer, as described previously (71). 
SUVRs were calculated using cerebellar gray matter region as a ref-
erence. Mean cortical Aβ reflected average SUVR values across the 
orbitofrontal, prefrontal, and superior frontal cortices; lateral tem-
poral, parietal, and occipital lobes, precuneus; and anterior and pos-
terior cingulate ROIs. Aβ status (+/−) was defined on the basis of a 
median of 1.20 mean cortical SUVR. Dementia diagnosis was adjudi-
cated through a cognitive and functional assessment (visit 5), telephone 
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screening, informant ratings, hospital records, and death record re-
view, as previously described (72). At ARIC visits 2 and 4, a three-
instrument cognitive assessment was applied (delayed word recall 
task, digit symbol substitution from the Wechsler Adult Intelligence 
Scale-Revised, and a letter fluency task). At ARIC visit 5, partici-
pants received a comprehensive cognitive exam and a functional 
assessment that included the Clinical Dementia Rating Scale and 
Functional Activities Questionnaire. Dementia was adjudicated by 
an expert panel of physicians and specialists and was based on the 
criteria outlined in the National Institute on Aging and Alzheimer’s 
Association and the Diagnostic and Statistical Manual of Mental 
Disorder, Fifth Edition.

UK Biobank
Blood was drawn for proteomic and antigen-specific antibody analy-
ses at study enrollment. Proteins were measured using the Olink Ex-
plore 3072 platform (2923 unique proteins), as described previously 
(29). Proteomic data preprocessing followed standard UKB QC pro-
cedures, where normalized protein expression values below the lower 
limits of detection were retained. The median CV for the protein ex-
amined in the current analyses (IGDCC4) was 5.4%. Log2-transformed 
values were used in analyses. Long-term (14-year) dementia risk was 
assessed between 2007 and 2022. Dementia was ascertained with linked 
hospital discharge records, primary care records, and death certifi-
cates using diagnostic codes for ACD, AD, VaD, frontotemporal de-
mentia, and Parkinson’s disease dementia (table S41). Ascertainment 
of hypertension and type II diabetes (statistical covariates in dementia 
risk analyses) were derived from the GEMINI project (73). Antigen-
specific antibody measurements were obtained from a multiplex glu-
tathione S-transferase capture assay that used viral proteins generated 
from Escherichia coli conjugated to polystyrene beads (74); standard-
ized values were used in analyses.

Religious Orders Study/Rush Memory and Aging Project
ROSMAP are two continuously enrolling community-based cohort 
studies, ROS across the USA and MAP across northeastern Illinois 
(75). All participants enrolled without known dementia agree to 
annual detailed clinical evaluations or brain donation at death. An-
nual study visits use complete clinical and functional evaluations, in-
cluding medical history reports, cognitive assessments, and blood 
draws. Proteins were measured using the SomaScan v4.1 assay (7288 
SOMAmer reagents), as described previously (76). Antibody titers 
were measured from blood drawn at the same study visit using the 
same assays as described in the BLSA.

Two-sample MR
Plasma pQTLs were obtained from a deCODE Genetics GWAS of 
SomaScan plasma protein levels (n = 35,559) (21); we included only 
pQTLs that met a genome-wide significance P value of 1.8 × 10−9. 
CSF pQTLs were obtained from a WashU GWAS of SomaScan CSF 
protein levels (n  =  3107) (28); we included only pQTLs with a 
genome-wide significance P value of 5 × 10−8. Plasma or CSF pQTLs 
were used as genetic instruments. For outcomes, we used two GWAS 
of AD, one GWAS of ACD, five GWAS of brain aging neuroimaging 
signatures, and one GWAS of AD brain neuroimaging signatures. AD 
GWAS were derived from the EADB (n = 487,511; cases = 39,106) 
and the FinnGen project (n = 214,893; cases = 3899) (22, 23). An 
ACD GWAS were derived from FinnGen (n = 211,397; cases = 7395) 
(22). GWAS of machine learning–based brain aging and AD brain 

imaging signatures were derived from the UKB (n = 33,541), as pre-
viously described (25,  77,  78). Briefly, these neuroimaging signa-
tures capture the coexpression of multidimensional atrophy patterns 
characteristic of aging and AD; in large, multicohort studies, these 
machine learning–derived measures of aging- and AD-related brain 
atrophy predict age-related clinical traits and neurodegenerative dis-
ease risk, including clinical progression and dementia diagnosis 
(25, 77, 78). pQTLs were pruned to remove genetic variants in linkage 
disequilibrium (r2 < 0.05) with the 1000 Genomes Project (European) 
as the reference panel. The random-effects inverse variance–weighted 
estimate (for proteins with multiple genetic instruments) or the 
Wald ratio estimate (for proteins with a single genetic instrumental 
variable) were considered for primary analyses. Sensitivity analyses 
were performed to assess the violation of MR assumptions using the 
MR Egger, simple mode, weighted median, weighted mode, and the 
Raw MR-PRESSO tests. Among proteins with sufficient numbers of 
available instruments, heterogeneity between causal estimates was 
tested using Cochran’s Q (MR Egger and inverse variance–weighted) 
and the MR-PRESSO global test, and horizontal pleiotropy assump-
tions were tested using the MR Egger intercept. If heterogeneity as-
sumptions were violated using inverse variance–weighted estimates, 
then MR Egger estimates were considered for primary analyses, and 
vice versa. If heterogeneity assumptions for both MR Egger and in-
verse variance–weighted estimates were violated, then MR-PRESSO 
raw estimates were considered for primary analyses. One SNP 
(rs10922098) was excluded from analyses because it was a plasma 
pQTL for three proteins, indicating associations that are likely a re-
sult of horizontal pleiotropy. MR analyses were performed using the 
TwoSampleMR (0.6.4), MendelianRandomization (0.10.0), and MR-
PRESSO (1.0) R packages.

Biological characterization
A variety of complementary analytic tools, techniques, and open-
source databases were used to understand the biological implica-
tions and functional relevance of plasma proteins. Enriched biological 
pathways were primarily identified using ingenuity pathway analysis 
(QIAGEN Inc.; version 01-22-01), a bioinformatics application that 
facilitates the analyses and interpretation of “-omics” data using cu-
rated content available via the Ingenuity Knowledge Base (IKB) 
(79). Proteins were mapped to the IKB using Entrez Gene symbols 
of the cognate genes encoding each protein. Differential expression 
patterns reflected associations with each viral antibody titer. The user 
dataset was used as the reference set (i.e., the population of genes 
considered for P value calculations was limited to those contained 
on the SomaScan platform), and direct and indirect relationships were 
considered. Benjamini-Hochberg FDR-adjusted P values derived from 
Fisher’s exact tests quantified the probability of overlap between 
cognate genes encoding proteins and molecules known to exist with-
in a specific pathway due to random chance. Cell-specific enrich-
ment was primarily identified using Tabula Sapiens via the Enrichr 
platform (https://maayanlab.cloud/Enrichr/) (80). This human cell 
atlas of nearly 500,000 cells from 24 organs of 15 normal human 
participants was made available through the Tabula Sapiens Con-
sortium. Benjamini-Hochberg FDR-adjusted P values derived from 
Fisher’s exact tests quantified the probability of overlap between cog-
nate genes encoding proteins and genes known to exist within a spe-
cific cell type due to random chance. The combined scores reflected 
the product of P values (log-transformed) from Fisher’s exact tests 
multiplied by the z-scores of the deviations from each gene’s expected 
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rank, which were derived from randomly imputed gene sets for 
each term. Additional cell-specific enrichment was identified using 
the PanglaoDB platform (https://panglaodb.se) (81). This atlas of 
over 4 million cells leverages over 1054 single-cell RNA-seq studies 
from National Center for Biotechnology Information’s Sequence Read 
Archive, encompasses 155 unique cell types, and was made available 
through the Cardio Metabolic Center at the Karolinska Institute. 
Benjamini-Hochberg FDR-adjusted P values derived from Fisher’s 
exact tests quantified the probability of overlap between cognate 
genes encoding proteins and gene known to exist within a specific 
cell cluster due to random chance. Tissue-specific enrichment used 
published findings that mapped organ-specific proteomes using hu-
man organ bulk RNA-seq data from the Genotype-Tissue Expression 
project (https://gtexportal.org/home/), where a cognate gene encod-
ing a plasma protein was considered enriched if it was expressed at 
least four times higher in a single organ (or groups of organs) com-
pared to any other organ (82). Studies (i.e., PubMed IDs) were iden-
tified that externally validated SOMAmer reagents using one or more 
of the following techniques: multiple reaction monitoring mass spec-
troscopy (which determines protein content in a single sample after 
SOMAmer enrichment) and data-dependent analysis mass spectros-
copy [which determines protein content after SOMAmer enrichment 
for pull-down testing in matrix (e.g., plasma)], pQTLs (which indicate 
that genetic strategies, such as cis-pQTL associations, directly link a 
gene to a protein and a SOMAmer), orthogonal strategies (which refer 
to variety of methods that used SOMAmer reagent–independent tech-
niques to quantify and confirm protein identity and level of expres-
sion, including enzyme-linked immunosorbent assay, histochemistry, 
Western blot, particle-based immunoassay, etc.), and proximity ex-
tension assays (which use antibody pairs conjugated to unique oligo-
nucleotides and quantitative PCR to determine that protein levels in 
plasma and SOMAmers display correlations of >0.40). For compara-
tive gene expression across 76 cell types, we used consensus transcript 
expression levels from the Human Protein Atlas (www.proteinatlas. 
org/about/), where a given gene was considered highly expressed in 
a cell type if that cell type was among the top five cells with the highest 
expression of the given gene. Similarly, for comparative gene expres-
sion across 54 tissue types, we used consensus transcript expression 
levels from the Human Protein Atlas, where a given gene was con-
sidered highly expressed in a tissue type if that tissue type was among 
the top five tissues with the highest expression of the given gene. 
Protein interaction networks were assessed using STRING (Search 
Tool for the Retrieval of Interacting Genes/Proteins) (https://string-
db.org), a database and visualization tool that integrates publicly 
available sources of information to provide a comprehensive under-
standing of protein-protein interaction (PPI) networks (83). PPI P 
values derived from an explicit null model to account for the non-
uniform distribution of the connectivity degrees of network proteins 
(i.e., a random graph with given degree sequence model) reflected 
the likelihood of proteins having more interactions among them-
selves than what would be expected for a random set of proteins of 
the same size drawn from the genome, suggesting if the proteins are 
at least partially biologically connected as a group. STRING was also 
used to assess enriched biological processed via open-source databases 
(e.g., Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, 
WikiPathways, etc.). RNA-seq expression across six prominent CNS 
cell types (excitatory neurons, inhibitory neurons, oligodendrocytes, 
astrocytes, oligodendrocyte precursor cells, and microglia) in pre-
frontal cortex tissue of patients with AD was obtained from previously 

published results derived from participants in the ROSMAP (n = 48) 
(84). Here, early pathology was defined as some amyloid burden, 
modest neurofibrillary tangles, and modest cognitive impairment; late 
pathology was defined as high amyloid burden, high neurofibrillary 
tangles, high global pathology, and moderate/severe cognitive impair-
ment. RNA-seq expression in neurovasculature cell types (AD = 13 
and control = 12) was obtained from the Human BBB (https://twc-
stanford.shinyapps.io/human_bbb/), a transcriptomic dataset gen-
erated using VINE (Vessel Isolation and Nuclei Extraction) RNA-seq 
(85). Hippocampal tissue of 5-month-old 5xFAD (n = 6) and wild-
type (n = 6) mice was used for mass spectrometry proteomics (label- 
free quantification) (86). Hippocampal tissue of 10-month- old APP/
PS1 (n = 12) and wild-type (n = 12) mice was used for bulk RNA-seq (87).

Statistical analyses
Logistic regression models adjusting for age, sex, race, education, 
APOEε4 status, sample storage time, and a comorbidity index were 
used to examine associations of antibody levels with odds of demen-
tia and Aβ+ PET status. Linear regression models adjusting for the 
aforementioned covariates were used to examine associations with 
domain-specific cognitive performance, 3-T MRI–derived brain 
volumes, estimated age of Aβ+ onset, mean cortical Aβ level, ADRD 
plasma biomarkers, and the plasma proteome. Model quality and good-
ness of fit were assessed using the performance R package (0.11.0.8) and 
visual inspection (e.g., residual distributions, Q-Q plots, etc.). Brain 
volume analyses also adjusted for intracranial volume. Plasma bio-
marker and proteomic analyses additionally adjusted for eGFR. Mean 
cortical Aβ was only examined as an outcome in Aβ+ participants 
because PiB PET in the presence of low or absent Aβ can reflect tracer 
kinetics rather than Aβ deposition (88). Given a limited sample size, 
linear regression adjusting for age, sex, Aβ PET status, and a comor-
bidity index were used to examine associations with tau PET. A two-
way interaction term was incorporated into models to examine effect 
modification by self-reported sex. Proteins measured in GenS were 
related to cognitive domain performance using linear mixed-effects 
models adjusting for relatedness between individuals (i.e., kinship 
matrix), age, sex, depression diagnosis, clinic study site, and sample 
storage time. Proteins measured in ARIC were related to incident de-
mentia risk using Cox proportional hazards regression models ad-
justing for age, sex, race-center, education, APOEε4, eGFR, and 
cardiovascular risk factors [body mass index (BMI), diabetes, hy-
pertension, and current smoking status]. Logistic regression models 
adjusting for the aforementioned covariates were used to examine 
associations with Aβ+ PET status. Proteins measured in UKB were 
related to incident dementia risk using Cox proportional hazards 
regression models adjusting age, sex, education, study site, APOEε4, 
eGFR and cardiovascular risk factors (BMI, diabetes, hypertension, and 
current smoking status) and related to antigen measurements using 
linear regression models adjusted for age, sex, and BMI. Welch’s t 
test was used to compare expression levels between AD and healthy 
controls across neurovascular cell types. Statistical significance was 
defined at two-sided P  <  0.05. Analyses were performed using R 
(version 4.2.2) and SAS (version 9.4). Graphs were generated in R 
and the BioRender platform (www.biorender.com).

Study approval
All studies were conducted in accordance with the Declaration of 
Helsinki. The BLSA protocol was approved by the Institutional Review 
Board (IRB) of the National Institute of Environmental Health Science, 
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National Institutes of Health (03AG0325), and the BLSA PET studies 
were additionally approved by the Johns Hopkins University Medi-
cine IRB. All BLSA participants gave informed consent before partici-
pation. Participants referred to the Johns Hopkins Hospital Neurology 
Clinic consented to banking of residual CSF after clinical testing un-
der an IRB-approved protocol. GenS received approval from the 
NHS (National Health Service) Tayside Committee on Medical Re-
search Ethics (05/S1401/89) and the East of Scotland Research Ethics 
Service (20/ES/0021); all participants provided informed consent. In-
formed consent was obtained for all ARIC participants, and proto-
cols were approved by IRBs at participating centers. The UKB study 
was approved by the NHS National Research Ethics Service (11/NW/ 
0382), and all participants gave informed consent. ROSMAP was ap-
proved by an IRB at Rush University Medical Center (L91020181 and 
L86121802), and all participants signed an informed consent, Ana-
tomical Gift Act, and a Rush Alzheimer’s Disease Center Repository 
consent (L99032481).
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Figs. S1 to S8
Legends for tables S1 to S41

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S41
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