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Abstract

INTRODUCTION: Multi-omics studies in Alzheimer’s disease (AD) revealed many

potential disease pathways and therapeutic targets. Despite their promise of precision

medicine, these studies lackedBlackAmericans (BA) and LatinAmericans (LA),who are

disproportionately affected by AD.

METHODS: To bridge this gap, Accelerating Medicines Partnership in Alzheimer’s

Disease (AMP-AD) expanded brain multi-omics profiling tomulti-ethnic donors.

RESULTS: We generated multi-omics data and curated and harmonized phenotypic

data from BA (n = 306), LA (n = 326), or BA and LA (n = 4) brain donors plus non-

Hispanic White (n = 252) and other (n = 20) ethnic groups, to establish a foundational

dataset enriched for BA and LA participants. This study describes the data available

to the research community, including transcriptome from three brain regions, whole

genome sequence, and proteomemeasures.

DISCUSSION: The inclusion of traditionally underrepresented groups in multi-omics

studies is essential to discovering the full spectrum of precision medicine targets that

will be pertinent to all populations affected with AD.

KEYWORDS

Alzheimer’s disease, data descriptor, multi-omics, precision medicine, proteome, transcriptome,
whole genome sequencing

Highlights

∙ Accelerating Medicines Partnership in Alzheimer’s Disease Diversity Initiative led

brain tissue profiling in multi-ethnic populations.

∙ Brain multi-omics data is generated from Black American, Latin American, and non-

HispanicWhite donors.

∙ RNA, whole genome sequencing and tandem mass tag proteomicsis completed and

shared.

∙ Multiple brain regions including caudate, temporal and dorsolateral prefrontal

cortex were profiled.

1 BACKGROUND

Alzheimer’s disease (AD) is a devastating neurodegenerative disor-

der that affects millions of people worldwide.1 While AD is a global

health concern, it has been observed that Black Americans (BA) and

Latin Americans/Latinos/Hispanics (hereafter referred to as LA), are

disproportionately affected by the disease.2 The prevalence of AD in

BA is ≈ twice that of non-Hispanic Whites (NHW), while LA face a 1.5

times higher risk. Despite these alarming disparities in risk, BA and LA

populations remain significantly underrepresented in AD research.3–6

This underrepresentation becomes even more apparent in genetic

studies, in which large-scale genome-wide association studies (GWAS)

have yielded valuable insights into AD risk factors and potential ther-

apeutic targets. The largest AD GWAS to date comprises > 1 million

individuals7 and, with other studies, identified 75 genetic risk loci8 in

NHW populations of European ancestry. In contrast, GWAS in BA and

LA populations have suffered from limited power,3,4,9–13 with sample

sizes less than one to two orders of magnitude of those for NHW pop-

ulations. Despite these limitations, genetic studies in BA populations

identified novel AD risk loci13–15 and demonstrated allelic hetero-

geneity for AD risk genes initially discovered in NHW populations,

including TREM214,16 and ABCA7.9,14,17 These findings highlight the

knowledge to be gained by studying diverse populations, potentially

enabling the development of personalized treatments and interven-

tions for AD using a precision medicine approach, as demonstrated in

cancer.18,19

Genetic variant information is necessary but not sufficient to realize

the promise of precision medicine. Multi-omics data from large-scale,

diverse, and deeply phenotyped individuals are required to uncover

disease pathways and mechanisms in all affected populations. With a

goal to accelerate discovery of candidate drug targets and translate

these discoveries to new therapies for AD, the Accelerating Medicines

Partnership in Alzheimer’s Disease (AMP-AD) Target Discovery and

Preclinical ValidationProjectwas launched in 2014.20 This effort led to

mailto:anna.greenwood@sagebase.org
mailto:taner.nilufer@mayo.edu
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the generation and analysis of RNA sequencing (RNAseq)–based tran-

scriptome, whole genome sequence (WGS), proteome, metabolome,

and epigenome data on > 2500 brain samples primarily from NHW

donors with AD and non-AD neuropathologies, and unaffected con-

trols. This vast amount of rich, high-quality data has been made

available to the research community21–24 and can be accessed through

the AD Knowledge Portal.20,25 This resource has been used to identify

or validate potential risk mechanisms in AD and other neurodegener-

ative diseases (examples can be seen in reference citations 22–24 and
26–53) and led to the nomination of > 600 key driver genes/candidate

targets for AD. These target nominations and the associated data,

including a set of curated genomic analyses and target druggability

information, have been made available via the AMP-AD open-source

platformAgora (https://agora.ampadportal.org/).

Despite these advances, suchmulti-omics studies of AD and related

disorders (ADRD) have lacked sampling from BA and LA populations

with few exceptions.54,55 To bridge this data and knowledge gap, AMP-

AD investigators launched a diversity initiative to expand molecular

profiling of brain tissue to multi-ethnic donors. We generated WGS,

transcriptome, and proteome data; curated and harmonized pheno-

typic data from BA (n = 306), LA (n = 326), and BA and LA (4) brain

donors along with NHWs (n = 252) and other (n = 20) ethnic groups

to establish a foundational multi-omics dataset enriched for BA and

LA participants. This study describes this unique dataset made avail-

able to the research community. These data will lay the groundwork

for bridging the knowledge disparities inAD research and are expected

to uncover pathways, molecules, and genetic variants that drive or

contribute to AD in these populations. By focusing on these high-risk

populations and leveraging the infrastructure developed by AMP-AD,

this initiative promotes inclusivity in research, is aligned with the

broader goal of advancing precision medicine for All of AD in the spirit

of the National Institutes of Health All of Us program,56 and aims to

ultimately improve lives of all individuals affected by this devastating

disease.

2 METHODS AND RESULTS

2.1 Study populations by biospecimen and
data-contributing institutions

Five AMP-AD data-contributing institutions participated in providing

brain samples and associated data for the AMP-AD Diversity Initia-

tive, which is enriched for donors from BA and LA populations. Each of

the following institutions (Mayo Clinic, Rush University, Mount Sinai,

Columbia University, and Emory University) coordinated the collec-

tion of these brain samples from their own networks of affiliated

brain banks, cohort studies, and Alzheimer’s Disease Research Cen-

ters (Table 1, with additional details of racial category and ethnicity per

cohort in Table S1 in supporting information). In addition tonewdonors

from the studies and cohorts described below, 307 predominantly

NHW (96%) individuals previously characterized in the AMP-AD 1.0

initiative are described in Table S2 in supporting information. These

307 samples were included in the proteomics to provide more balance

RESEARCH INCONTEXT

1. Systematic review: Despite facing a higher risk of

Alzheimer’s disease (AD), Black and Latino Americans are

notably absent from clinical trials and genomic studies,

leading to a limited understanding of the disease’s impact

on these populations. Additionally, there is a lack of

diversity in multi-omics studies and brain tissue profiling

efforts, hindering the identification of key mechanisms

driving AD in high-risk groups.

2. Interpretation: We launched the Accelerating Medicines

Partnership in Alzheimer’s Disease Diversity Initiative

with the objective of performing multi-omics profil-

ing and analysis of samples from diverse cohorts. We

describe transcriptome data from 2224 brain samples,

proteome data from 1385 samples, and new whole

genome sequencing from 626 samples, primarily from

908 multi-ethnic donors enriched for Black and Latino

American participants. These data are accompanied by

harmonized neuropathologic diagnoses of AD (n = 500),

control (n= 211), or other (n= 185).

3. Future directions: Immediate next steps include com-

prehensive quality control and analysis of these data to

identify molecular signatures of AD in diverse popula-

tions.

to thebatches (described inMethods).Of thenewcollectionof samples

described below, 62 individuals have newly generated transcriptomic

or proteomic data as part of the Diverse Cohorts initiative but only

haveWGS available fromAMP-AD 1.0.

2.1.1 Mayo Clinic

Brain samples provided by the Mayo Clinic were from three brain

banks: Mayo Clinic Florida Brain Bank (n = 268), the Arizona Study

of Aging and Neurodegenerative Disorders and the Brain and Body

Donation Program at Banner Sun Health (n = 43), and the Univer-

sity of Florida Human Brain and Tissue Bank (n = 20). There were

53 BA, 182 LA, and 96 NHW brain donors. Tissue samples from the

superior temporal gyrus (STG), anterior caudate nucleus, and dorso-

lateral prefrontal cortex (DLPFC) were obtained from the donors. The

MayoClinic Institutional ReviewBoard (IRB) approved all thiswork. All

donors or their next of kin provided informed consent.

TheMayo Clinic Brain Bank collects brain specimens with neurode-

generative diseases as well as unaffected controls. All donors from the

Mayo Clinic Brain Bank underwent neuropathologic evaluation by Dr.

Dennis W. Dickson. Neuropathologic AD diagnosis was made accord-

ing to the NINCDS-ADRDA criteria,57 such that all AD donors had

Braak neurofibrillary tangle (NFT) stage of ≥ IV and evidence of Thal

≥ 2 amyloid deposits.

https://agora.ampadportal.org/
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TABLE 1 Tissue sample sources by contributing institutions and cohorts.

Data contributor group Participating cohorts N

Columbia Columbia ADRC 61

Biggs Institute Brain Bank 6

Estudia Familiar de Influencia Genetica en Alzheimer (EFIGA) 4

National Institute on Aging Alzheimer’s disease Family Based Study (FBS) 3

WashingtonHeights, Inwood Columbia Aging Project (WHICAP) 31

Emory Emory Goizueta ADRC 112

Mt Sinai Brain Bank 22

UPenn CNDR 22

Mayo Clinic Mayo Clinic Brain Bank 268

Banner SunHealth Research Institute 43

University of Florida (UFL) 20

Mt. Sinai Mt. Sinai Brain Bank 88

Rush Clinical Core (CLINCOR) 67

Latino Core Study (LATC) 1

Minority Aging Research Study (MARS) 32

Religious Orders Study (ROS) 56

Memory and Aging Project (MAP) 72

Additional samples sourced fromAMP-AD 1.0 to balance proteomics batchesa

Mt. Sinai Mt. Sinai Brain Bank 114

Rush ROS 145

MAP 48

Abbreviation: AD, Alzheimer’s disease; ADRC, Alzheimer’s Disease Research Center; AMP-AD, Accelerating Medicines Partnership in Alzheimer’s Disease;

UPenn CNDR, University of Pennsylvania Center for Neurodegenerative Disease Research;WGS, whole genome sequencing.
aThese individuals were sourced from AMP-AD 1.0 tissue repositories and added to the Diverse cohort samples for proteomics processing only, to fully

balance batches by race, ethnicity, age, sex, diagnosis (AD), and tissue region. All individuals have accompanyingWGS data generated during the AMP-AD1.0

initiative;WGS biospecimen data for these individuals can be found in the ADKnowledge Portal (syn53352733).

The Arizona Study of Aging and Neurodegenerative Disorders and

Brain and Body Donation Program at Banner Sun Health (Banner)

has collected brain and whole body donations since 1987.58 Donors

are residents of retirement communities in Phoenix, Arizona, and are

typically enrolled when they are cognitively normal, with directed

recruitment efforts aimed at individuals with AD, Parkinson’s dis-

ease, and cancer. Neuropathological diagnosis of AD followed standard

National Institute on Aging (NIA) guidelines.59

University of Florida (UFL) samples were collected through the

University of Florida Human Brain and Tissue Bank (UFHBTB). All

UFL brains underwent neuropathological diagnosis of AD according to

current NIA guidelines,59,60 with any degree of AD neuropathologic

change resulting in an AD diagnosis.

2.1.2 Emory University

All samples were collected as part of ongoing studies at Emory’s

Goizueta Alzheimer’s Disease Research Center (ADRC), including par-

ticipants in theADRCClinicalCore, theEmoryHealthyBrainStudy, and

the ADRC-affiliated Emory Cognitive Neurology Clinic. AD cases were

consistent with NIA-Reagan criteria for “high likelihood.”61 In addi-

tion, investigators atEmory reviewedbanked tissue samplespreviously

sent to Emory as part of the AMP-AD 1.0 initiative (but never were

submitted for -omics generation until now) and included tissues from

the University of Pennsylvania Integrated Neurodegenerative Disease

Brain Bank62 and Mount Sinai Brain Bank23 to maximize the number

of BA and LA samples and provide balance in their proteomics batch-

ing (as described in Methods). There were 75 BA, 5 LA, and 76 NHW

donors with new data generated as part of the Diverse Cohorts ini-

tiative. Further, 307 samples with transcriptomics and/or WGS data

generated as part of the AMP-AD 1.0 initiative were added to provide

further balance to proteomics batching. Tissue samples were obtained

from the anterior caudate nucleus, DLPFC, and the STG. All partici-

pants provided informed consent under protocols approved by Emory

University’s IRB.

2.1.3 Rush University

Multiple longitudinal, epidemiologic cohort studies of aging and the

risk of AD are conducted by Rush Alzheimer’s Disease Center (RADC)
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and includeClinical Core (CLINCOR), LatinoCore Study (LATC),Minor-

ity Aging Research Study (MARS), Religious Orders Study (ROS), and

MemoryAgingProject (MAP).Mostof theparticipantsof these cohorts

are older adults aged ≥ 65, encompassing a range of ethnic and demo-

graphic backgrounds. They do not have known dementia at enrollment

and agree to undergo annual clinical evaluations, with optional brain

donation. There were 113 BA, 45 LA, 11 Asian, 49 NHW, 1 American

Indian or Alaska Native, 4 American Indian or Alaska Native donors

who also identified as Hispanic, and 3 BA donors who also identified

as Hispanic. Tissue samples were obtained from the anterior caudate

nucleus, DLPFC, and the STG. Informed consent and IRB approvals

were obtained under the Rush University IRB. Details for each cohort

are as follows.

CLINCOR studies the transition from normal aging to mild cogni-

tive impairment (MCI) to the earliest stages of dementia. Enrollment

started in 1992, primarily with individuals diagnosed with demen-

tia. Since 2008, the study has transitioned to consist of primarily BA,

most without dementia, who share a common core of risk factors with

the other RADC studies. The participants are from the metropolitan

Chicago area and outlying suburbs.

LATC is a cohort study of cognitive decline aiming to identify

risk factors of AD in older Latinos. The participants self-identified as

Latino/Hispanic, and enrollment started in 2015. Recruitment loca-

tions include churches, subsidized senior housing facilities, retirement

communities, Latino/Hispanic clubs, organizations, and social service

centers that cater to seniors in various Chicago neighborhoods and

outlying suburbs.

MARS is a cohort study of cognitive decline and risk of AD in older

BAs. The recruitment began in 2004, and brain donation in 2010. The

participants were recruited from various places, including churches,

senior housing facilities, retirement communities, BA clubs, organiza-

tions, fraternities and sororities, and social service centers catering to

seniors in metropolitan Chicago and outlying suburbs.63

ROS and MAP are prospective community-based studies of risk

factors for cognitive decline, incident AD dementia, and other health

outcomes. ROS began to recruit Catholic nuns, priests, and brothers

from across the United States in 1994. MAP started recruiting par-

ticipants from retirement communities and subsidized senior housing

facilities throughout Chicago and northeastern Illinois in 1997.64 The

ROSMAP participants are primarily NHW, with small proportions of

BA, Latino, and other racial groups.

2.1.4 Mount Sinai School of Medicine

The Mount Sinai School of Medicine (MSSM) cohort comprises donor

brain tissue obtained from the Mount Sinai/JJ Peters VA Medical

Center Brain Bank (MSBB)23,65. There were 31 BA, 27 LA, and 30

NHWdonors. Tissue sampleswere obtained from the anterior caudate

nucleus, DLPFC, and STG. Autopsy protocols were approved by the

Mount Sinai and JJPetersVAMedicalCenter IRBs, andpatient consent

for donation was obtained.

2.1.5 Columbia University

Samples were collected from the New York Brain Bank (NYBB) at

Columbia University, which was established to collect post mortem

human brains to further study neurodegenerative disorders. There

were 35 BA donors (one also identified as LA), 68 LA, 1 NHW,

and 1 Asian donor. Tissue samples were obtained from the ante-

rior caudate nucleus, dorsolateral/dorsomedial prefrontal cortex, and

temporal pole. The appropriate review boards approved this study.

The brain tissues contributed by Columbia University come from the

following cohorts, brain banks, and studies.

The Columbia Alzheimer’s Disease Research Center (Columbia

ADRC) cohort consists of clinical participants in the Columbia ADRC

who agreed to brain donation. All banked brains have one hemisphere

fixed for subsequent diagnostic evaluation, and one hemisphere is

banked fresh. For the hemisphere that is banked fresh, we block and

freeze regions that aremost commonly requested by researchers using

liquid nitrogen, and specimens are stored at –80◦C. This is performed

on all ADRC brain donations, as well as on brains from the additional

cohorts described below that also contributed to this study.

National Institute onAgingAlzheimer’s Disease Family Based Study

(NIA-ADFBS) has recruited and followed 1756 familieswith suspected

late-onset AD, including 9682 family members and 1096 unrelated,

non-demented elderly from different racial and ethnic groups. This

resource related cooperative agreement has now extended to the

recruitment of familial early-onset AD. The goals of this protocol are

to provide rich genetic and biological resources for the scientific com-

munity,which includes longitudinal phenotypedata, genotypeddata, as

well as brain tissue, plasma, and peripheral bloodmononuclear cells.

Washington Heights, Inwood Columbia Aging Project (WHICAP)

includes representative proportions of BA (28%), Caribbean Hispanics

(48%), and NHW (24%). Since its inception in 1992, > 6000 partici-

pants have enrolled in this program project. Over the length of the

project, we have identified environmental, health-related, and genetic

risk factors of disease and predictors of disease progression by col-

lecting longitudinal data on cognitive performance, emotional health,

independence in daily activities, blood pressure, anthropometric mea-

sures, cardiovascular status, and selected biomarkers in this elderly,

multi-ethnic cohort. WHICAP includes biomarker studies, magnetic

resonance imaging (MRI), positron emission tomography scans, and

brain tissue.

The Biggs Institute Brain Bank at the University of Texas Health

Science Center at San Antonio is a biorepository and research lab-

oratory focused on the pathology of neurodegenerative disorders in

the San Antonio metropolitan region and greater South Texas. The

Biggs Institute Brain Bank is the central service provider for the South

Texas ADRCNeuropathology Core, collecting post mortem brain, spinal

cord, cerebrospinal fluid, anddermal tissue fromstudyparticipants and

donors. Brain donation consent was obtained from the donor’s legal

next of kin prior to the autopsy. Autopsied brain tissue is hemisected,

with the left hemibrain (typically) fixed in 10% neutral-buffered for-

malin and the right hemibrain (typically) sectioned fresh and preserved
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at –80◦C. After a minimum 4-week fixation period and post mortem ex

vivo MRI,66 fixed tissue is sectioned and sampled in accordance with

NIA-Alzheimer’s Association AD neuropathologic guidelines. For the

AMP-AD Diversity Initiative, frozen tissue (≈ 500 mg) was sampled

from the anterior caudate, the middle frontal gyrus (Brodmann Area

9 or DLPFC; at the same level as the anterior caudate), and the STG

(at the level of the amygdala) from six brain autopsy cases in the Biggs

Institute Brain Bank. All research and tissue-sharing activities herein

were reviewed and approved by theUniversity of TexasHealth Science

Center at San Antonio IRB andOffice of Sponsored Projects.

Estudio Familiar de Influencia Genetica en Alzheimer (EFIGA) is a

family-based study initiated in 1998. The study included 683 at-risk

family members from 242 AD-affected families of Caribbean Hispanic

descent, recruited from clinics in the Dominican Republic and the Taub

Institute on Alzheimer’s Disease and the Aging Brain in New York.

An AD case was defined as any individual meeting National Institute

of Neurological and Communicative Disorders and Alzheimer’s Dis-

ease andRelatedDisorders (NINCDS-ADRD) criteria57 for probable or

possible late-onset AD (LOAD).

2.2 Demographic, clinical, and neuropathologic
variables collected

Each donor with brain samples included in the AMP-AD Diversity Ini-

tiativewas assigned anon-identifiable individual IDby the contributing

institution. For each participant, the same demographic variables were

curated: cohort (or initial study group population to which the par-

ticipant belonged), sex (male or female), self-reported race (American

Indian or Alaska Native, Asian, Black or African American, White,

Other), self-reported ethnicity (a true/false indicator for “is Latin

American/Hispanic”), age of death in years (individuals ≥ 90 were

designated as “90+” according to Health Insurance Portability and

Accountability Act privacy rules), post mortem interval in hours where

available, and apolipoprotein E (APOE) genotype.

The results of standard neuropathological assessments previously

performed on the donor’s brains were also collected from the relevant

brain banks and harmonized when possible, following the harmo-

nization protocols established by the Alzheimer’s Disease Sequenc-

ing Project Phenotype Harmonization Consortium, as noted in their

neuropathology data dictionary (https://vmacdata.org/adsp-phc). Post

mortem Thal amyloid stages67 were available for Mayo Clinic, Emory,

and a subset of Rush donors. All other donors were assigned a

semi-quantitative measure of neuritic plaque on a 4-point scale, the

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)

score.68 A semiquantitative measure of the severity of neurofibrillary

tangle pathology, Braak stage (values equal to 0, I, II, III, IV, V, or VI) was

included for all donors.69

2.3 Donor characteristics

Donor characteristics varied by the contributing institution (Table 2).

The overall median age of all participants was 82 years, with 88.9%

of the participants age ≥ 65. A larger proportion of participants were

female (59.0%) thanmale.

2.4 Diagnostic harmonization

AMP-AD Diversity Initiative has brain biospecimens from archival

brain banks (e.g.,MayoClinic) and fromparticipantswhowere followed

clinicallywhile living before they came to autopsy (e.g., RushUniversity

ROSandMAPcohorts). Donors fromarchival brain banksmaynot have

a clinical diagnosis, while all donors had neuropathologic variables that

enabled neuropathologic diagnosis. Because cohorts had variable clin-

ical and neuropathological diagnostic information regarding AD case

status, we chose to determine AD case/control status according to

neuropathologic data for purposes of cross-cohort analysis (Table 3).

For all individuals with measures of CERAD and Braak, we calculated

a modified NIA Reagan diagnosis of AD,61 resulting in the following

outcomes: no AD, low likelihood of AD, intermediate likelihood of AD,

and high likelihood of AD. Mayo Clinic Brain Bank donors, which con-

stituted the largest overall and single brain bank group contributing

to the AMP-AD Diversity Initiative, lacked CERAD scores but had AD

diagnoses according to NINCDS-ADRDA criteria.57 Mayo Clinic Brain

Bank donors were diagnosed as definite AD if they had Braak stage

≥ IV and the presence of amyloid beta (Aβ) plaques as assessed by

a single neuropathologist (Dr. Dennis W. Dickson). Mayo Clinic Brain

Bank donors were diagnosed as controls if they had Braak stage ≤ III,

sparse or no Aβ plaques, and lacked any other neuropathologic diag-

nosis for neurodegenerative diseases. For all donors, we established

the following criteria to achieve a uniform neuropathologic diagnosis

of AD and to harmonize AD case/control diagnoses between cohorts

as closely as possible: AD diagnosis was assigned to individuals with

Braak stage ≥ IV and CERAD measure equal to moderate/probable

AD or frequent/definite AD. Control diagnosis was assigned to indi-

viduals with Braak stage ≤ III and CERAD measure equal to none/no

AD or sparse/possible AD. Any donors who did not fall under these

criteria were assigned as “other.” These thresholds, while imperfect,

are relatively conservative and also serve to exclude individuals with

age-related tauopathies fromhaving anADcaseor control designation.

2.5 Sampling across brain regions

Different brain regions were sampled to capture differences in molec-

ular profiles, including gene and protein expression across regions

occurring at different stages of AD neuropathology (Figure 1). The

DLPFC and temporal cortex are regions affected in AD, albeit typically

later for DLPFC than the temporal cortex.69 DLPFC24 and temporal

cortex—especially STG21,23—were profiled with multi-omics measure-

ments in AMP-AD studies of predominantly NHW donors. DLPFC and

STGwere obtained from all donors in the AMP-ADDiversity initiative,

except those from Columbia, who had temporal pole tissue available

instead of STG. The anterior caudate nucleus was selected as a non-

cortical region also affected by AD neuropathology.70,71 The total

https://vmacdata.org/adsp-phc
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TABLE 2 Donor characteristics by contributing institution.

Columbia Emory Mayo MSSM Rush

Characteristic N= 105 N= 156 N= 331 N= 88 N= 228

Female sex,N (%) 72 (69%) 89 (57%) 166 (50%) 49 (56%) 160 (70%)

Age at deatha in years, median (range) 84.0 (51–90+) 73.5 (20–90+) 80.5 (20–90+) 82.5 (62–90+) 86.8 (54–90+)

Raceb,N (%)

Black or African American 35 (33%) 75 (48%) 53 (16%) 31 (35%) 116 (51%)

Non-HispanicWhite 1 (1%) 76 (49%) 96 (29%) 30 (34%) 49 (21%)

Other 68 (65%) 5 (3%) 182 (55%) 27 (31%) 44 (19%)

Asian 1 (1%) 0 0 0 11 (5%)

American Indian or Alaska Native 0 0 0 0 5 (2%)

Missing or unknown 0 0 0 0 3 (1%)

Hispanic ethnicityc,N (%) 69 (66%) 5 (3%) 182 (55%) 27 (31%) 52 (23%)

APOE genotype,N (%)

ε2/ε2 0 1 (1%) 0 1 (1%) 0

ε2/ε3 6 (6%) 8 (5%) 22 (7%) 9 (10%) 20 (9%)

ε2/ε4 5 (5%) 4 (3%) 7 (2%) 3 (3%) 8 (4%)

ε3/ε3 31 (30%) 52 (33%) 184 (56%) 43 (49%) 112 (49%)

ε3/ε4 23 (22%) 47 (30%) 98 (30%) 29 (33%) 47 (21%)

ε4/ε4 6 (6%) 19 (12%) 20 (6%) 3 (3%) 16 (7%)

Missing or unknown 34 (32%) 25 (16%) 0 0 25 (11%)

Thal phase,N (%)

None NA 34 (22%) 46 (14%) NA 22 (10%)

Phase 1 NA 3 (2%) 13 (4%) NA 28 (12%)

Phase 2 NA 11 (7%) 16 (5%) NA 10 (4%)

Phase 3 NA 7 (4%) 20 (6%) NA 51 (22%)

Phase 4 NA 15 (10%) 23 (7%) NA 29 (13%)

Phase 5 NA 51 (33%) 131 (40%) NA 50 (22%)

Missing or unknown NA 35 (22%) 82 (25%) NA 38 (17%)

CERAD,N (%)

None/no AD/C0 19 (18%) 64 (41%) NA 18 (20%) 54 (24%)

Sparse/possible/C1 15 (14%) 1 (1%) NA 11 (12%) 20 (9%)

Moderate/probable/C2 20 (19%) 6 (4%) NA 11 (12%) 62 (27%)

Frequent/definite/C3 49 (47%) 83 (53%) NA 47 (53%) 92 (40%)

Missing or unknown 2 (2%) 2 (1%) NA 1 (1%) 0

Braak stage,N (%)

None 2 (2%) 21 (13%) 15 (5%) 4 (5%) 8 (4%)

I 1 (1%) 27 (17%) 27 (8%) 3 (3%) 14 (6%)

II 4 (4%) 14 (9%) 41 (12%) 11 (12%) 21 (9%)

III 11 (10%) 14 (9%) 58 (18%) 7 (8%) 37 (16%)

IV 15 (14%) 9 (6%) 23 (7%) 13 (15%) 76 (33%)

V 16 (15%) 20 (13%) 62 (19%) 10 (11%) 56 (25%)

VI 52 (50%) 49 (31%) 100 (30%) 35 (40%) 16 (7%)

Missing or unknown 4 (4%) 2 (1%) 5 (2%) 5 (6%) 0

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; MSSM, Mount Sinai

School ofMedicine; NA, not applicable.
aAge at death was reported as 90+ for all individuals> 89 years old.
bSelf-reported race. The “Other” category stood for individualswhomight have reported themselves to beofHispanic or Latin ethnicitywithin a race category

(this information is also captured in the Hispanic Ethnicity variable).
cHispanic Ethnicity was captured as a TRUE/FALSE variable. Individuals of any self-reported race could report Hispanic Ethnicity= TRUE.
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TABLE 3 Neuropathologic diagnoses by contributing institution.

Columbia Emory Mayo MSSM Rush

Outcome N= 105 N= 156 N= 331 N= 88 N= 228

NIA Reagana

No AD 2 (2%) 21 (13%) NA 4 (5%) 4 (2%)

Low likelihood 30 (29%) 45 (29%) NA 24 (27%) 78 (34%)

Intermediate likelihood 20 (19%) 20 (13%) NA 16 (18%) 82 (36%)

High likelihood 48 (46%) 68 (44%) NA 39 (44%) 64 (28%)

Missing or unknown 5 (5%) 2 (1%) NA 5 (6%) 0

Derived AD outcomeb

Control 16 (15%) 64 (41%) 58 (18%) 22 (25%) 51 (22%)

AD 66 (63%) 77 (49%) 180 (54%) 52 (59%) 125 (55%)

Other 18 (17%) 13 (8%) 93 (28%) 9 (10%) 52 (23%)

Missing or unknown 5 (5%) 2 (1%) 0 5 (6%) 0

Abbreviations: AD, Alzheimer’s disease; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; MSSM, Mount Sinai School of Medicine; NIA,

National Institute on Aging.
aNIA Reagan scoremodified in accordancewith Bennett et al.63: NoAD: CERAD=NoAD/None andBraak= Stage 0; Low Likelihood: CERAD=NoAD/None

and Braak≥ Stage I ORCERAD= Possible/sparse and Braak= any stageORCERAD= Probable AD/moderate and Braak≤ Stage II; Intermediate Likelihood:

CERAD = Probable/moderate and Braak ≥ Stage III OR CERAD =Definite/frequent and Braak ≥ Stage I and ≤ Stage IV; High Likelihood: CERAD =Definite

AD/frequent and Braak≥ Stage V.
bFor Mayo patients, this outcome is the reported diagnosis according to Mayo neurologist guidelines, as reported.57 For all other patients: Control:

CERAD=NoAD/NoneorPossible/sparse andBraak≤Stage III; ADcase:CERAD=Probable/moderate orDefinite/frequent andBraak≥Stage IV;Other= all

other combinations of CERAD and Braak.

NA= not applicable forMayo patients becauseMayo did not report CERADmeasures.

numbers of samples per tissue per data type and per donor by race and

ethnicity are depicted in Figure 2.WGS for 626donorswere generated

through the Diverse Cohorts initiative.

It should be noted that WGS for an additional 408 donors for

whom -omics measures were generated in this study was readily

available from the AMP-AD 1.0 initiative. Also, as mentioned earlier,

Emory included samples from an additional 307 predominantly NHW

donors from AMP-AD 1.0 to balance proteomics batches. The over-

lap between data contributor sites was generally highest for DLPFC

and STG.

2.6 DNA extraction

All DNA extractions were done from the DLPFC for subsequent WGS.

Mayo Clinic extracted DNA for all samples from the Mayo Clinic, Ban-

ner Sun Health, UFL, and Emory University Brain Banks. DNA was

manually extracted from frozen brain tissue andwas isolated using the

AutoGen245T Reagent Kit (Part #agkt245td) according to the manu-

facturer’s protocol, including an Rnase step (Qiagen, Cat# 19101) after

tissue digestion. DNA was quantified for amount and purity using the

Nanodrop Spectrophotometer (ThermoFisher) andQubit 2.0 Fluorom-

eter (ThermoFisher); 1875 ng per donor were transferred on dry ice

to the New York Genome Center (NYGC) for whole genome library

preparation and sequencing (WGS). For all other samples, DNA extrac-

tion was performed at the NYGC. In brief, for Rush and Mount Sinai

samples, 25 mg of tissue was homogenized using a Qiagen Buffer

ATL/Proteinase K with overnight incubation at 56 degrees Celsius.

DNA was extracted using the Qiagen QIAamp DNA Mini Kit (Qiagen,

51304), and aQiagenQIAampDNAMini Kit (Qiagen, 51304)was used

for DNA cleanup. For Columbia samples, 50 mg of tissue was homoge-

nized using a Buffer TE/Rnase A Solution (Maxwell Cat.# A7973). DNA

wasextractedusingaPromegaMaxwell kit (AS1610) andcleanedusing

a Maxwell RSC Tissue DNA Kit (Maxwell, TM476). For all samples,

DNA quality was analyzed using a Fragment Analyzer (Advanced Ana-

lytics) or BioAnalyzer (Agilent Technologies). Libraries were generated

using the Illumina Tru-Seq PCR-Free protocol, a short-read sequenc-

ing technology with mean read length of 150 base pairs, andWGSwas

performed by the NYGC.

2.7 Whole genome sequencing

NYGC performed quality control (QC) on the rawWGS reads and pro-

vided the followingmetrics: Total Reads, passing filter (PF) Reads, %PF

Reads, PF Aligned Reads, % PF Aligned, PF Aligned Pairs, % PF Aligned

Pairs,MeanRead Length, StrandBalance, Estimated Library Size,Mean

Coverage,%SequenceContamination,Median Insert Size,Mean Insert

Size, AT Dropout, GC Dropout, and % Total Duplication. These metrics

were generated using Picard tools (v2.4.1, http://picard.sourceforge.

net) following paired-end read alignment to the GRCh38 human

reference using the Burrows-Wheeler Aligner (BWA-MEM v0.7.15).

http://picard.sourceforge.net
http://picard.sourceforge.net
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F IGURE 1 Profiled brain regions. Approximate location of tissue in brain regions sampled for molecular profiling, including RNAseq,WGS, and
proteomics. Tissue from the dorsolateral prefrontal cortex (Brodmann areas 8, 9, and/or 46) and caudate nucleus were contributed by all sites,
includingMayo Clinic, Mt. Sinai, Columbia, Rush, and Emory. In contrast, tissue from the superior temporal gyrus (Brodmann 22) was provided by
all sites except Columbia, which had only the temporal pole available for this lobe. RNAseq, RNA sequencing;WGS, whole genome sequencing.
Lobes are demarcated by their different colors shown on the brain schematic. The sites that provided samples from the specific brain regions are
shownwith the colored circles.

Sequence contamination was estimated on a per-sample basis using

VerifyBamID (https://genome.sph.umich.edu/wiki/VerifyBamID).

2.8 RNA extraction

RNA extractions were done from frozen tissue from the DLPFC,

anterior caudate nucleus, and STG (or temporal pole; Figure 1) for

subsequent RNA sequencing. Most donors had tissue from all three

regions, but no donors were excluded for lacking samples from any

brain regions. Brain tissue from Emory, Banner, and the UFL was sent

toMayoClinic Jacksonville inFlorida forRNA isolationand sequencing.

Brain tissue samples for theMayo cohortwereobtained from theMayo

Clinic Brain Bank. RNAwas isolated using a Trizol/chloroformprotocol,

followed by two-step RNA purification (Qiagen Rneasy Mini Kit) and

concentration incorporating on-column (Qiagen Cat#74106 or 74104

and Cat#79254) and liquid (Zymo Cat# R1014 or R1013) Dnase steps,

respectively. The quantity and quality of all RNA samples were deter-

mined by the NanoDrop 2000 Spectrophotometer and Agilent 2100

Bioanalyzer using the Agilent RNA 6000 Nano Chip (Cat# 5067-1511

fromAgilent Technologies).

For all Rush samples, 50 mg of frozen brain tissue was dissected

and homogenized inDNA/RNA shield buffer (Zymo, R1100)with 3mm

beads using a bead homogenizer. RNA was subsequently extracted

using a Chemagic RNA tissue kit (Perkin Elmer, CMG-1212) on a

Chemagic 360 instrument. RNAwas concentrated (Zymo, R1080), and

RQNvalueswere calculatedwith a FragmentAnalyzer total RNAassay

(Agilent, DNF-471).

Tissue samples from MSSM and Columbia were prepared for RNA

sequencing at the NYGC. Tissue was homogenized using TRIzol (nee-

dles), and RNA was extracted using Cloroform. A Qiagen Rneasy Mini

Kit was used for RNA cleanup, and qualitywas analyzedwith Fragment

Analyzer (Advanced Analytics) or BioAnalyzer (Agilent Technologies).

2.9 RNA sequencing

Brain samples from the Mayo Clinic, Banner Sun Health, UFL, and

Emory University were randomized with respect to race, ethnicity,

diagnosis (AD, control, other), contributing institution, RNA Integrity

Number (RIN), APOE genotypes, sex, and age, prior to transfer to

the Mayo Clinic Genome Analysis Core for library preparation and

sequencing across 13 flow cells. Total RNA concentration and quality

were determined using Qubit fluorometry (ThermoFisher Scientific)

and the Agilent Fragment Analyzer. Using Illumina’s TruSeq Stranded

Total RNA reagent kit (Cat #20020597) and the Illumina Ribo-Zero

Plus rRNA Depletion kit (Cat #20037135), libraries were prepared

according to themanufacturer’s instructions with 200 ng of total RNA.

https://genome.sph.umich.edu/wiki/VerifyBamID
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F IGURE 2 Data types by tissue, site, and individual race and ethnicity. Bar graph depicting the number of samples profiled by each assay
(whole genome sequencing, RNAseq, or TMT proteomics).Whole genome sequencing data were generated for 626 donors from various
contributing sites (an additional 411 donors hadWGS fromAMP-AD 1.0 efforts, not shown here). Similarly, 2140 unique transcriptomics profiles
from RNAseq of the caudate nucleus (n= 602), dorsolateral prefrontal cortex (n= 779), superior temporal gyrus (716), and temporal pole (n= 43)
from 844 donors were generated. Samples sent to other sites for the swap study are not included. A lone superior temporal gyrus RNAseq sample
fromColumbia was also not included in this summary. One thousand two hundred forty unique TMT proteomes from dorsolateral prefrontal
cortex (n= 996) and superior temporal gyrus (n= 244) were generated from 1015 donors. These include the 307 samples from the AMP-AD 1.0
efforts to balance batches, as described in theMethods section. Pie charts on the right show the number of donors profiled by ethnoracial
categories (BA=Black American, NHW= non-HispanicWhite, LA= Latin American, andOther). These categories were defined as follows: donors
whose race was encoded as “Black or African American” and ethnicity as "isHispanic= FALSE" in the individual metadata were treated as "BA."
Those with race encoded asWhite and ethnicity as "isHispanic= FALSE" were categorized as "NHW." The remaining donors, for whom ethnicity
was encoded as "isHispanic= TRUE" were treated as "LA." All remaining donors from various other races were encoded as "Other." AMP-AD,
AcceleratingMedicines Partnership in Alzheimer’s Disease;MSSM,Mount Sinai School ofMedicine; RNAseq, RNA sequencing; TMT, isobaric
tandemmass tag;WGS, whole genome sequencing.

The concentration and size distribution of the completed libraries

were determined using Qubit fluorometry and the Agilent TapeStation

D1000. Libraries were sequenced at an average of 200 M total reads,

following the standard protocol for the Illumina NovaSeq 6000. The

flowcellwas sequencedas100×2paired-end readsusing theNovaSeq

S4 sequencing kit and NovaSeq Control Software v1.7.5. Base-calling

was performed using Illumina’s RTA version 3.4.4. All RNA samples iso-

lated from tissue samples of the same donor were sequenced together

in the same flow cell.

For all Rush samples, after RNA extraction, concentration was

determined using Qubit broad-range RNA assay (Invitrogen, Q10211)

according to the manufacturer’s instructions; 500 ng total RNA was

used as input for sequencing library generation, and rRNA was

depleted with RiboGold (Illumina, 20020599). A Zephyr G3 NGS

workstation (Perkin Elmer) was used to generate TruSeq stranded

sequencing libraries (Illumina, 20020599) with custom unique dual

indexes (IDT) according to themanufacturer’s instructionswith the fol-

lowing modifications. RNAwas fragmented for 4 minutes at 85◦C. The

first strand synthesis was extended to 50 minutes. Size selection post

adapter ligation was modified to select for larger fragments. Library

size and concentrationswere determined using anNGS fragment assay

(Agilent, DNF-473) and Qubit ds DNA assay (Invitrogen, Q10211),

respectively, according to the manufacturer’s instructions. The modi-

fied protocol yielded libraries with an average insert size of ≈ 330 to

370 bp. Libraries were normalized for molarity and sequenced on a

NovaSeq 6000 (Illumina) at 40 to 50M reads, 2 × 150 bp paired end.

Columbia and MSSM samples were sequenced at the NYGC. After

rRNA depletion using RiboErase, libraries were prepared using 500 ng

of RNA with the KAPA Stranded Total RNA (HMR) RiboErase Kit

(kapabiosystems). RNA was fragmented for 5 minutes at 85◦C, and

first-strand synthesis was extended to 10 minutes at 25◦C, 15 min-

utes at 42◦C, and 15 minutes at 70◦C. Size selection post adapter

ligation was modified to select larger fragments, which resulted in

480 to 550 bp fragments. Sequencing was performed using an Illu-

mina NovaSeq 6000 to generate 100 bp paired-end reads. Sequencing

quality control was performed using Picard version 1.83 and RseQC

version 2.6.1. STAR version 2.5.2a was used to align reads to the

GRCh38genomeusingGencodev25annotation. Bowtie2version2.1.0

was used to measure rRNA abundance. Annotated genes were quanti-

fiedwith featureCounts version1.4.3-p1. Sequence contaminationwas
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F IGURE 3 RNAseq sample swaps. To evaluate the technical variability of RNA sequencing among the three sites, RNA tissue from the same
brain was sequenced at each site for a small number of samples. The number and region of samples exchanged are illustrated with the grayscale
brain imagewith the exchanged tissue highlighted in color (DLPFC in blue and STG in green). Straight arrows represent tissue exchange; circular
arrows represent tissue sequenced at the original site, shown in blue, green, and red circular arrows forMayo Clinic, Rush, and NYGC, respectively.
Samples fromMSSM (4DLPFC, 4 STG) and Columbia (5 DLPFC) were used for the swap experiment at NYGC. DLPFC, dorsolateral prefrontal
cortex; MSSM,Mount Sinai School ofMedicine; NYGC, NewYork GenomeCenter; RNAseq, RNA sequencing.

estimated on a per-sample basis using VerifyBamID (https://genome.

sph.umich.edu/wiki/VerifyBamID). The identity of the RNA sample is

confirmed by evaluating concordance with WGS data using Conpair, a

tool that uses a set of single nucleotide polymorphisms common in the

human population to determine sample identity.

To maximize the number of brain samples included in the AMP-AD

Diversity Initiative, RIN was measured but not used to filter out sam-

ples. The DV200 is an assessment of the proportion of RNA fragments

> 200 nucleotides and is considered a more accurate measure of RNA

quality when the RIN value is low.72 For Columbia and RUSH, at least

85% of the low RIN samples (RIN < 5) have a DV200 > 70%; for Mayo,

90% of samples meet this metric, and for MSSM, 95% of the sample

pass. Given the high proportion of samples with a DV200 > 70%, sam-

ples were not removed based on these metrics but rather assessed

carefully at theQC stage.

2.10 RNA sample exchange

Because RNA sequencingwas conducted at three different sequencing

centers (Mayo Genome Analysis Core, NYGC, and Rush), a small num-

ber of samples were exchanged between the three sequencing centers

to evaluate the extent of technical variability between these centers

(Figure 3). Mayo Clinic contributed five samples each from the DLPFC

and STG to Rush and NYGC. Six DLPFC samples from Columbia were

sent to Mayo Clinic and Rush, and four samples each for DLPFC and

STG from Mt. Sinai were sent to Mayo and Rush. Rush contributed

six samples each from DLPFC and STG to the Mayo Clinic and NYGC.

Tissues sent to other sites as part of the swap experiment were also

sequenced at each original sequencing site, resulting in three sets of

RNAseq data from each participant and brain region for the swapped

samples. RNA extraction and sequencing protocol for swap samples at

each site is described above (see RNAextraction andRNA sequencing).

All samples that were part of the swap study were sequenced in a

single batch at Mayo, whereas samples sequenced at NYGC were dis-

tributed across five batches, and at Rush, they were distributed across

three batches. RIN values for samples sequenced at Mayo ranged

between 2.7 and 8.8, whereas those at NYGC ranged between 2.7 and

8.7, and at Rush ranged between 1.3 and 8.0. RNAseq data for swap

samples generated across all three sites were consensus processed

using MAPRSeq v3 pipeline.73 Reads were aligned to the reference

(GRCh38) using STAR aligner v2.6.1. Sequencing and alignment met-

rics from FastQC and RseQC were used to evaluate variability across

sequencing centers. The median base quality of reads was consistent

(Phred ≥ 37) across sites for both DLPFC and STG. Evaluation of base

content (percentage of As, Ts, Gs, and Cs at each position in the read)

between the 25th and 75th percentile along the read length revealed

that the percentage of As and Ts was ≈ 30% and that of Gs and Cs was

20% across all reads and samples. The following summary metrics are

summarized by tissue contribution site and sequencing site in Figure

S1 in supporting information. Between 104 and 147Mreadswere gen-

erated for samples sequenced at Mayo, 95% to 98% of which were

mapped to the genome and 31% to 54%mapped to genes. For samples

sequenced at NYGC, between 58 and 222 M reads were generated,

93% to 98% of which mapped to the genome and 37% to 58%mapped

to genes. Similarly, at Rush, between 10 and 125 M reads were gener-

ated, 83% to 96% mapped to the genome and 28% to 57% mapped to

genes. Themedian ratio of reads covering the 80th and 20th percentile

along the gene body for all genes was between 1 and 1.1, revealing

no significant bias toward 3′ or 5′ degradations. Sex deduced from

https://genome.sph.umich.edu/wiki/VerifyBamID
https://genome.sph.umich.edu/wiki/VerifyBamID
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gene expression was consistent with assigned sex based on clinical

information.After conditional quantile normalization (CQN) to identify

expressed genes, principal component analysis (PCA) was performed

to evaluate stratification among samples (Figure S2 in supporting infor-

mation). When PCs were generated by tissue (one set of PCs each

of DLPFC and STG) and plotted together, there was no separation by

tissue contribution site (Figure S2A), although there was some sep-

aration by sequencing site (Figure S2B), and indeed, sequencing site

was the largest source of technical variation. When PCs were gener-

ated by tissue contribution site (one set of PCs each for Columbia, Mt.

Sinai, Mayo, and Rush) and plotted together, there was no separation

by sequencing site but only by tissue (Figure S2C).

2.11 Proteomics

Proteome measurements were conducted in all DLPFC tissue, as well

as in STG, for a subset of the samples from the Mayo Clinic to enable

joint analyses with other STG proteome data from this Brain Bank.21

Pre- and postprocessing steps for proteomic quantification were per-

formed at Emory University for all samples from all contributing

institutions using the followingmethods. Samples from each individual

site were randomized in batches of 15 to 17 and balanced, where pos-

sible, with respect to race, ethnicity, diagnosis (AD), sex, and age.74 The

batching schema is included in the proteomics biospecimen metadata

file (syn53185805).

2.11.1 Brain tissue homogenization and protein
digestion

Procedures for tissue homogenization for all tissues were per-

formed essentially as described.48,75 Approximately 100mg (wet tis-

sue weight) of brain tissue was homogenized in 8 M urea lysis buffer

(8 M urea, 10 mM Tris, 100mM NaHPO4, pH 8.5) with HALT pro-

tease and phosphatase inhibitor cocktail (ThermoFisher) using a Bullet

Blender (NextAdvance) essentially as described.75 Each Rino sample

tube (NextAdvance) was supplementedwith≈ 100µL of stainless steel

beads (0.9 to 2.0mm blend, NextAdvance) and 500µL of lysis buffer.

Tissues were added immediately after excision, and samples were

placed into the bullet blender at 4◦C. The samples were homogenized

for two full 5minute cycles, and the lysates were transferred to new

Eppendorf Lobind tubes. Each sample was then sonicated for three

cycles of 5 seconds of active sonication at 30% amplitude, followed by

15 seconds on ice. Samples were centrifuged for 5minutes at 15,000×
g, and the supernatant was transferred to a new tube. Protein concen-

tration was determined by bicinchoninic acid (BCA) assay (Pierce). For

protein digestion, 100 µg of each sample was aliquoted, and volumes

were normalized with additional lysis buffer. An equal amount of pro-

tein from each sample was aliquoted and digested in parallel to serve

as the global pooled internal standard (GIS) in each isobaric tandem

mass tag (TMT) batch, as described below. Similarly, GIS pooled stan-

dards were generated from all cohorts. Samples were reduced with

1mM dithiothreitol (DTT) at room temperature for 30minutes, fol-

lowed by 5mM iodoacetamide (IBA) alkylation in the dark for another

30minutes. Lysyl endopeptidase (Wako) at 1:100 (w/w) was added,

and digestion was allowed to proceed overnight. Samples were then

7-fold diluted with 50mM ammonium bicarbonate. Trypsin (Promega)

was added at 1:50 (w/w), and digestion was carried out for another

16 hours. The peptide solutions were acidified to a final concentration

of 1% (vol/vol) formic acid (FA) and 0.1% (vol/vol) trifluoroacetic acid

(TFA), and desaltedwith a 30mgHLB column (Oasis). EachHLB column

was first rinsedwith 1mL ofmethanol, washedwith 1mL 50% (vol/vol)

acetonitrile (ACN), and equilibrated with 2 × 1mL 0.1% (vol/vol) TFA.

The samples were loaded onto the column and washed with 2 × 1mL

0.1% (vol/vol) TFA. Elution was performed with 2 volumes of 0.5 mL

50% (vol/vol) ACN. The eluates were then dried to completeness using

a SpeedVac.

2.11.2 Isobaric TMT peptide labeling

The Synapse DOI giving sample to batch arrangement is presented

Table4. In preparation for labeling, eachbrainpeptidedigestwas resus-

pended in 75 µL of 100 mM triethylammonium bicarbonate (TEAB)

buffer; meanwhile, 5 mg of TMT reagent was dissolved into 200 µL of

ACN. Each sample (containing 100µg of peptides) was resuspended in

100mM TEAB buffer (100 µL). The TMT labeling reagents (5 mg; Tan-

dem Mass Tag [TMTpro] kit [ThermoFisher Scientific, A44520]) were

equilibrated to room temperature, and anhydrous ACN (256µL) was

added to each reagent channel. Each channel was gently vortexed for

5minutes, and then 41 µL from each TMT channel was transferred to

the peptide solutions and allowed to incubate for 1 hour at room tem-

perature. The reaction was quenched with 5% (vol/vol) hydroxylamine

TABLE 4 Synapse doi’s of data shared on the ADKnowledge
Portal for the AMP-ADDiversity Initiative.a

Data type Doi

AMP-ADDiverse Cohorts

RNAseq Sample Exchange

Data Subset

https://doi.org/10.7303/syn53420676

AMP-ADDiverse Cohorts

Raw TMTProteomics Data

https://doi.org/10.7303/syn53420674

AMP-ADDiverse Cohorts

RawWGSData

https://doi.org/10.7303/syn53420673

AMP-AD 1.0 RawWGSData

for Diverse Cohorts

Individuals withoutWGS

https://doi.org/10.7303/syn53420677

AMP-ADDiverse Cohorts

RawRNAseqData

https://doi.org/10.7303/syn53420672

Abbreviations: AD, Alzheimer’s disease; AMP-AD, Accelerating Medicines

Partnership in AD; RNAseq, RNA sequencing; TMT, isobaric tandem mass

tag;WGS, whole genome sequencing.
aAll accompanying individual, biospecimen, and assay meta-

data are included in the dois; entire study project found at

(https://adknowledgeportal.synapse.org/Explore/Studies/DetailsPage/

StudyDetails?Study=syn51732482).

https://doi.org/10.7303/syn53420676
https://doi.org/10.7303/syn53420674
https://doi.org/10.7303/syn53420673
https://doi.org/10.7303/syn53420677
https://doi.org/10.7303/syn53420672
https://adknowledgeportal.synapse.org/Explore/Studies/DetailsPage/StudyDetails?Study=syn51732482
https://adknowledgeportal.synapse.org/Explore/Studies/DetailsPage/StudyDetails?Study=syn51732482
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(8 µL; Pierce). All channels were then combined and dried by Speed-

Vac (LabConco) to ≈ 150µL and diluted with 1 mL of 0.1% (vol/vol)

TFA, then acidified to a final concentration of 1% (vol/vol) FA and 0.1%

(vol/vol) TFA. Labeled peptides were desalted with a 200 mg C18 Sep-

Pak column (Waters). Each Sep-Pak column was activated with 3mL

of methanol, washed with 3mL of 50% (vol/vol) ACN, and equilibrated

with 2×3mL of 0.1% TFA. The samples were then loaded and each col-

umn was washed with 2×3mL 0.1% (vol/vol) TFA, followed by 2 mL of

1% (vol/vol) FA. Elution was performed with two volumes of 1.5 mL

50% (vol/vol) ACN. The eluates were then dried to completeness using

a SpeedVac.

2.11.3 High-pH off-line fractionation

High-pH fractionation was performed essentially as described with

slight modification.75,76 Dried samples were re-suspended in high pH

loading buffer (0.07% vol/vol NH4OH, 0.045% vol/vol FA, 2% vol/vol

ACN) and loaded onto a Water’s BEH 1.7 um 2.1 mm by 150 mm. A

Thermo Vanquish or Agilent 1100 HPLC system was used to carry out

the fractionation. Solvent A consisted of 0.0175% (vol/vol) NH4OH,

0.01125% (vol/vol) FA, and 2% (vol/vol) ACN; solvent B consisted of

0.0175% (vol/vol) NH4OH, 0.01125% (vol/vol) FA, and 90% (vol/vol)

ACN. The sample elution was performed over a 25 minute gradient

with a flow rate of 0.6 mL/minute. A total of 192 individual equal-

volume fractions were collected across the gradient and subsequently

pooled by concatenation into 96 fractions (Rush, MSSB, and Mayo

cohorts) or 48 fractions for the Emory cohort. All peptide fractions

were dried to completeness using a SpeedVac. Off-line fractionation

of the Mount Sinai and Emory cohorts was performed as previously

described.75,77

2.11.4 TMT mass spectrometry

All fractions were resuspended in an equal volume of loading buffer

(0.1% FA, 0.03% TFA, 1% ACN) and analyzed by liquid chromatog-

raphy coupled to tandem mass spectrometry (MS/MS) essentially as

described,78 with slight modifications. Peptide eluents were separated

on a self-packedC18 (1.9 µm,Dr.Maisch, Germany) fused silica column

(25cm×75µMinternal diameter [ID];NewObjective) byaDionexUlti-

Mate 3000 RSLCnano liquid chromatography system (ThermoFisher

Scientific) and monitored on a mass spectrometer (ThermoFisher Sci-

entific). Sample elutionwas performedover a 180minute gradientwith

a flow rate of 225 nL/min. The gradient was from 3% to 7% buffer B

over 5 minutes, then 7% to 30% over 140 minutes, then 30% to 60%

over 5minutes, then 60% to 99% over 2minutes, then held constant at

99% solvent B for 8 minutes, and then back to 1% B for an additional

20 minutes to equilibrate the column. The mass spectrometer was set

to acquire data in data-dependentmode using the top-speedworkflow

with a cycle time of 3 seconds. Each cycle consisted of one full scan fol-

lowed by as many MS/MS (MS2) scans that could fit within the time

window. The full scan (MS1) was performed with an m/z range of 350

to 1500 at 120,000 resolution (at 200 m/z) with AGC set at 4 × 105

and a maximum injection time of 50 ms. The most intense ions were

selected for higher energy collision-induced dissociation (HCD) at 38%

collision energy with an isolation of 0.7 m/z, a resolution of 30,000, an

AGC setting of 5 × 104, and a maximum injection time of 100 ms. Of

the 72 TMTbatches for theDLPFC tissues, 34were run on anOrbitrap

Fusion Lumos mass spectrometer, 24 batches were run on an Orbitrap

Fusion Eclipse GC 240 mass spectrometer, and 14 batches were run

on an Orbitrap Eclipse mass spectrometer as previously described.75

Collectively, liquid chromatography MS/MS led to a total of 6479 raw

files from frontal cortex, and1824 raw files fromtemporal cortex tissue

samples (Figure 1A), with the distribution as follows: Emory University

Frontal Cortex Cohort: 431;Mayo Clinic Frontal Cortex Cohort: 2304;

MountSinai FrontalCortexCohort: 1344;RushUniversityFrontalCor-

tex Cohort: 2400; and Emory University and Mayo Clinic Temporal

Cortex Cohort: 1824. Lobes are demarcated by their different colors

shownon thebrain schematic. The sites that provided samples fromthe

specific brain regions are shownwith the colored circles.

3 DISCUSSION

This is a data descriptor study for the AMP-AD20 Diversity Initia-

tive that was launched to generate, analyze, and make available to

the research community multi-omics data in AD and older control

brain donors from multi-ethnic populations enriched for BA and LA

participants who are at higher risk2 for AD but traditionally underrep-

resented in research.3–6 While GWAS in BA and LA participants are

orders of magnitude smaller than that for NHW, multi-omics studies

are essentially non-existent, especially in brain tissue from these popu-

lations. This underrepresentation in brainmulti-omics studies is in part

due to lower autopsy rates in BA and LA populations,79,80 the causes

of which are multi-factorial but must be comprehensively understood

to overcome this barrier in research. There are efforts to increase

diversity in autopsy studies for ADRD,63,81,82 which have led to the

discovery that some but not all neuropathologies have ethnoracial

differences.81,83–85

To our knowledge, there are no sizablemulti-omics studies of ADRD

including age-matched controlBAandLAdonors touncover themolec-

ular underpinnings of these neuropathologies. In contrast, the AMP-

AD Target Discovery and Preclinical Validation Project generated21–24

and broadly shared25 multi-omics data on > 2500 brain samples, pri-

marily from NHW donors. These previous studies also pointed to

the importance of sampling multiple brain regions.21,23,24 Sampling

from a homogenized whole brain would likely dilute important sig-

nals specific to different disease stages, as it is known that different

regions are affected at different stages of disease.69 The previous

and current AMP-ADprojects contain donorswhose neuropathologies

reflect the full spectrum of AD, from little or no neuropathology to

high levels of neuropathology. These multi-omics data revealed brain

molecular alterations in specific biological pathways, including but not

limited to innate immunity, synaptic biology, myelination, vascular biol-

ogy, and mitochondrial energetics,28–30,32–34,37,39,45,54,86–89 thereby
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supporting complex, heterogeneous molecular etiologies, resulting

in > 600 therapeutic candidates with a step closer to precision

medicine in ADRD.

Recognizing the essential importance of inclusivity in precision

medicine,56 we launched the AMP-AD Diversity Initiative with the

objective of performing multi-omics profiling and analysis of samples

from diverse cohorts to discover the full spectrum of therapeutic tar-

gets and biomarkers that will be of utility to all populations affected

with AD. In this data descriptor article, we describe the first wave

of data generated and shared with the research community, com-

prising transcriptome from three brain regions, WGS, and proteome

measures from 908 multi-ethnic donors enriched for BA (n = 306)

and LA (n = 326). We emphasize that this is the initial set of data

currently being expanded to include other -omics measures, namely

metabolome, single-cell RNAseq, and epigenome in the AMP-AD

Diverse Cohorts Study.

We must emphasize that multi-omics studies alone are unlikely to

be sufficient to discover all causes of ADRD or explain the dispar-

ities in risk observed for BA and LA participants.4,6,90 Rather, this

requires a full understanding of the role of the exposome, including

sex, race, ethnicity, lifetime health measures, co-morbidities, and addi-

tional structural and social determinants of health (SSDoH).54,91–96

Only by capturing the exposome and evaluating its complex interac-

tions withmulti-omics measures and disease-related outcomes canwe

have a holistic lens into the etiopathogenesis of ADRD. With this goal

in mind, the AMP-AD Diversity Initiative is in the process of curating

andharmonizing exposomedata for thedonors in theAMP-ADDiverse

Cohorts Study.

Despite the potential utility of this foundational multi-omics

dataset from a multi-ethnic autopsy cohort, there are shortcomings in

the current study. To include the largest possible number of BA and LA

donors, brain tissue from both archival brain banks and longitudinal

studies was included, resulting in variability in the types of clinical and

neuropathologic data available. We strove to overcome this variability

by careful harmonization of the neuropathologic data to the extent

possible, although we must underscore the need to have more diverse

autopsy cohorts with in-depth and uniform phenotyping, including

clinical and neuropathologic variables. For this study, we accepted

self-reported race and ethnicity. We recognize that race and ethnicity

are highly complex constructs6,80,90,97 that must consider SSDoH,

cultural, historical, and biological variables, and context. We also

recognize that there is an ongoing and shifting conversation about the

most appropriate terminology, such as that seen in the recent update

by the US Census (https://www.census.gov/newsroom/blogs/random-

samplings/2024/04/updates-race-ethnicity-standards.html), which

combines race and ethnicity and adds another category, “Middle

Eastern or North African.”We are currently unable to update our data

to this new standard, given that the bulk of this data was collected as

part of archival brain banks and/or at a time prior to these definitions,

using older surveys that did not encompass the full range of possible

terminology and that cannot provide more nuanced categories within

BA and LA populations (such as country-specific terms within the LA

population). Given the availability of genetic data in this study, genetic

ancestry markers could be calculated as well, which future studies will

aim to do in the context of accounting for population stratification in

statistical genetics studies. However, such adjustments are not appro-

priate for all statistical analyses, considering the salient social-cultural

impacts of self-reported race.Whilewewill aim to incorporate asmany

exposome variables into this study as possible, there is clearly a need

for multi-disciplinary teams to assess all non-biological and biological

variables and context holistically in large-scale population-based

studies to understand disparities in and causes of disease risk. Finally,

though our study is a step in the right direction for inclusivity in preci-

sion medicine studies, there are many other underrepresented groups

in ADRD research in the United States and globally.3,79 National and

global initiatives are required to expand this research to all affected

populations.

In summary, we describe transcriptome data from 2224 brain sam-

ples, proteome data from 1385 samples, and new whole genome

sequencing from 626 samples, primarily from 908 multi-ethnic donors

enriched for BA and LA participants. These data are accompanied

by harmonized neuropathologic diagnoses of AD (n = 500), control

(n= 211), or other (n= 185). These datamade available to the research

community are expected to be an initial step to bridge our data and

knowledge gap in the understanding of AD in underrepresented and

at-risk populations.
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40. Min Y, Wang X, İş Ö, et al. Cross species systems biology discovers

glial DDR2, STOM, and KANK2 as therapeutic targets in progres-

sive supranuclear palsy. Nat Commun. 2023;14:6801. doi:10.1038/
s41467-023-42626-3

41. McKenzie AT, Moyon S, Wang M, et al. Multiscale network modeling

of oligodendrocytes revealsmolecular components ofmyelin dysregu-

lation in Alzheimer’s disease.Mol Neurodegener. 2017;12(1):82. doi:10.
1186/s13024-017-0219-3

42. Beckmann ND, Lin W-J, Wang M, et al. Multiscale causal networks

identify VGF as a key regulator of Alzheimer’s disease. Nat Commun.
2020;11(1):3942. doi:10.1038/s41467-020-17405-z

43. Wang M, Li A, Sekiya M, et al. Transformative network modeling of

multi-omics data reveals detailed circuits, key regulators, andpotential

therapeutics for Alzheimer’s disease. Neuron. 2021;109:257-272.e14.
doi:10.1016/j.neuron.2020.11.002

44. Horgusluoglu E, Neff R, Song WM, et al. Integrative metabolomics-

genomics approach reveals key metabolic pathways and regulators of

Alzheimer’s disease. Alzheimers Dement. 2021;18:1260-1278. doi:10.
1002/alz.12468

45. Johnson ECB, Carter EK, Dammer EB, et al. Large-scale deep multi-

layer analysis of Alzheimer’s disease brain reveals strong proteomic

disease-related changes not observed at the RNA level. Nat Neurosci.
2022;25:213-225. doi:10.1038/s41593-021-00999-y

46. Mostafavi S, Gaiteri C, Sullivan SE, et al. A molecular network of the

aging human brain provides insights into the pathology and cognitive

decline of Alzheimer’s disease.Nat Neurosci. 2018;21:811-819. doi:10.
1038/s41593-018-0154-9

47. MahmoudianDehkordi S, ArnoldM, Nho K, et al. Altered bile acid pro-

file associates with cognitive impairment in Alzheimer’s disease-An

emerging role for gut microbiome. Alzheimers Dement. 2019;15:76-92.
doi:10.1016/j.jalz.2018.07.217

48. Seyfried NT, Dammer EB, Swarup V, et al. A multi-network approach

identifies protein-specific co-expression in asymptomatic and symp-

tomatic Alzheimer’s disease. Cell Syst. 2017;4:60-72.e4. doi:10.1016/
j.cels.2016.11.006

49. Wingo AP, Dammer EB, Breen MS, et al. Large-scale proteomic anal-

ysis of human brain identifies proteins associated with cognitive

trajectory in advanced age. Nat Commun. 2019;10(1):1619. doi:10.
1038/s41467-019-09613-z

50. Sung YJ, Yang C, Norton J, et al. Proteomics of brain, CSF, and plasma

identifies molecular signatures for distinguishing sporadic and genetic

Alzheimer’s disease. Sci Transl Med. 2023;15(703):eabq5923. doi:10.
1126/scitranslmed.abq5923

51. Toledo JB, ArnoldM, Kastenmüller G, et al.Metabolic network failures

in Alzheimer’s disease: a biochemical road map. Alzheimers Dement.
2017;13:965-984. doi:10.1016/j.jalz.2017.01.020

52. Nho K, Kueider-Paisley A, MahmoudianDehkordi S, et al. Altered bile

acid profile in mild cognitive impairment and Alzheimer’s disease:

relationship to neuroimaging and CSF biomarkers. Alzheimers Dement.
2018;15:232-244. doi:10.1016/j.jalz.2018.08.012

53. Baloni P, Arnold M, Moreno H, et al. Multi-omic analyses character-

ize the ceramide/sphingomyelin pathway as a therapeutic target in

Alzheimer’s disease 2021. medRxiv. 2021. doi:10.1101/2021.07.16.
21260601

54. Reddy JS, Jin J, Lincoln SJ, et al. Transcript levels in plasma con-

tribute substantial predictive value as potential Alzheimer’s disease

biomarkers in African Americans. EBioMedicine. 2022;78:103929.
doi:10.1016/j.ebiom.2022.103929

55. Modeste ES, Ping L, Watson CM, et al. Quantitative proteomics of

cerebrospinal fluid from African Americans and Caucasians reveals

shared and divergent changes in Alzheimer’s disease. Mol Neurode-
gener. 2023;18(1):48. doi:10.1186/s13024-023-00638-z

56. Ginsburg GS, Denny JC, Schully SD. Data-driven science and

diversity in the All of Us Research Program. Sci Transl Med.
2023;15(726):eade9214. doi:10.1126/scitranslmed.ade9214

57. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan

EM. Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-

ADRDA Work Group under the auspices of Department of Health

and Human Services Task Force on Alzheimer’s Disease. Neurology.
1984;34:939-944.

58. Beach TG, Adler CH, Sue LI, et al. Arizona Study of Aging and Neu-

rodegenerative Disorders and Brain and Body Donation Program.

Neuropathology. 2015;35:354-389. doi:10.1111/neup.12189
59. Montine TJ, Phelps CH, Beach TG, et al. National Institute on Aging—

Alzheimer’s Association guidelines for the neuropathologic assess-

ment of Alzheimer’s disease: a practical approach. Acta Neuropathol.
2012;123:1-11. doi:10.1007/s00401-011-0910-3

60. Hyman BT, Phelps CH, Beach TG, et al. National Institute on Aging—

Alzheimer’s Association guidelines for the neuropathologic assess-

ment of Alzheimer’s disease. Alzheimers Dement. 2012;8:1-13. doi:10.
1016/j.jalz.2011.10.007

61. Consensus recommendations for the postmortem diagnosis of

Alzheimer’s disease. TheNational Institute onAging, andReagan Insti-

tuteWorking Group on Diagnostic Criteria for the Neuropathological

Assessment of Alzheimer’s Disease. Neurobiol Aging. 1997;18(Suppl
4):S1-S2.

62. Toledo JB, Van Deerlin VM, Lee EB, et al. A platform for discovery:

theUniversity of Pennsylvania IntegratedNeurodegenerativeDisease

Biobank. Alzheimers Dement. 2014;10:477-484.e1. doi:10.1016/j.jalz.
2013.06.003

https://doi.org/10.1007/s00401-018-1900-5
https://doi.org/10.1002/alz.12092
https://doi.org/10.1002/alz.12092
https://doi.org/10.1016/j.celrep.2020.107908
https://doi.org/10.1016/j.celrep.2020.107908
https://doi.org/10.1186/s13024-020-00392-6
https://doi.org/10.1002/alz.12099
https://doi.org/10.1038/s41467-021-27204-9
https://doi.org/10.1038/s41467-021-27204-9
https://doi.org/10.1002/alz.043533
https://doi.org/10.1172/jci149904
https://doi.org/10.1172/jci149904
https://doi.org/10.1002/alz.12714
https://doi.org/10.1186/s13024-022-00592-2
https://doi.org/10.1038/s41467-023-42626-3
https://doi.org/10.1038/s41467-023-42626-3
https://doi.org/10.1186/s13024-017-0219-3
https://doi.org/10.1186/s13024-017-0219-3
https://doi.org/10.1038/s41467-020-17405-z
https://doi.org/10.1016/j.neuron.2020.11.002
https://doi.org/10.1002/alz.12468
https://doi.org/10.1002/alz.12468
https://doi.org/10.1038/s41593-021-00999-y
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1038/s41593-018-0154-9
https://doi.org/10.1016/j.jalz.2018.07.217
https://doi.org/10.1016/j.cels.2016.11.006
https://doi.org/10.1016/j.cels.2016.11.006
https://doi.org/10.1038/s41467-019-09613-z
https://doi.org/10.1038/s41467-019-09613-z
https://doi.org/10.1126/scitranslmed.abq5923
https://doi.org/10.1126/scitranslmed.abq5923
https://doi.org/10.1016/j.jalz.2017.01.020
https://doi.org/10.1016/j.jalz.2018.08.012
https://doi.org/10.1101/2021.07.16.21260601
https://doi.org/10.1101/2021.07.16.21260601
https://doi.org/10.1016/j.ebiom.2022.103929
https://doi.org/10.1186/s13024-023-00638-z
https://doi.org/10.1126/scitranslmed.ade9214
https://doi.org/10.1111/neup.12189
https://doi.org/10.1007/s00401-011-0910-3
https://doi.org/10.1016/j.jalz.2011.10.007
https://doi.org/10.1016/j.jalz.2011.10.007
https://doi.org/10.1016/j.jalz.2013.06.003
https://doi.org/10.1016/j.jalz.2013.06.003


REDDY ET AL. 7191

63. Barnes LL, Shah RC, Aggarwal NT, Bennett DA, Schneider JA. The

Minority Aging Research Study: ongoing efforts to obtain brain dona-

tion in African Americans without dementia. Curr Alzheimer Res.
2012;9:734-745. doi:10.2174/156720512801322627

64. Bennett DA, Schneider JA, Arvanitakis Z, et al. Neuropathology of

older persons without cognitive impairment from two community-

based studies. Neurology. 2006;66:1837-1844. doi:10.1212/01.wnl.
0000219668.47116.e6

65. Coleman C, Wang M, Wang E, et al. Multi-omic atlas of the parahip-

pocampal gyrus in Alzheimer’s disease. Sci Data. 2023;10:602. doi:10.
1038/s41597-023-02507-2

66. Li K, Rashid T, Li J, et al. Postmortem Brain Imaging in Alzheimer’s

Disease and Related Dementias: the South Texas Alzheimer’s Disease

Research Center Repository. J Alzheimers Dis. 2023;96:1267-1283.
doi:10.3233/jad-230389

67. Thal DR, Rüb U, Orantes M, Braak H. Phases of Aβ-deposition in the

human brain and its relevance for the development of AD. Neurology.
2002;58:1791-1800. doi:10.1212/wnl.58.12.1791

68. Mirra SS, Heyman A, McKeel D, et al. The Consortium to Establish

a Registry for Alzheimer’s Disease (CERAD). Part II. Standardization

of the neuropathologic assessment of Alzheimer’s disease. Neurology.
1991;41:479-486. doi:10.1212/wnl.41.4.479

69. Braak H, Braak E. Neuropathological stageing of Alzheimer-

related changes. Acta Neuropathol. 1991;82:239-259. doi:10.1007/
BF00308809

70. Lee Y, Jeon S, Park M, et al. Effects of Alzheimer and Lewy body dis-

ease pathologies on brain metabolism. Ann Neurol. 2022;91:853-863.
doi:10.1002/ana.26355

71. Braak H, Braak E. Alzheimerʼs disease: striatal amyloid deposits and

neurofibrillary changes. J Neuropathol Exp Neurol. 1990;49:215-224.
doi:10.1097/00005072-199005000-00003

72. Matsubara T, Soh J, Morita M, et al. DV200 index for assess-

ing RNA integrity in next-generation sequencing. Biomed Res Int.
2020;2020:9349132. doi:10.1155/2020/9349132

73. Kalari KR, Nair BA, Bhavsar JD, et al. MAP-RSeq: Mayo Analysis

Pipeline for RNA sequencing. BMC Bioinf. 2014;15:224. doi:10.1186/
1471-2105-15-224

74. Maienschein-Cline M, Lei Z, Gardeux V, et al. ARTS: automated

randomization of multiple traits for study design. Bioinformatics.
2014;30:1637-1639. doi:10.1093/bioinformatics/btu075

75. Ping L, Duong DM, Yin L, et al. Global quantitative analysis of the

human brain proteome in Alzheimer’s and Parkinson’s Disease. Sci
Data. 2018;5:180036. doi:10.1038/sdata.2018.36

76. Mertins P, Tang LC, Krug K, et al. Reproducible workflow for multi-

plexed deep-scale proteome and phosphoproteome analysis of tumor

tissues by liquid chromatography-mass spectrometry. Nat Protoc.
2018;13:1632-1661. doi:10.1038/s41596-018-0006-9

77. Bai B, Wang X, Li Y, et al. Deep multilayer brain proteomics identi-

fies Molecular Networks in Alzheimer’s Disease Progression. Neuron.
2020;105:975-991.e7. doi:10.1016/j.neuron.2019.12.015

78. Wingo AP, Liu Y, Gerasimov ES, et al. Integrating human brain pro-

teomes with genome-wide association data implicates new proteins

in Alzheimer’s disease pathogenesis. Nat Genet. 2021;53:143-146.
doi:10.1038/s41588-020-00773-z

79. Glover CM, Shah RC, Bennett DA, Wilson RS, Barnes LL. Perceived

impediments to completed brain autopsies among diverse older adults

who have signed a Uniform Anatomical Gift Act for brain donation for

clinical research. Ethn Dis. 2020;30:709-718. doi:10.18865/ed.30.s2.
709

80. Ighodaro ET, Nelson PT, Kukull WA, et al. Challenges and consider-

ations related to studying dementia in Blacks/African Americans. J
Alzheimers Dis. 2017;60:1-10. doi:10.3233/jad-170242

81. Santos OA, Pedraza O, Lucas JA, et al. Ethnoracial differences in

Alzheimer’s disease from theFLoridaAutopsiedMulti-Ethnic (FLAME)

cohort.Alzheimers Dement. 2019;15:635-643. doi:10.1016/j.jalz.2018.
12.013

82. Weiner MW, Veitch DP, Miller MJ, et al. Increasing participant diver-

sity in AD research: plans for digital screening, blood testing, and a

community-engaged approach in the Alzheimer’s Disease Neuroimag-

ing Initiative 4.Alzheimers Dement. 2023;19:307-317. doi:10.1002/alz.
12797

83. Nag S, Barnes LL, Yu L, et al. Association of Lewy bodies with

age-related clinical characteristics in Black andWhite decedents.Neu-
rology. 2021;97(8):e825-e835. doi:10.1212/wnl.0000000000012324

84. Barnes LL, Leurgans S, Aggarwal NT, et al. Mixed pathology is more

likely in black than white decedents with Alzheimer dementia. Neurol-
ogy. 2015;85:528-534. doi:10.1212/wnl.0000000000001834

85. Graff-Radford NR, Besser LM, Crook JE, Kukull WA, Dickson DW.

Neuropathologic differences by race from the National Alzheimer’s

Coordinating Center. Alzheimers Dement. 2016;12:669-677. doi:10.
1016/j.jalz.2016.03.004

86. Conway OJ, Carrasquillo MM, Wang X, et al. ABI3 and PLCG2 mis-

sense variants as risk factors for neurodegenerative diseases in

Caucasians and African Americans. Mol Neurodegener. 2018;13(1):53.
doi:10.1186/s13024-018-0289-x

87. Patel T, Carnwath TP, Wang X, et al. Transcriptional

landscape of human microglia implicates age, sex, and APOE-

related immunometabolic pathway perturbations. Aging Cell.
2022;21(5):e13606. doi:10.1111/acel.13606

88. Strickland SL, Morel H, Prusinski C, et al. Association of ABI3 and

PLCG2 missense variants with disease risk and neuropathology in

Lewy body disease and progressive supranuclear palsy. Acta Neu-
ropathol Commun. 2020;8(1):172. doi:10.1186/s40478-020-01050-
0

89. Johnson ECB, Dammer EB, Duong DM, et al. Large-scale pro-

teomic analysis of Alzheimer’s disease brain and cerebrospinal fluid

reveals early changes in energy metabolism associated with microglia

and astrocyte activation. Nat Med. 2020;26:769-780. doi:10.1038/
s41591-020-0815-6

90. Adkins-Jackson PB, George KM, Besser LM, et al. The structural

and social determinants of Alzheimer’s disease related dementias.

Alzheimers Dement. 2023;19:3171-3185. doi:10.1002/alz.13027
91. Gomez-Pinilla F, Zhuang Y, Feng J, Ying Z, Fan G. Exercise impacts

brain-derived neurotrophic factor plasticity by engaging mechanisms

of epigenetic regulation. Eur J Neurosci. 2010;33:383-390. doi:10.
1111/j.1460-9568.2010.07508.x

92. Hajjar I, Yang Z, Okafor M, et al. Association of plasma and cere-

brospinal fluid alzheimer disease biomarkers with race and the role

of genetic ancestry, vascular comorbidities, and neighborhood factors.

JAMA Netw Open. 2022;5:e2235068. doi:10.1001/jamanetworkopen.

2022.35068

93. Avila-Rieger J, Turney IC, Vonk JMJ, et al. Socioeconomic status, bio-

logical aging, andmemory in a diverse national sample of olderUSmen

and women. Neurology. 2022;99(19):e2114-e2124. doi:10.1212/wnl.
0000000000201032

94. Deniz K, Ho CCG, Malphrus KG, et al. Plasma biomarkers of

Alzheimer’s disease in African Americans. J Alzheimers Dis.
2021;79:323-334. doi:10.3233/jad-200828

95. Stites SD,Midgett S,Mechanic-HamiltonD, et al. Establishing a frame-

work for gathering structural and social determinants of health in

Alzheimer’s Disease Research Centers. Gerontologist. 2021;62:694-
703. doi:10.1093/geront/gnab182

96. Stites SD, Coe NB. Let’s not repeat history’s mistakes: two cautions to

scientists on the use of race in Alzheimer’s disease and Alzheimer’s

https://doi.org/10.2174/156720512801322627
https://doi.org/10.1212/01.wnl.0000219668.47116.e6
https://doi.org/10.1212/01.wnl.0000219668.47116.e6
https://doi.org/10.1038/s41597-023-02507-2
https://doi.org/10.1038/s41597-023-02507-2
https://doi.org/10.3233/jad-230389
https://doi.org/10.1212/wnl.58.12.1791
https://doi.org/10.1212/wnl.41.4.479
https://doi.org/10.1007/BF00308809
https://doi.org/10.1007/BF00308809
https://doi.org/10.1002/ana.26355
https://doi.org/10.1097/00005072-199005000-00003
https://doi.org/10.1155/2020/9349132
https://doi.org/10.1186/1471-2105-15-224
https://doi.org/10.1186/1471-2105-15-224
https://doi.org/10.1093/bioinformatics/btu075
https://doi.org/10.1038/sdata.2018.36
https://doi.org/10.1038/s41596-018-0006-9
https://doi.org/10.1016/j.neuron.2019.12.015
https://doi.org/10.1038/s41588-020-00773-z
https://doi.org/10.18865/ed.30.s2.709
https://doi.org/10.18865/ed.30.s2.709
https://doi.org/10.3233/jad-170242
https://doi.org/10.1016/j.jalz.2018.12.013
https://doi.org/10.1016/j.jalz.2018.12.013
https://doi.org/10.1002/alz.12797
https://doi.org/10.1002/alz.12797
https://doi.org/10.1212/wnl.0000000000012324
https://doi.org/10.1212/wnl.0000000000001834
https://doi.org/10.1016/j.jalz.2016.03.004
https://doi.org/10.1016/j.jalz.2016.03.004
https://doi.org/10.1186/s13024-018-0289-x
https://doi.org/10.1111/acel.13606
https://doi.org/10.1186/s40478-020-01050-0
https://doi.org/10.1186/s40478-020-01050-0
https://doi.org/10.1038/s41591-020-0815-6
https://doi.org/10.1038/s41591-020-0815-6
https://doi.org/10.1002/alz.13027
https://doi.org/10.1111/j.1460-9568.2010.07508.x
https://doi.org/10.1111/j.1460-9568.2010.07508.x
https://doi.org/10.1001/jamanetworkopen.2022.35068
https://doi.org/10.1001/jamanetworkopen.2022.35068
https://doi.org/10.1212/wnl.0000000000201032
https://doi.org/10.1212/wnl.0000000000201032
https://doi.org/10.3233/jad-200828
https://doi.org/10.1093/geront/gnab182


7192 REDDY ET AL.

disease related dementias research. J Alzheimers Dis. 2023;92:729-
740. doi:10.3233/jad-220507

97. Hendricks-Sturrup RM, Edgar LM, Johnson-Glover T, Lu CY.

Exploring African American community perspectives about

genomic medicine research: a literature review. SAGE Open Med.
2020;8:205031212090174. doi:10.1177/2050312120901740

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Reddy JS, Heath L, Linden AV, et al.

Bridging the gap:Multi-omics profiling of brain tissue in

Alzheimer’s disease and older controls in multi-ethnic

populations. Alzheimer’s Dement. 2024;20:7174–7192.

https://doi.org/10.1002/alz.14208

https://doi.org/10.3233/jad-220507
https://doi.org/10.1177/2050312120901740
https://doi.org/10.1002/alz.14208

	Bridging the gap: Multi-omics profiling of brain tissue in Alzheimer’s disease and older controls in multi-ethnic populations
	Abstract
	1 | BACKGROUND
	2 | METHODS AND RESULTS
	2.1 | Study populations by biospecimen and data-contributing institutions
	2.1.1 | Mayo Clinic
	2.1.2 | Emory University
	2.1.3 | Rush University
	2.1.4 | Mount Sinai School of Medicine
	2.1.5 | Columbia University

	2.2 | Demographic, clinical, and neuropathologic variables collected
	2.3 | Donor characteristics
	2.4 | Diagnostic harmonization
	2.5 | Sampling across brain regions
	2.6 | DNA extraction
	2.7 | Whole genome sequencing
	2.8 | RNA extraction
	2.9 | RNA sequencing
	2.10 | RNA sample exchange
	2.11 | Proteomics
	2.11.1 | Brain tissue homogenization and protein digestion
	2.11.2 | Isobaric TMT peptide labeling
	2.11.3 | High-pH off-line fractionation
	2.11.4 | TMT mass spectrometry


	3 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


