
2272

Journals of Gerontology: Medical Sciences
cite as: J Gerontol A Biol Sci Med Sci, 2022, Vol. 77, No. 11, 2272–2280

https://doi.org/10.1093/gerona/glac065
Advance Access publication March 12, 2022

Published by Oxford University Press on behalf of The Gerontological Society of America 2022.  
This work is written by (a) US Government employee(s) and is in the public domain in the US.

Review

Optimizing Translational Research for Exceptional Health 
and Life Span: A Systematic Narrative of Studies to Identify 
Translatable Therapeutic Target(s) for Exceptional Health 
Span in Humans
Nalini Raghavachari, PhD,*  Beth Wilmot, PhD, and Chhanda Dutta, PhD

Division of Geriatrics & Clinical Gerontology, National Institute on Aging, NIH, Bethesda, Maryland, USA.

*Address correspondence to: Nalini Raghavachari, PhD, Division of Geriatrics & Clinical Gerontology, National Institute on Aging, NIH, Gateway 
Building, Suite 3C307, 7201 Wisconsin Avenue, Bethesda, MD 20892-9205, USA. E-mail: nalini.raghavachari@nih.gov

Received: January 26, 2022; Editorial Decision Date: March 6, 2022

Decision Editor: Lewis A. Lipsitz, MD, FGSA

Abstract

Background:  Exceptional longevity as manifested  by the lower incidence and delayed onset of age-related disabilities/diseases that include 
cardiovascular disease, Alzheimer’s disease, cancer is believed to be influenced by inherent protective molecular factors in exceptionally long-lived 
individuals. Unraveling these protective factors could lead to the discovery of therapeutic target(s) and interventions to promote healthy aging.
Methods: In this context, the National Institute on Aging has established a collection of translational longevity research projects (ie, the 
Long-Life Family Study, the Longevity Consortium, Longevity Genomics, and the Integrative Longevity Omics) which are generating large 
omics data sets spanning the human genome to phenome and have embarked on cross-species multiomic data analyses integrating human and 
nonhuman species that display wide variation in their life spans. 
Results: It is expected that these studies will discover key signaling pathways that influence exceptional health span and identify therapeutic 
targets for translation to enhance health and life span. Other efforts related to translational longevity research include the “Comprehensive 
Evaluation of Aging-Related Clinical Outcomes and Geroproteins study,” which focuses on potential effects in humans of polypeptides/
proteins whose circulating levels change with age, and for which experimental evidence indicates reversal or acceleration of aging changes. The 
“Predictive Human Mechanistic Markers Network” is devoted to the development of predictive markers of aging, for target engagement when 
testing novel interventions for healthy aging. 
Conclusion: We describe here the significance, the unique study design, categories of data sets, analytical strategies, and a data portal to facilitate 
open science and sharing of resources from these longevity studies to identify and validate potential therapeutic targets for healthy aging.
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Aging, manifested by a gradual decline of normal physiological func-
tions over time, increases susceptibility to major age-related chronic 
diseases that include atherosclerosis, most cancers, mild cognitive 
impairment, dementias, Parkinson’s disease, Alzheimer’s disease, and 
other neurodegenerative diseases, type 2 diabetes, renal dysfunc-
tion, osteoarthritis, blindness, frailty, chronic obstructive pulmonary 
disease, sarcopenia, and many others (1–4). There are, however, in-
dividuals who survive well beyond average life expectancy and com-
press the period of time that they experience age-related disease(s) 
and/or disability toward the end of their very relatively long lives 

(3,5). Epidemiological and population-based longevity studies across 
the world have shown that exceptional longevity and health span are 
highly correlated. Long-lived individuals exhibit reduced morbidity 
and delayed onset of age-related disabilities even though they may be 
carriers of risk factors for certain diseases, suggesting that they may 
possess genetically mediated factors that modulate fundamental bio-
logical processes underlying aging and protect them from developing 
many age-related diseases. Exceptional longevity represents an ex-
treme phenotype and the ability to achieve exceptional health span 
is likely to be influenced by differing domain-specific factors that 
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affect preservation of performance in individual physiologic systems 
(eg, respiratory, cardiovascular, immune) or functional domains (eg, 
mobility, cognition) as well as biological processes that span those 
systems (eg, energetics, genetic instability, cell senescence, and stem 
cell exhaustion). While the traditional approach to discovering treat-
ments for aging-related diseases and syndromes has focused on the 
underlying causes and mechanisms, there are valuable insights to 
be gained from also discovering protective genetic and lifestyle fac-
tors in individuals who show relatively slow rates of aging changes, 
markedly delay, or escape aging-related diseases and disability, and 
subsequently achieve extreme old ages. Understanding the functional 
effects of protective human genetic variants and cellular factors as-
sociated with exceptional longevity could lead to the identification 
of novel targets for interventions to mimic their favorable effects. 
Hence, studies on exceptionally long-lived individuals may be ex-
tremely valuable for identifying cellular factors and biological pro-
cesses that protect individuals from onset of age-related diseases.

In support of the above premise, the National Institute on Aging 
(NIA) has facilitated research seeking to identify longevity-associated 
genetic variants (LAVs), both common and rare, via the funding of 
genome wide association studies (GWAS) and sequencing studies fo-
cusing on exceptionally long-lived individuals. Relevant GWAS and 
sequencing studies pursued so far have suggested that identifying 
genome-wide significant LAVs is not trivial and requires analysis of 
large sample-sized human cohorts. GWAS analyses of exceptional 
longevity and healthy aging in humans have identified variants of 
the apolipoprotein E (ApoE) and the gene FOXO3, encoding the 
transcription factor forkhead box (FOXO3A) genes as modestly as-
sociated with longevity and health span. However, there is substan-
tial variation in the impact of these variants upon survival according 
to ethnicity, sex, and age of survival (6–12). Given that exceptional 
longevity is likely a complex genetic trait, it is not surprising that 
polygenic risk scores (13), candidate genes (14), and agnostically 
constructed genetic signatures (5) suggest that single protective gene 
variants have weak-to-modest effects upon survival to extreme age. 
However, the right combination of such variants may have strong 
effects. It is very likely that specific combinations of genetic variants 
and lifestyle choices according to sex, ethnicity, and rarity of survival 
(eg, to 100, 105, or 110+ years) explain why centenarians (1 per 
5 000), semisupercentenarians (1 per 250 000, ages 105–109 years), 
and supercentenarians (1 per 5 million) are so rare. There is also 
evidence that the more extreme the age, the more phenotypically 
homogeneous the sample of centenarians is in terms of age of onset 
of aging-related diseases and disability, and the more powerful the 
genetic influence is upon survival (5).

In parallel, complementary hypothesis-driven candidate gene 
studies involving model organisms have identified several genes as-
sociated with longevity or decreased mortality rates. Candidate gene 
approaches considered in human association studies have been mo-
tivated in part by orthologs of the genes harboring those variants in 
model organisms (15). For example, variants in or near many lipo-
protein metabolism genes may affect longevity-related phenotypes 
and include the ApoE, FOXO, insulin/insulin like growth factor 
(IGF1) signaling pathway genes, lamin A/C (LMNA), RNA editing 
genes, and heat shock factor (HSF)227 genes (16–18). This sug-
gests that model organism studies, as well as studies that focus on 
age-related diseases and factors, like lipoproteins, can inform studies 
of human longevity and the identification and validation of LAVs. 
However, it should be noted that many genes shown to influence 
life span in model organisms have human orthologs that have not 
been shown to either influence human longevity or harbor variants 

associated with human longevity-related phenotypes. In some cases, 
many genes found to be associated with life span in model organism 
studies simply do not have good and reliably determined orthologs 
in humans. This also raises the need for more sophisticated tools that 
can reliably identify orthologs in humans. Furthermore, it is often 
underappreciated that even if a gene or set of genes are conserved 
across species, the elements regulating those genes might not be, sug-
gesting that differences in the roles or impact those genes might have 
in different species could be pronounced (19).

It is now widely recognized that use of GWAS for human lon-
gevity translational research is limited by the sample sizes of relevant 
cohorts (20–22), and there is a need to exploit complementary as-
says and approaches to derive functional context of LAVs. Another 
limitation in the development of pharmacologic interventions based 
on GWAS findings is the need to explore the network of biological 
pathway(s) in which the identified variants participate. The trans-
lation of GWAS findings has also been challenging as most single-
nucleotide polymorphisms (SNPs) fall within noncoding regions, 
with lack of knowledge on functional or mechanistic action on the 
variant of interest at the physiologic level. Thus, it appears that 
strategies based on genetics alone present substantial limitations as 
many gene products have multiple targets that interact with each 
other and with multiple genes. Herein, a multidimensional view of 
the genome has evolved to be beneficial to evaluate the functional 
effects of the variants of interest. The relationships of genetic vari-
ants to expression profiles of RNA, proteins, and metabolites that 
influence longevity and health are also complex. Many biological 
processes are highly dynamic, and their regulation and functionality 
involve a multitude of interactions between the intertwined genome, 
epigenome, transcriptome, proteome, and metabolome (23). The ad-
vent of genomic technologies has made it possible to collect multiple 
highly entangled layers of cellular information starting from genome 
to phenome. These layers are highly intertwined and regulate bio-
logical processes involving a multitude of interactions across layers, 
particularly in a complex trait like exceptional longevity. Integrative 
data analyses of these layers could reveal mechanisms that remain 
concealed in a single-layered approach. Thus, there is a need for 
multiomics/integrative approaches (ie, omics profiles) to yield better 
predictors of healthy aging phenotypes, identify protective molecular 
factors/biological pathways influencing exceptional health and life 
span, and to guide the assessment of drugs targeted at specific mol-
ecules. Figure 1 illustrates a simple model of integrated multiomic 
analysis.

At present most of the life and health span studies across popula-
tions are conducted in humans due to the possibility of collection of 
extensive and immensely valuable physiologic, clinical, and pharma-
cologic data. However, the modest difference in life span observed 
in multiple human populations along with other stochastic factors, 
environmental exposures termed as “exposomes,” and other gen-
etic variants within the cohort can limit the detection of biological 
factors associated with exceptional life span. Added to this is the 
inaccessibility of tissues from humans and the need to wait to har-
vest samples postmortem to understand tissue-specific biology. As 
a complementary approach, comparative biology studies may be 
more powerful through analyses of nonhuman species that show 
wide variation in life span across species starting from 2 years as in 
rodents to 210 years as in the bowhead whale, and even within spe-
cies as in primates (24–29). This potentially greater signal strength 
may improve insights into crucial factors influencing life span and 
health span without requiring the large sample sizes of human 
GWAS. In addition, tissue-specific information difficult to procure in 
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human studies can be obtained in comparative biology studies. Thus, 
integrating human and nonhuman data may be a more promising 
approach for identifying the protective genomic factors and asso-
ciated biological pathway(s) contributing to exceptional health and 
life span and in turn, the druggable therapeutic target(s) to facilitate 
healthy aging.

Translational genomics has gained a lot of momentum in the 
fields of cancer and cardiovascular diseases yet is in infancy within 
the healthy aging field. Identification and validation of druggable 
target(s) is the first step in the drug development process. Most 
importantly, drug target(s) guided by genomics findings have been 
shown to be more successful in drug discovery (30–32). Once a 
therapeutic target has been developed, drug discovery relies on ex-
tensive screening of chemical libraries to detect compounds with ac-
tivity against the target. With the availability of extensive drug-target 
interaction data in public databases such as PubChem and ChemBL, 
chemoinformatic approaches can be exploited to assess the potential 
activity of drugs.

The major purpose of the manuscript is to provide an overview 
of each of the exceptional longevity projects, categories of data sets 
generated by these longevity studies, and possible analytical tools 
to identify and validate potential therapeutic targets as shown in 
Table 1. It is believed that through public sharing of the rich re-
sources of data, biospecimens, analytical tools, and other resources 
could facilitate and advance the ongoing research on characteriza-
tion and translation of factors contributing to exceptional life and 
health span.

Description of NIA Human Longevity 
Translational Projects and Related Studies

The NIA is currently supporting a collection of human longevity 
translational research projects which include the Long-Life Family 
Study (LLFS), Longevity Consortium (LC), Integrative Longevity 

Omics (ILO), and Longevity Genomics (LG) to identify LAVs (both 
common and rare) as well as omics profiles associated with excep-
tional healthy aging and longevity. While these longevity projects 
converge on the major goal of identifying protective factors and 
translatable targets for healthy aging, interestingly, each study is fairly 
unique in its study design and analytical strategies. Moreover, these 
large-scale projects have begun to generate a wealth of multiomic 
data from exceptionally long-lived individuals and from species with 
varied life spans which in the near future will provide opportunities 
for the development and application of novel analytical approaches 
and tools for data integration and ultimately advance translational 
research on human longevity. Other NIA-supported research pro-
jects pertinent to the identification and translation of protective fac-
tors contributing to human health span include the Comprehensive 
Evaluation of Aging-Related Clinical Outcomes and Geroproteins 
(CARGO) project and the Predictive Human Mechanistic Markers 
Network. A description of these different research efforts follows.

Long-Life Family Study
LLFS (https://longlifefamilystudy.wustl.edu), a family-based study, 
was initiated in 2005 with the major goal of identifying familial 
rare variants that provide strong protection against age-related dis-
abilities and diseases and contribute to exceptional longevity and 
exceptionally healthy aging phenotypes. This contrasts with most 
longitudinal studies where the focus is on the identification of fac-
tors contributing to adverse health outcomes. LLFS as described by 
Wojczynski and others (33) is a multicenter, binational (the United 
States and Denmark), longitudinal study comprising 539 families 
with 4  953 participants with ~55% male and female and ~97% 
Whites, including 2 generations (extremely long-lived parents, their 
siblings and offspring, and spouses of the offspring) and is focused 
on determining the degree and patterns of familial transmission and 
aggregation of exceptionally healthy survival and longevity. LLFS 
cohort was created applying the “family longevity selection score,” 
or FloSS (2), that selects for families with sibships that were rare by 
virtue of the number of siblings achieving rare percentiles of survival 
available for study. A  FLoSS score of 7 or greater was chosen as 
the eligibility criteria for the proband generation with a minimum 
family size of 3 who are willing and able to provide informed con-
sent and participate in the interview and in-home examination 
including providing a blood sample for serum and DNA extraction. 
The threshold of 7 was chosen based on the observation that only 
0.2% of the FLoSS sibships of the Framingham Heart Study (FHS) 
meet this threshold, in contrast to over 30% of the LLFS screening 
families. The second phase (2011–2013) activities of LLFS included 
the collection of additional phenotypic information via telephone 
follow-up and development of assays for biospecimens (1). The lon-
gitudinal phase of the study began in 2014, with the initiation of a 
second home visit to all surviving LLFS participants for repeat col-
lection of phenotype data and biospecimens.

Analyses of the LLFS families so far have shown that they are, 
on average, much healthier than their age-/sex-matched peers and 
their phenotypes are highly heritable cross-sectionally and lon-
gitudinally (6) with different families showing different healthy 
aging characteristics and profiles in key pathways of healthy aging 
(cognitive, metabolic, inflammatory, etc.) (7). The prevalence of 
many common diseases and their risk factors are substantially 
lower in LLFS than in reference population cohorts such as the 
FHS and CHS (33). Comprehensive linkage analysis of the LLFS 
sample identified extremely strong genetic linkage peaks for 

Figure 1.  Integrated multiomic approach for exceptional health and life span. 
Multidimensional approaches to systems understanding of exceptional 
life span. Given the multifaceted nature of the healthy aging process, 
multidimensional approaches are required for the systems understanding 
of the healthy aging process to identify protective molecular factors and 
biological pathways governing exceptional life span from blood, cells, 
and tissues of human and nonhuman species. The various molecular 
layers encompassing genomic, epigenomic, transcriptomic, proteomic, 
metabolomic, and phenomic data, derived from high-throughput omics 
technologies are essential for an in-depth analysis by novel integrative 
approaches across species to identify protective molecular factors and 
biological pathways that influence exceptional health and life span.
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cross-sectional as well as longitudinal trajectory rates of change 
for a wide variety of healthy aging domains such as exceptional 
cognitive performance and lack of Alzheimer’s disease (AD) (8). 
Preliminary evidence from the Danish Health Registry suggests 
that, at least in Denmark, the protection persists into the third gen-
eration, with significantly lower rates of medical conditions across 
the disease spectrum (34). The study is now generating whole-
genome sequencing (WGS) data on this unique cohort to identify 
the rare protective variants driving these strong linkage peaks. In 
summary, LLFS is poised to conduct extensive transcriptomics, 
methylomics, metabolomics, and proteomics on these selected 
high-linkage pedigrees, and begin to move from GWAS to inte-
grated multiomic analyses to unravel the biological genes asso-
ciated with exceptional longevity. LLFS is also in the process of 
enrolling approximately 800 grandchildren of the proband gener-
ation to examine if the grandchildren likely carry more copies of 
the rare protective alleles prevalent in these families.

Longevity Consortium
The LC (https://www.longevityconsortium.org) began as a planning 
grant in 2000 to bring together researchers interested in longevity 
and aging from a variety of disciplines, including laboratory scien-
tists who study longevity in model systems; epidemiologists who 
have enrolled and followed large cohorts of older people; experts 
in genomic methods; biostatisticians interested in the analysis of 
the associations between genetic data and complex traits; demog-
raphers who study patterns of mortality and life expectancy; and 
gerontologists and geriatricians to accomplish the goal of identifying 
genes that affect longevity and aging in humans (35). The discussions 
from these multidiscipline scientists led to the establishment of the 
LC in the next phase of the grant in 2010 to accomplish the initial 
broad goals of identifying common genetic variants associated with 
survival in exceptionally long-lived individuals, conducting studies 
on long-lived mice to identify genes associated with long life span, 
and studying the associations between telomere length and human 

Table 1.  Summary of EL Projects

Study Research Resources Planned Analyses 
Integration With 
Other Studies 

Long-Life Family Study (LLFS)
  Long-lived families WGS Linkage analyses to identify rare variants LC, LG, and ILO

Methylomics Integrated multiomic analyses
Transcriptomics (longitudinal) Identification of mechanistic pathway(s)
Proteomics
Metabolomics (longitudinal)
Known serum biomarkers
Phenotypic data + cognitive 
functions

Longevity Consortium (LC)
  Human centenarians Metabolomics Integrated analysis for longevity omics 

profiles
LLFS, ILO, and LG

 � Long-lived individuals 
(MrOS, SOF, CHS)

Proteomics Identification of mechanistic pathway(s)
Chemoinformatics Druggability of longevity pathways
Phenotypic data + cognitive 
functions

 

 � Cell lines of birds, rodents, 
and primates

Metabolomics Identification of human orthologs

 � Slow-aging mice—plasma 
and tissues

Proteomics

Longevity Genomics (LG)
 Publically available data Identification of LAV and LAG LC, LLFS, and ILO

PrediXcan/MetaXcan Identification of eQTLs
Mendelian randomization
DrugTarget identification

Chemoinformatics Validation of potential targets
In vitro models/iPSCs/organoids  

Integrative Longevity Omics (ILO)
  Centenarians/controls Transcriptomics Integrated omic analyses LLFS, LC, and LG

Methylomics Identification of mechanistic pathway(s)
Proteomics
Metabolomics
Microbiomics
iPSC—centenarians

 � Nonhuman species Transcriptomics Human orthologs for genes/proteins
 � ~100 species of mammal Proteomics Life-span-related mechanisms
 � - multiple tissues/cell lines Metabolomics
 � eg, primates, birds, 

rodents, bowhead whale
WGS

Notes: eQTL = expression quantitative trait locus; iPSC = induced pluripotent stem cell; LAG = longevity-associated gene; LAV = longevity-associated variant; 
MrOS = Osteoporotic Fractures in Men; SOF = Study of Osteoporotic Fractures; WGS = whole-genome sequencing.
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longevity. Specifically, the consortium of scientists focused their ini-
tial efforts on identifying SNPs in insulin signaling pathways in as-
sociation with exceptional survival; correlating telomere length with 
exceptional survival and the effects of growth hormone and insulin 
signaling in life-span determination in mouse models and identifying 
genetic variants associated with cellular stress resistance and lon-
gevity in wild-type mice.

In the current phase of the grant that started in 2019, the con-
sortium is pursuing more refined studies focusing on collecting com-
prehensive phenotypic and blood-based multiomic data from cohort 
studies with participants who survived to within the oldest 2 per-
centile of the population, along with a specific centenarian enrollment 
initiative. In addition, cross-species integrative multiomic analyses 
on fibroblasts from species of varied life span will also be performed. 
Most importantly, integrative multiomic data analyses in human and 
nonhuman species will be conducted as a comparative biology initia-
tive. In order to accomplish the major objective of identifying factors 
that influence human longevity and health span, the LC is enrolling 
a new cohort of centenarians, and it is leveraging unique and very 
large human study cohorts, state-of-the-art molecular assays, and 
cross-species studies designed to exploit evolutionary orthologous 
relationships between genes (36). These approaches as well as the 
employment of novel data analytic methods, systems biology tech-
niques, and chemoinformatic analyses may facilitate data integration 
and more coherent views of the major molecular pathways and pro-
cesses influencing human longevity amenable to modulation.

In brief, the LC has proposed to collect multiomic data from 
large human cohorts that include centenarians, healthy long-lived 
individuals, longitudinal and pedigree data whenever possible from 
these cohorts to identify genetic variants (including rare variants) 
that are associated with human longevity and health span. These 
variants will also be tested for their presence in individuals with and 
without specific diseases and for sex-specific differences. In addition 
to the identification of variants, LC will be evaluating important cel-
lular and molecular phenotypes associated with human longevity 
and health span using leukocyte gene expression as well as serum 
proteome and metabolome assays performed on deeply phenotyped 
centenarians as well as individuals that fall within the oldest 2 per-
centiles of the population who are/were enrolled in the Osteoporotic 
Fractures in Men (MrOS) Study, the corresponding study in women 
known as the Study of Osteoporotic Fractures (SOF), CHS, and the 
Dynamics of Health and Body Composition Study (Health ABC). 
Relevant analyses will leverage methods accommodating hetero-
geneity (eg, sex differences), causal Mendelian randomization (MR) 
methods, and very large unique LC human cohorts along with public 
domain data sets.

In the comparative biology component of LC, multiomic data will 
be generated and analyzed from cells derived from long-lived and 
short-lived species of birds, rodents, and primates, as well as mice 
treated with drugs that extend longevity. Data mining from these 
nonhuman species is expected to discover factors such as proteins, 
metabolites, gene expression profiles, and tissue-specific molecular 
pathways associated with exceptional longevity. Where appropriate, 
the human orthologs of these factors will be tested for association 
with human longevity and aging using the LC cohorts. In addition, 
findings from the human studies will motivate studies of orthologous 
factors in mice and cultured cells. Systems biological approaches will 
integrate results from various analyses for LAVs, transcriptomic, 
metabolomics, and proteomic profiles from human and nonhuman 
species to identify molecular pathways and regulatory networks 
potentially causally related to healthy human aging and longevity. 

As part of the cross-species, cross-program initiative of the LC, 
proteomic and metabolomic data sets generated by the intervention 
testing program on mice are being used to develop novel methods 
and piloting analytical approaches for integrative analyses of omic 
data sets to understand the aging process. The developed methods 
could potentially be applied for integrating human cohort data 
sets. Eventually, from a translational standpoint, chemoinformatic 
strategies will be employed to assess the druggability (37) of the 
various genetic and molecular factors found to be associated with 
human aging and longevity. Several state-of-the-art drug discovery 
databases will be used to identify approved drugs that could be re-
purposed for longevity research and identify novel compounds or 
strategies for developing a novel compound that targets relevant fac-
tors associated with exceptional longevity.

In all these analyses, state-of-the-art molecular assays such as 
high-throughput genotyping, DNA sequencing, transcriptomics, 
proteomics, and metabolomics, cross-species studies to exploit evo-
lutionary orthologous relationships between genes, both to identify 
conserved mechanisms affecting longevity and to provide mouse 
model systems through which pharmacological intervention studies 
can be pursued. This will be followed by transformative data analytic 
methods, systems biology approaches, and chemoinformatic analyses 
to facilitate the integration of the data and results to identify major 
molecular pathways and processes influencing human longevity.

ILO Study
There are 2 phases of the ILO (https://longevityomics.org) human 
and comparative species projects. In the first phase, the New 
England Centenarian Study (NECS) and the Einstein Centenarian 
and Offspring studies established a standardized deep phenotypic 
data and biological sample collection (fasting and immediately 
frozen blood and fecal samples) protocol which they are carrying out 
as they enroll 700 participants from each study site (total n = 1 400). 
The protocol is nearly identical to that used by the LC’s centenarian 
project and very similar to the protocol established by the LLFS. ILO 
also aims to generate induced pluripotent stem cell (iPSC) lines from 
15 centenarians, ages >103  years old. iPSCs will be differentiated 
into hepatocyte, sarcomere (muscle), and neuron cell lines. These 
human study efforts are paralleled by comparative transcriptomic, 
proteomic, metabolomic, and microbiomic studies of nonhuman 
mammalian species of widely different life spans.

In its second phase, ILO will generate transcriptomic, methylomic, 
metabolomic, proteomic, and microbiomic data from the biological 
samples collected from centenarians and centenarian offspring. 
There is also a possibility in future for generating WGS and WES 
data sets from the centenarian cohort of the ILO. In about a third of 
the centenarian cohort, earlier samples collected from participants 
when they were enrolled in the NECS, and the Einstein study will 
facilitate generation of longitudinal data. Methods for multiomic 
data integration developed during the first phase will be used to dis-
cover molecular profiles that associate with EL and healthy aging 
phenotypes, including delay of or escape from AD. Integration of 
molecular profiles derived from functional studies of resiliency in 
iPSC-derived neurons, sarcomeres, and hepatocytes along with mo-
lecular profiles associated with increased life span from multiple spe-
cies will point to mechanisms leading to the discovery of candidate 
small molecule and compound therapeutics to enhance health span. 
iPSC-derived batches of specific cell types will be particularly unique 
and valuable shared resources to address the challenge of studying 
cells of various tissue types in very old participants.
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In parallel to the human cohorts, studies on long- or short-
lived variants within nonhuman laboratory organisms and other 
nonhuman species comprising 60 divergent species with substantial 
variation in life span will be conducted. Multiomic data (genomic, 
transcriptomic, proteomic, and metabolomic) generated from 5 dif-
ferent tissues from these species will be integrated with the human 
cohort data sets as part of the comparative biology project to under-
stand the molecular mechanisms that influence the rate of aging, 
resistance to age-related diseases, and to unravel mechanisms re-
sponsible for the more than 10-fold differences in life span between 
species of mammals. These proposed studies are some of the first 
to champion the notion that the “triangulation” of disparate scien-
tific studies and discoveries, that is, the attempt to unify results from 
different study designs based on their biological coherence, is the 
optimal way to advance identification of longevity-related conserved 
genes, pathways, and targets for longevity-enhancing, geroprotective 
drugs of relevance to humans (38).

Longevity Genomics
The LG (https://www.longevitygenomics.org) was established in 
2015 to develop translational strategies to promote healthy human 
aging based on findings from genomic studies of aging. Three types 
of findings have been used to develop translational strategies: (i) 
genetic variants associated with human longevity (LAV) and life 
span from GWAS, (ii) expression profiles associated with human 
longevity (LAG), normal aging, or healthy aging, and (iii) candidate 
genes and physiological factors with evidence for a role in human 
aging. The study team has developed analytical tools to data-mine 
publicly available data sets from different human cohorts (ie, UK 
Biobank, CHARGE, FHS) to identify LAVs and LAGs. The overall 
approach is to follow up LAVs identified from GWAS of longevity 
to identify targets for translation. For every LAV, there can be many 
potential LAGs in the LAV association region that might mediate 
the variant’s association with longevity. By integrating multiple lines 
of evidence, including expression quantitative trait locus (eQTL), 
PrediXcan studies, positional overlap, and chromatin interaction 
studies, LAVs will be linked to candidate LAGs. MR approaches 
have been adapted to understand the causal associations of the 
variant/gene and to evaluate the potential impact of modulating 
tissue-specific LAG expression on subclinical risk and disease pro-
cesses related to longevity. To identify genetic variants associated 
with gene expression, an eQTL analysis has been performed by the 
study team using the Genotype-Tissue Expression (GTEx) database 
(https://gtexportal.org/home/). The GTEx project consists of eQTL 
data on nonimmortalized cells from primary tissues, and the wide 
diversity of tissue types collected, including brain, heart, blood, thy-
roid, muscle, lung, skin, and adipose tissue. The investigators have 
also made extensive use of PrediXcan in this project to predict tissue-
specific gene expression with SNP genotypes measured in human co-
horts such as Health ABC, MrOS, and SOF. The study team has also 
been evaluating chemoinformatic strategies using web-based drug 
discovery databases to discover longevity-associated drugs (37,39).

With the approaches described above, the study so far has iden-
tified 3 novel genes. (i) CEACAM19—a cell adhesion molecule that 
is widely expressed across tissues and is associated with multiple 
age-related traits, including chronic inflammation, AD, and blood 
lipids; (ii) ADAMTS7—a thrombospondin type 1 motif 7 associ-
ated with cardiovascular diseases, diastolic blood pressure, and red 
cell distribution width; and (iii) BLOC1S1 associated with atrial 
fibrillation, hearing loss, and longevity due to its role in regulating 

mitochondrial functions. Scientists working outside of the LG team 
are currently following up with translational pilot studies on these 3 
genes in animal and in vitro models to delineate the biological pro-
cesses underlying their role in healthy aging.

The NIA also supports other clinical research, which is integral 
to the discovery and testing of therapeutic targets for healthy aging 
and is complementary to the ongoing translational genomics re-
search by the Human Longevity Translational Projects.

Comprehensive Evaluation of Aging-Related Clinical 
Outcomes and Geroproteins
The CARGO project was established in 2017 by an NIA initiative 
that focused on the clinical translation of endogenous proteins and 
polypeptides found to reverse or accelerate aging changes in la-
boratory animal models. For example, this included proteins whose 
circulating levels are higher in young animals than in old animals 
and may reverse certain age-related changes. Conversely, there are 
proteins and polypeptides whose circulating concentrations in-
crease with age and induce changes associated with aging when 
administered to young animals. The CARGO study is utilizing the 
extensive phenotypic data and stored biospecimens available from 
longitudinal cohorts such as CHS, Health ABC, and the Baltimore 
Longitudinal Study of Aging to examine the effects of specific pro- 
and antiaging polypeptides and proteins (eg, follistatin, eotaxin, 
growth differentiation factor 11, myostatin, oxytocin) on a range 
of health outcomes, including physical performance problems/dis-
ability and risk for dementia. Analyses of data and biospecimens col-
lected in epidemiologic and clinical studies can provide information 
on the relationships between aging outcomes and the levels of these 
proteins and polypeptides, identifying possible therapeutic targets 
and therapies to influence aging-related outcomes based on modu-
lating the levels of such proteins and polypeptides.

Predictive Human Mechanistic Markers Network
The prospect for developing novel therapies based on factors con-
tributing to health span and longevity would be enhanced with the 
availability of improved predictive markers which reflect the activity 
of fundamental mechanisms of aging such as stem cell exhaustion, 
macromolecular damage, cell senescence, mitochondrial function, 
and epigenetic regulation, to name a few. The availability of reliable 
and validated “mechanism-proximal” markers could substantially 
improve our ability to identify promising targets for interventions 
to extend health span, help to distinguish factors influencing spe-
cific conditions from those influencing multiple aging outcomes, 
and serve as markers of target engagement in geroscience-based 
drug development studies. Among the issues which need to be ad-
dressed in the development of such markers are those related to 
the proper collection and storage conditions of biospecimens, tech-
nical performance of the assays, including scale-up methodologies 
and high-throughput optimization. There is also a need to improve 
our understanding of the relationships between marker levels in one 
tissue (eg, serum) and levels in other organs/tissues (skeletal muscle, 
adipose tissue). Equally important for the validation of such human 
mechanistic predictive markers is the development of statistical 
methodology and application of appropriate inferential methods to 
evaluate the relationships of mechanistic markers to aging-related 
outcomes, and to clinical, functional, and physiological predictors 
of these outcomes. With these goals in mind, the Predictive Human 
Mechanistic Markers Network (https://predictivebiomarkers.org) 
was established through an NIA initiative and launched in 2019. This 
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network consists of 5 separate projects focusing on the development 
of senescence-derived biomarkers of aging, validation and optimiza-
tion of epigenetic clocks, markers reflecting viral burden and sys-
temic inflammation, assessment of nuclear morphology in different 
cell types, omics profiles, and blood-based markers of mitochondrial 
bioenergetics. The network investigators are also conducting collab-
orative analysis to assess different markers within the same group of 
individuals to identify a potential combination of markers that have 
greater predictive value for specific health outcomes than the use of 
any single type of marker.

Facilitating Open Science Via the NIA 
Exceptional LongevIty Translational 
rEsources Portal

Research progress made by the collection of human longevity 
translational research projects has contributed to the availability 
of complex multidimensional biological data and unique research 
resources (eg, biospecimens from long-lived individuals and from 
cross-species comparisons, analytical tools, drug screening data-
bases/tools, cutting edge algorithms) which can be leveraged by 
the broader scientific community to advance and expand multi-
disciplinary research on exceptional health spans and longevity. 
Moreover, the anticipated large volumes of omics data (eg, gen-
omics, transcriptomics, methylomics, proteomics, metabolomics) to 
be generated by these studies will create greater opportunities for 
data mining/integrative analyses across different data types to iden-
tify omics profiles associated with exceptional longevity, including 
possible protection against age-related dementias/AD. Based on 
the highly successful model of NIA’s the Accelerating Medicines 
Partnership Program for Alzheimer’s Disease Knowledge Portal (40) 
to facilitate open science, NIA created the Exceptional LongevIty 
Translational rEsources (ELITE) portal (an NIH-designated data re-
pository; https://adknowledgeportal.synapse.org/ELITE) following 
FAIR principles and using the same bioinformatics platform as NIA’s 
existing AD Knowledge Portal to consolidate and make readily 
available the valuable research resources generated by ongoing 
human longevity translational and related projects as illustrated in 
Figure 2 to a wide variety of researchers, including the AD commu-
nity. Notably, the data governance policies and procedures for the 
ELITE portal will enable sharing of age-specific data from long-lived 
individuals in a secure manner (Figure 3). Adhering to NIH policies 

on data/resource sharing, all generated data and information about 
unique biological resources, including the EL-iPSC-derived hepato-
cytes and neurons, from the above-described projects will be shared 
with the scientific community using a tiered access model to preserve 
data privacy and security. There are no plans for ELITE to include 
a separate biorepository component, but it will direct investigators 
to the university-based biorepositories to obtain access to resources 
such as the centenarian iPSC-derived hepatocytes and neurons. The 
ELITE Portal includes a collaborative research workspace to facili-
tate combining multidimensional data, cloud computing, and soft-
ware tools in a secure environment to allow investigators to access, 
deposit, and analyze different data types from multiple sources.

In the forthcoming years, the NIA will continue to enhance the 
capability of the portal infrastructure to facilitate data sharing and 
interface with other relevant data sets. Future portal development 
will include enhanced visualization functionality. The size and com-
plexity of multiscale characterizations of biological data create chal-
lenges in effective data analysis and presentation. Graphical tools for 
organizing, integrating, and visualizing data and results will facili-
tate viewing and interpreting data and results (41). Innovations to 
visualize analyses for integrating across layers of diverse data types 
and the interconnected nature of high-dimensional data sets will be 
incorporated into the portal or as links to developed tools.

Activities to Facilitate Scientific Synergies 
Across the Human Longevity Translational 
Research Projects

It is expected that improved interactions and scientific collaboration 
across EL study teams by leveraging analytical strategies, data, and 
other resources will enable and speed up the process of target iden-
tification and translational strategies to enhance health span. The 
NIA also supports other clinical research, which is integral to the 
discovery and testing of therapeutic targets for healthy aging and 
is complementary to the ongoing translational genomics research 
by the Human Longevity Translational Projects. In this respect, the 
study teams and NIA have initiated a number of integrative activ-
ities, as shown below.

Figure 2.  Integration of different strategies to accelerate human longevity 
translational research.

Figure 3.  Exceptional LongevIty Translational rEsources (ELITE) portal 
infrastructure. Synapse platform infrastructure for data ingress and secure 
data storage for each individual project. Data are accessed through a 4-tier 
system from open access for summary data through 3 tiers of increasing 
stringency. Access to individual data for all ages is constrained to the top tier. 
Figure created by Sage Bionetworks and used with permission.
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Examples of ongoing and planned areas of enhanced inter-
actions and synergy across these projects include joint activities to 
enable education, resources sharing, discussion of data harmoniza-
tion strategies, validation and optimization of Inter-Lab analyses, 
and cross-platform comparisons for multiomic data generation. 
Most importantly, the NIA has organized biannual joint meetings 
of the exceptional longevity study teams to facilitate discussions and 
brainstorm ideas for the collective development of research strat-
egies to accomplish the major goals of the human longevity transla-
tional research projects. In addition, NIA has initiated discussions of 
the study teams with National Center for Advancing Translational 
Science and NIH Intramural Center for Alzheimer’s and Related 
Dementias to make use of the available research resources and work 
in partnership for the translation of protective factors associated 
with exceptional health and life span. In future, the joint meetings 
would be extended to other longevity researchers outside of the 
abovementioned studies to facilitate to facilitate collaborations and 
sharing of data and resources.

Future Perspectives

All evidence to date suggests healthy aging and longevity traits will 
be a polygenic combination of many variants with small clinical ef-
fects as well as many rare variants with larger effects associated with 
small population attributable risk/protection. Because biology works 
as systems and networks of genes and variants, not individual vari-
ants in isolation, integrative analysis approaches are believed to be 
powerful for discovery as well as more complete in explaining the 
biology of complex traits such as healthy aging. Application of sys-
tems biology and network analysis scans across multiple omics data 
sets across different populations, and multiple species will discover 
novel variants and new biology for healthy aging and longevity. 
Using these novel analytical methods to characterize the molecular 
landscape of divergent human and nonhuman species exhibiting 
substantial variation in life and health span leverages tools and data 
from the public domain allowing comprehensive analyses and tri-
angulation of disparate scientific studies and discoveries. This ap-
pears to be an optimal way to accomplish the goals of developing 
therapeutics for enhancing health span. The aging research field is 
uniquely positioned in this era of genomic medicine with a wealth of 
resources such as large data sets from multiple aging studies, novel 
analytical tools for data mining, cloud infrastructure for hosting and 
analyzing big data, drug discovery databases, gene editing technolo-
gies like CRISPR/CAS9, optimized iPSC methodologies, and in vitro 
model systems including tissue chips to discover genetic and omic 
factors related to longevity and exceptional health span and func-
tional genomic studies for translation. In particular, the NIA has 
now catalyzed and triggered a concerted effort across exceptional 
longevity studies that converge on the major goal of advancing the 
discovery of longevity-related variants, conserved genes, pathways, 
and therapeutic targets for longevity-enhancing, geroprotective 
drugs of relevance to humans.
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