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Inflammaging, an age-associated increase in chronic inflammation, is
considered a hallmark of aging. However, there is no consensus approach
to measuring inflammaging based on circulating cytokines. Here we
assessed whether aninflammaging axis detected in the Italian InCHIANTI
dataset comprising 19 cytokines could be generalized to a different
industrialized population (Singapore Longitudinal Aging Study) or to
two indigenous, nonindustrialized populations: the Tsimane from the
Bolivian Amazon and the Orang Asli from Peninsular Malaysia. We asses-
sed cytokine axis structure similarity and whether the inflammaging axis
replicating the INCHIANTI result increased with age or was associated with
health outcomes. The Singapore Longitudinal Aging Study was similar to
InCHIANTI except for IL-6 and IL-1RA. The Tsimane and Orang Asli showed
markedly different axis structures with little to no association with age
and no association with age-related diseases. Inflammaging, as measured
in this mannerin these cohorts, thus appears to be largely a byproduct of
industrialized lifestyles, with major variation across environments and
populations.

Inflammaging, defined as an age-associated increase in systemic mark-
ers of chronic, low-grade inflammation, is considered a hallmark of
aging in Mammalia'~. Inflammaging is elevated with many chronic,
age-related diseases (CARDs), acting as a key pathogenic mechanism®.
Insome nonindustrialized populations (NIPs) with constitutively high
inflammation frominfections®, there is minimal incidence or pathol-
ogy of the key CARDs of industrialized societies: coronary artery cal-
cification, diabetes, Alzheimer’s disease and various cancers’ . This
stark ecological distinction raises important questions about the
nature ofinflammaging': ifitis indeed a universal aging mechanism,
it should be measurable and impact pathology in NIPs.

Achallengeis that thereis no definitive measurement framework
forinflammaging. Conceptual models (for example, macrophage stress
response’, NF-kB hyperactivation”, cytokine/chemokine profiles*"
and immunosenescence') are complex and not directly translatable
across scales and species. However, if cellular inflammaging has a pre-
dictable impact on organismal aging, consistent cytokine signatures
and pathological consequences are expected. Previously, principal
components analysis (PCA) on19 inflammatory signaling cytokinesin
theInvecchiarein Chianti, aginginthe Chiantiarea (InCHIANTI) dataset
from Italy identified a robust characterization of inflammaging™",
a key first axis largely driven by simultaneous activation of soluble
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Biomarkers| INCHIANTI SLAS Tsimane Orarl]'g
INCHIANTI SLAS THLHP OA HelP Asli
N=1,041 N =941 N =536 N =358
Country Italy Singapore Bolivia Malaysia
Industrialized Yes Yes No No
Mean age (years) 67.8 +15.9 62.5+16.2 59.7+9.7 40.6+15.2
Age range 21-95 years 18-94 years 40-92 years 18-86 years
-2
BMI (kg m™) 272+ 44 242+ 4.1 241+4.3 244455
Sex (% female) 57.2 59.3 53.7 58.9
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Fig.1|Study design. a, The demographic data on theincluded cohorts. The
sample size indicates complete cases used in this study. b, The cytokines

used by dataset. Shading indicates the presence of each biomarker, with blue
highlighting those common with the INCHIANTI cohort and gray for cytokines
absentin InCHIANTI. ¢, Identification of common sets of cytokines and workflow.
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One population (pop) is chosen as a reference population, and cytokines that
overlap with target populations are identified. Interpretation of axes and stability
across cytokine sets is verified and these are then related to age and health
outcomes. Primary analyses use INCHIANTI as the reference population and
sensitivity analyses replicate this from the perspective of each other population.

tumor-necrosis factor receptor [ (STNF-RI), sTNF-RII, interleukin (IL)-6,
C-reactive protein (CRP), IL-18 and tumor-necrosis factor (TNF). Scores
onthis axisincreased markedly with age and predicted the risk of many
CARDs. Here, we replicate that analysisinanindustrialized Singaporean
population (Singapore Longitudinal Aging Study (SLAS)), and in two
Indigenous NIPs with high levels of infection-related inflammation and
low levels of CARDs: the Tsimane from the Bolivian Amazon (Tsimane
Health and Life History Project (THLHP)) and the Orang Asli from Pen-
insular Malaysia (Orang Asli Health and Lifeways Project (OA HeLP)).
Most studied immune parameters are high in both populations (for
example, immunoglobulins and CRP), primarily due to their highly
pathogenic environments*°. The Tsimane demonstrate a highresting
metabolic rate and low cholesterol levels, probably due to acombina-
tionof pathogens, alean fibrous diet and high physical activity'. Mean-
while, the Orang Asli display greater lifestyle heterogeneity, withsome
maintaining traditional subsistence lifestyles and others undergoing
advanced stages of epidemiological transition".

Results

We analyzed existing cytokine data from INCHIANTI, SLAS, THLHP and
OAHelLP (Fig.1). As cytokines were measured using different platforms,
absolutelevelsare notdirectly comparable, and available cytokines differ
(Fig. 1b). To circumvent this problem, each populationwas used inturn
as the ‘reference’ population, and results were replicated in the other
‘target’ populations using the overlapping subsets of cytokines (Fig. 1c).

Patterns of cytokine variation differ across populations

Given its prior validation', we used INCHIANTI as the primary refer-
ence population. To do this, we extracted the first axis from the full
set of cytokinesin each dataset and assessed whether it was similar to
the axisidentifiedin INCHIANTI (Fig. 2). Owing to the clear theoretical
justification for aninflammaging axis, here we use factor analysis (FA)
with varimax rotation; PCA results are similar (Extended Data Fig. 1).

Thefirst column of Fig. 2 shows consistency of the inflammaging factor
inInCHIANTIacross analyses decreasing inclusion of the 19 cytokines
(Fig. 2a) to the 16 that overlap with SLAS (Fig. 2b) to the 8 each that
overlap with THLHP (Fig. 2e) and OA HeLP (Fig. 2h). For OA HeLP, factors
1and 2 switch order, but interpretation is conserved. Strong correla-
tions among the scores generated by these different versions of the
inflammaging axis confirm this (Extended Data Fig. 2b). Additional
biplots show how closely the axis structure replicates across sexes
(Extended DataFig. 3).

Next, we assessed whether the axis structure for these overlapping
subsetswasreproducedin SLAS, THLHP and OA HeLP. In SLAS (Fig. 2c),
the axis structure was similar but notidentical, withloadings correlated
at r=0.70. The first axis, representing inflammaging, was defined
strongly by sTNF-RI and sTNF-RIl and more moderately by CRP, TNF,
soluble (s)GP130 and sIL-6R. IL-6 was not associated with either of the
two factors and IL-1RA and IL-15 shifted to the second factor. In THLHP
and OA HeLP, in contrast, axis structure differed completely (Fig. 2f,i)
from INCHIANTI (Fig. 2e,h), with the first factor loadings correlated
atr=-0.42and -0.15respectively. Specifically, the key inflammaging
markers in INCHIANTI-CRP, IL-6 ad TNF—do not align on one axis in
OA HelLP. Axis structure in all datasets changes only minimally when
adding additional cytokines not measured in INnCHIANTI (Fig. 2d,g,j).

To ensure that the axis structures were not artifacts of a few aber-
rantsamples, wereplicated the analysis in subsets of each population
stratified by sex, age and health status (Supplementary Table 1). The
loadings of the inflammaging factor derived from these various sub-
sets are almost perfectly correlated (r > 0.92, Fig. 2k and Extended
DataFig.3), indicating remarkable stability of the axis structure repli-
cated eveninmutually exclusive subsamples. This eliminates concerns
about artifacts from study sample age ranges (Fig. 1a). Broadly, Fig. 2
shows that axis structure is highly replicable within populations across
marker sets and demographic subgroups. Even in the absence of two
key cytokines—sTNF-Rland sTNF-RII—basic axis structureisreplicated.
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Fig.2|Key factors replicate within, but not across, datasets. a-j, Biplots
showing the associations of cytokines with the first two factors runin different
datasets and with different sets of cytokines: the first column (a, b, e and h) shows
analyses runin InCHIANTI, but with subsets of cytokines that overlap with those
available, respectively, in the full INCHIANTI set (a), SLAS (b), THLHP (e) and OA
HeLP (h); the second column (c for SLAS, ffor THLHP and i for OA HeLP) shows
the axis structure of the same cytokines as in column 1 (b, e and h, respectively),
exceptruninthetarget datasets, not INCHIANTI; the third column (d for SLAS,

g for THLHP and j for OA HeLP) replicates the analysis in the second column but
addingin the cytokines not measured in INCHIANTI (light gray). The colors of
each arrow are reproduced from aacross all graphs to facilitate comparison, with
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L2 LB -0
‘ Factor 1(17.3%) 0: unhealthy @ @@ @ @I

red indicating strong association with the first factor in a, purple with the second
factor and black with the origin (no association). A color pattern similar to a thus
indicates asimilar axis structure. Correlation coefficients between columns1and
2 show the Spearman correlations of the loadings between the indicated graphs.
k, Pairwise correlations between the loadings of the inflammaging factor when
derived in the full population, just male subjects, just female subjects, just age
<65years, just age 65+ years and with or without chronic disease diagnoses.

I, INCHIANTIL; S, SLAS; T, THLHP; O, OA HeLP. All correlations in k are significant at
P<0.01(P<0.0001for InCHIANTI, SLAS and THLHP) based on a two-sided ¢-test
without multiple comparison adjustment.
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We then replicated the analysis from Fig. 2, shifting the reference
population from INCHIANTI to each of the other populations. These
analyses confirm that the first SLAS factor is similar but notidentical to
the INCHIANTIfactor, with composition concordant with classic notions
ofinflammaging (Extended DataFig. 4). In contrast, the first THLHP and
OA HelLP factors do not replicate in the other populations—including
each other—and do not have cytokine compositions consistent with
inflammaging (Extended DataFigs. 5 and 6). The result was never sensi-
tive to which cytokines were included or excluded. Population differ-
encesinaxisstructure donotreflect absolute cytokine levels, which are
generally highin THLHP and lower in OA HeLP (Supplementary Fig. 1).
For example, sTNF-RI, sTNF-RIl and sGP130 are much higher in InCHI-
ANTIthanSLAS, but nonetheless strongly load on thefirst axisin both.

Incontrastto INCHIANTIand SLAS, individual cytokines correlate only
weakly with age in THLHP and OA HeLP (Supplementary Figs 1and 2).
Next, we analyzed pairwise correlations in each datasetamong the
seven key cytokines associated with the first axis in INCHIANTI (Fig. 3).
In InCHIANTI, unsurprisingly, all seven are positively correlated. In
SLAS, IL-6 and IL-1RA are uncorrelated with the other cytokines. Inthe
Tsimane, CRP shows only aweak association withIL-6. Correlations are
presentamong these three cytokines in the Orang Asli.

Associations of inflammaging with age and health outcomes
vary across populations

We then assessed associations of the inflammaging factor scores
with age and health outcomes in each dataset (Fig. 4). We used the
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Fig.3|Spearman correlations among key inflammatory cytokines in each dataset. The seven cytokines most strongly associated with the first factor in INCHIANTI
are plotted in a pairwise correlation matrix; for subsequent datasets, the subset of those seven that were measured in the dataset are plotted. An X indicates that the

correlationis not significantat a = 0.05.

inflammaging factor loadings derived in INCHIANTI (that is, those
showninFig.2a,b,e,h) applied to therespective target datasets (InCHI-
ANTI, SLAS, THLHP and OA HeLP) to approximate the INCHIANTI axis
as closely as possible in each of the other datasets. Associations with
ageareshowninFig. 4a, ranging fromstrongin INCHIANTIto moderate
inSLAS, weak in OA HeLP and absent in THLHP.

Associations of inflammaging with CARDs are similar in InCHIANTI
and SLAS (Fig. 4b). For both, the strongest association is with chronic
kidney disease (odds ratios (ORs) of =5). Which other diseases show
significant associations differs between datasets, though confidence
intervals generally overlap.

Associations with CARDs are challenging to assess in THLHP and
OAHeL P owingto the low prevalence of these conditions®'®, We present
dataonly for the outcomes where sufficient sample size allowed models
to converge. In THLHP (Fig. 4c), neither arthritis nor high blood pres-
sureis associated with inflammaging, though they are also not associ-
atedinInCHIANTI. However, for chronic kidney disease, THLHP (OR of
0.84) strikingly fails to replicate the strong association in INCHIANTI
(OR0f2.83). Neither high blood pressure nor diabetes was associated
withinflammaging in OA HeLP (Fig. 4d).

We next replicated the analyses in Fig. 4, but with each other data-
set as the reference population. As noted above, the first factors for

THLHP and OA HeLP cannot be considered inflammaging proxies. The
first SLAS factor increases sharply with age in InCHIANTI and SLAS, but
not at allin THLHP or OA HeLP (Extended Data Fig. 7a). It also predicts
chronic disease in both SLAS and InCHIANTI, but not in THLHP or OA
HeLP (Extended Data Fig. 7b-d). The first THLHP factor increases slightly
with age in INCHIANTI and OA HeLP but decreases sharply with age in
SLAS and shows no significant change in THLHP itself (Extended Data
Fig. 8A). It is associated with kidney disease in INCHIANTI, but more
weakly than other axes, and is unassociated with any other chronic con-
ditionsin any population (Extended Data Fig. 8b-d). The first OA HeLP
factor increased with age in INCHIANTI, SLAS and slightly in OA HeLP
(Extended Data Fig. 9a). It predicted a few chronic conditions, but less
strongly thanthe INnCHIANTIand SLAS factors (Extended DataFig. 9b-d).

Last, we examined the consistency of relationships with upstream
factors that might impact inflammaging. Data on smoking and body
mass index (BMI) were available in all populations. Additionally, in
THLHP and OA HeLP, data on eosinophilia (indicating helminth infec-
tions) and leukocyte count (ageneralized indicator of infection) quanti-
fiedinfection status. Both BMIand smoking were positively associated
with inflammaging scores in INCHIANTI and SLAS (Extended Data
Table 1). However, in OA HeLP, BMI but not smoking was associated
with the inflammaging axis, while neither was in THLHP. Leukocytosis,
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but not eosinophilia, was generally associated with inflammaging in
THLHP and OA HeLP.

Discussion

Our results document that aninflammaging axis structure thatis robust
and highly replicable within two industrialized populations differs
only moderately between them, but markedly from two NIPs. The NIPs
show little to no change ininflammaging with age nor association with
measured CARDs. As techniques suchas PCAand FArely onthe variance
withinthe datasets, this can be interpreted as meaning thatindividuals
in THLHP and OA HeLP show little variation in levels of inflammaging
relative to other sources of variation in cytokines.

Our analyses showed that these differences are relatively inde-
pendent of which cytokines are measured. Differences might be
attributable to different sample handling, storage or assay platforms.
However, sample handling and storage were similar between datasets
(for example, there was no delay in freezing in NIPs; Supplementary
Table 2). The lack of harmonized outcome data is a limitation, but is
inevitable given that these diseases are rarein these populations and/
or may not be similarly diagnosable” 5%,

Nonetheless, our findings are supported by the rarity of CARDs
in the Tsimane, despite their elevated and variable cytokine levels
and inflammaging factor scores’® (Extended Data Fig. 2A, Fig. 4a, Sup-
plementary Fig. 1). Such high variation without a clear dimension in
FA means that other dimensions are even more variable. Mortality
selection in THLHP and OA HeLP could contribute to these patterns
butisunlikely to be a sufficient explanation, given the rarity of CARDs
asacause of death.

How canwereconcile our findings with the wealth of evidence that
inflammaging generalizes across species'*°?, including great apes?”
No studies in other species have used a definition similar to ours, mak-
ing comparisons challenging. Inflammaging at a cellular or tissue level
might be more similar than circulating cytokine profiles across popu-
lations. Cytokines have multiple sources, targets and half-lives. Their
pleiotropic, versatile and redundant nature allows fine-tuned signaling
to achieve context-specific outcomes®. Hence, circulating cytokines
are not mere byproducts released from damaged cells and tissues;
rather, they are signals that integrate information about the state of
the organism across these cells and tissues, coordinating a coherent,
whole-organismresponse”*”, Diverse stressors and exposures may cause
wide variability in blood signaling molecules, potentially obscuring any
universal cytokine signature and resulting in context-dependent patho-
physiological outcomes. Accordingly, we see three related possibilities:
(1) cellular inflammaging exists in NIPs but manifests very differently
at the organismal level or has minimal consequences due to complex
physiological buffering; (2) inflammaging may not be exclusively patho-
logical': there may be a fine line between an adaptive response and an
excessive pathological response, or inflammaging may be making the
bestofa‘bad’ physiological situation?*%; and (3) the inflammaging that
generalizesisabroad suite of loosely related processes'*, less specific
thanour definition based on circulating signatures in INCHIANTI. Com-
positions of two inflammatory clocks recently developedin US and Rus-
sian populations were quite different and overlapped only weakly with
eachother or with the cytokines used here'>". Overall, this supports the
lack of a specific, universal signature in humans.

Genetic differences among populations may contribute to absence
of INCHIANTI-like inflammaging in nonindustrial societies?**°. Com-
parative genomic analysis demonstrates that the Tsimane possess
distinct allelic frequencies in regions related to immune and meta-
bolic functions®*2, However, population-specific immune genetics®
are unlikely to fully explain our results, given (1) failure to replicate
associations between cytokine gene polymorphisms and CARD risk
across populations®, (2) the comparatively small role of genetics in
immune variation® and (3) the industrialized/nonindustrialized split
regardless of ancestry.

Giventhis, we believe that differencesin the exposome—lifestyle,
environmental and infectious—are amajor factor. With only four popu-
lations, we cannot directly test for such drivers, particularly since
THLHP and OA HeLP differ radically from INCHIANTIand SLAS in many
ways: diet, physical activity levels, exposure to pollutants, fertility and
soon, withgreaterinter- thanintrapopulation variation. However, we
found that smoking did not predict inflammaging at the individual
levelin either THLHP or OAHeLP, and BMI did notin THLHP, suggesting
that population-level rather than individual factors might be driving
the differences.

One of the most intriguing hypotheses for such exposome dif-
ferences is the infectious environment. Many THLHP and OA HeLP
individuals have ongoinginfections at any given time, leading to major
differences in cytokine profiles. Indeed, much cytokine variation in
these populations is probably due to the type and severity of current
infections, not aging. Roughly 66% of Tsimane have at least one intesti-
nal parasiticinfection: 30-40% of adults present with agastrointestinal
infection, 20-30% have arespiratory infection, 25% leukocytosis and
86% eosinophilia®**.In the Orang Asli, 70% have a prevalent infection:
27% respiratory, 22% fungal, 30% leukocytosis and 41% eosinophilia.
Additionally, helminths, which are common among the Tsimane and
Orang Asli, may have protective effects****. Helminthinfectioninduces
Th2 responses that stimulate innate immunity and M2 macrophages
while dampening other inflammatory processes*®*'. However, inflam-
maging may not always be absent in high-infection environments*.
We found no association between eosinophilia and inflammaging in
THLHP or OAHeLP at theindividuallevel, but this does not exclude the
possibility that common helminthinfections restructure theimmune
system in other ways. Regardless, our results show that cytokines are
not destiny with regard to inflammaging and chronic disease.

While INnCHIANTI and SLAS results broadly align, key differences
emerge at a finer scale. Notably, IL-6—often considered a key marker
of inflammaging—showed no correlation with age or with cytokines
in SLAS. Additionally, IL-15 and IL-1RA shift from the first axis to the
second, and sTNF-RIand sTNF-RIl are less tightly coupled. These small
differencesinaxis structure were replicated inintrapopulation analyses
and persist even when stratifying by sex, age and health status (Fig. 2k
and Extended Data Fig. 3). We lack a definitive explanation for these
differences. Even within industrialized populations, manifestation
of inflammaging is highly heterogeneous***’, The replication by
health statusin Fig. 2k implies thatinflammaging is not simply aresult
of chronic conditions. This is partially consistent with findings from
Terekhova et al.** showing age-specific differences in immune cell
repertoireamongahealthy US cohort, despite minimal differencesin
inflammatory signatures.

Our findings thus challenge the notion that inflammaging, as
commonly conceived and measured epidemiologically, is an aging
mechanism per se. Rather, it may reflectimmune dysregulation result-
ing froman evolutionary mismatch of physiology and environment'®%,
This aligns with the notion that the hallmarks of aging are not univer-
sals, but rather common manifestations whose importance varies by
context®. However, such conclusions hinge on how inflammaging is
defined; here, we are limited to using the circulating cytokine profiles
observed in INCHIANTI.

Ourresults are part of abroader trend questioning the generaliz-
ability of health-related findings from high-income populations™.
Previous findings in the Tsimane include the absence of most heart
disease despite low high-density lipoprotein and high CRP levels®*®
and lower risk of cognitive impairment for carriers of the APOE4 allele
under conditions of high helminth infection®. These findings suggest
anorganismal capacity for broad physiological remodeling, achieving
diversealternative stable states depending on conditions. Not only the
levels butalso theinteractions among molecules/components change.
This parallels findings at the biochemical level where protein-protein
interaction networks differ markedly across cell types*’ and reinforces
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€ 0.84 Kidney disease
! L 2.83** Kidney disease !
: Lt FEITTEEEE 084,
:—.— 1.34* Diabetes :—.— 1.32** Diabetes
I I I I I I I I I I I I I I
1 2 3 4 5 6 7 1 2 3 4 5 6 7

OR (per unit factor score)

outcomes are availablein OA HeLP. Inb-d, the points indicate the estimated
ORand the lines show the 95% confidence interval. The vertical line indicates

no effect.*P< 0.05,**P < 0.01and **P < 0.001 based on a two-sided Wald test.
The ORs are scaled per unit factor score. As factor score ranges are 6+ within
populations (Extended Data Fig. 2a), an OR of 1.5 translates into at least 1.5° = 11.4
across the range of values in the populations. Note that different ORs for
InCHIANTIinb, cand d are due to different versions of the inflammaging axis
using overlapping biomarker sets with the other datasets. Number of biological
replicates: INCHIANTI (1,041), SLAS (941), THLHP (536) and OA HeLP (358).
Supplementary Table1details the availability of health outcomes by dataset.

an understanding of biological networks as constantly adapting to
changing conditions. In this context, cytokine networks dynamically
shift to coordinate functions across the organisminachanging environ-
ment. Processes such as inflammaging may be conditional processes
that help an organism navigate specific circumstances. Much work
remains to illuminate this cytokine code.

Our findings have practical and theoretical implications. To
the extent that inflammaging and related processes are popula-
tion specific, more work is needed to predict the conditions under
which patterns of inflammaging converge or diverge. Studying wide
intrapopulation lifestyle gradients’ and/or which environmental
or population-level factors influence inflammaging may provide
avenuesto decrease either its prevalence or its consequences. Future
studies should replicate our findings using a standardized cytokine
panel across cohorts, runjointly on mixed plates, including markers
suchas CXCL9 needed for other clocks'***. Standardized measures of
context-related risk factors are also needed*®, the striking absence of
sex differences should be probed and functional outcomes added for
more standardized measures. Last, the first factorsin THLHP and OA
HeLP differ markedly from each other, and their biological relevance
should be studied.

Onthebasis of our results, inflammaging, as commonly conceptu-
alized epidemiologically, is not a quantitatively or qualitatively univer-
salaspect of human aging. Large population- and context-dependent
historical and geographical differences should be expected and spe-
cifically addressed. While it appears to be a common and important
process under industrialized conditions, this may result from a mis-
match between immune genetics and pathogen environment. Even
where present, the impacts of inflammaging on CARD risk appear
heterogeneous (Fig. 4b). More generally, these findings challenge the
assumption that human physiological processes are universal and can
be extrapolated from one population to others. Understanding the
context dependence and contingency of the biology underlying aging
and CARDs will have profound implications for both the biology and
epidemiology of aging.

Methods

Human subjects statement

Informed consent was obtained for all study participantsinall cohorts—
written consent for literate individuals, and verbal consent with thumb-
print otherwise. THLHP data collection was approved by the University
of New Mexico (no. 07-157) and the University of California, Santa
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Barbara (no. 3-21-0652) Human Subjects Review Committees. For the
Tsimane participants, writteninformed consent was provided after pro-
ceduresandrisks were explainedin their native language, withapprov-
alsfromeach village and the Tsimane Government (Gran Consejo). OA
HeLP data collection was approved by the Medical Review and Ethics
Committee of the Malaysian Ministry of Health (protocol ID NMRR-20-
2214-55565), the Malaysian Department of Orang Asli Development
(permit ID JAKOA.PP.30.052JLD 21 (98)) and the Institutional Review
Board of Vanderbilt University (protocol ID 212175). Community-level
approval was obtained before recruitment, and written informed
consent was obtained from all participants. SLAS data collection was
approved by the National University of Singapore Institutional Review
Board (ref. L04-140C). Participants in SLAS provided writteninformed
consent. INCHIANTI data collection was approved by the Ethical Com-
mittee at INRCA, Ancona (protocol 14/CE, 28 February 2000) and
FU1 (protocol 45/01, 16 January 2001); participants provided written
informed consent. Secondary analysis was approved by the University
of Sherbrooke Ethics Board (ref. 2019-2657) and Columbia University
Medical Center’s Institutional Review Board (no. AAAU5622).

Data

Inthis secondary data analysis, we use data from four cohort datasets:
InCHIANTI, SLAS, THLHP and OA HeLP. The InCHIANTI cohort was
designed to study factors related to mobility loss as individuals age
and is comprised primarily ofindividuals aged 65 years or moreliving
in the Tuscany region of Italy*’. Initial data on 1,453 participants were
collected in 1998-2000. This study used data on a subset of 1,041
participants who had complete data on the biomarkers of interest
(see ‘Cytokines’ section). SLAS is a population-based study of adults
over 55 years of age residing in Singapore™. Initial assessment of 2,804
individualsin2003-2004 collected biological, clinical, behavioral and
social data. We use a subset of 941 people. THLHP aims to study aging
across the human life course of an Amerindian tribe of forager-horti-
culturalists living in the Bolivian Amazon™. This cohortis comprised of
individuals from>90 villages with subsistence lifestyles and low levels
of industrialization. Baseline data included demographics, biomark-
ers, inflammation, physical status, behavioral factors and exposure
to infectious agents. Here, data from 536 individuals were utilized.
The OA HeLP cohort contains biospecimen and ethnographic data
on Indigenous peoples of Peninsular Malaysia, known collectively as
the Orang Asli”. The sample of participants used in this study live ina
range of community types from remote rain forest camps to peri-urban
settlements withincreased access to modern medical facilities, market
goods and sanitation; the changing environment from traditional
lifestyles to more modern ones and its impact on noncommunicable
diseasesis the focus of OA HeLP. On the basis of availability of relevant
cytokine data, we used data onasubset of 358 individuals from across
this urbanicity gradient*®, about 120 of whom were from peri-urban
settlements. Most were younger (326 under age 65 years).

Cytokines

We used a core set of 19 inflammaging biomarkers identified in
Morrisette-Thomas' and found in INCHIANTI: CRP, interferon (IFN)-y,
IL-1B, IL-1RA, IL-6,1L-8, 1L-10, IL-12, IL-15, IL-18, monocyte chemoattractant
protein (MCP), macrophage inflammatory protein (MIP), transforming
growth factor (TGF)-B, TNF, TNF-related apoptosis-inducing ligand
(TRAIL), sGP130, sIL-6R, sTNF-RI and sTNF-RII. Availability of data on
these cytokines varies by dataset (Fig. 1b). SLAS contains data on 16 of
these cytokines, while THLHP and OA HeLP each hold data on eight. Data
for those cytokines that overlap with the 19 from INCHIANTI formed
the basis for our analyses. We also present FAs containing biomarkers
unique to each cohorts: IL-7, IL-23 and vascular endothelial growth
factor (VEGF) for SLAS; IL-4, IL-5, IL-13, IL-17, IL-23, lymphotoxin-alpha
(LT-a) and VEGF for THLHP; and IL-2 and IL-13 for OA HeLP. Details of
sample storage and cytokine measurement by dataset are provided in

Supplementary Table 2. Several cytokine values were below the limit of
detection (BLD), particularly inSLAS. To address this, we used multiple
imputation methods, generating values withinthe range between zero
and the detection limit (Supplementary Methods). InInCHIANTI, BLD
values that were provided as O were replaced with the minimum detec-
tion value divided by 2. These approaches aimed to prevent potential
biases that could arise from treating BLD values as missing data, as they
still provide important information about cytokine levels.

Health outcomes

We tested associations of the derived inflammaging axes with various
health outcomes including high blood pressure, stroke, congestive
heart failure, diabetes, arthritis, cancer, myocardial infarction and
kidney disease. The availability of data on health outcomes varies by
dataset (Supplementary Table1). Each outcome is abinary variable (1:
condition present, O: condition absent) reported at baseline.

Inthe INnCHIANTI cohort, highblood pressure, stroke and conges-
tive heart failure were diagnosed via self-report, physical examination,
medication or other documentation. Kidney disease was indicated if
there wasimpaired renal function (measured by 24 h creatinine clear-
ance or Cockcroft-Gault) or aself-reported kidney failure. A definitive
diagnosis was assigned if two or more criteria for the above comor-
bidities were met. Cancer was identified if there was a self-report of a
malignant neoplasm withinthe past5 years. Occurrence of myocardial
infarction within ayear was determined by self-report, documentation
orelectrocardiogram. Diabetes mellitus was diagnosed via laboratory
resultsindicating hyperglycemia (fasting blood glucose >126 mg dI ™),
self-report, medication or diet. Arthritis was diagnosed by self-report.

For SLAS”, research nurses diagnosed chronic conditions at
individuals’ homes via self-report of physician diagnoses, measure-
ments and details of medications. High blood pressure was defined by
self-report, antihypertensive medication use or blood pressure systolic
>160 or diastolic>90 mmHg. Diabetes was diagnosed using self-report,
use of antidiabetic medication or fasting blood glucose >7.0 mmol I,
Myocardial infarction and congestive heart failure were determined
based on self-report of a physician diagnosis or record of procedures
or surgeries or use of cardiac medications.

InTHLHP, high blood pressure was defined as systolic >140 and/or
diastolic>90 mmHg. Systolic and diastolic blood pressure were meas-
ured usingan Omron 5Series upper armblood pressure monitor. Two
consecutive measurements were taken, using the second for analysis
(exceptinthe rare case where only one was available). Arthritis (joint
inflammation) was diagnosed by a licensed Bolivian physician based
onthepresence of redness, increased heat and swelling in the affected
joint across nine anatomical regions (ankle, elbow, wrist, hip, hand,
cervical spine, knee, shoulder and dorsolumbar spine). Additionally,
clinicians assessed pain upon pressure application and movement,
as well as the joint’s functional capacity and movement restriction.
Kidney disease was diagnosed as an estimated glomerular filtration rate
of less than 60 ml min™, based on Cockcroft-Gault. Kidney disease is
highly prevalent among the Tsimane (53% in the sample used here). This
mightbe partially due to the use of estimated glomerular filtration rate
estimating equations that have not been fully validated in the Tsimane
or similar populations; the reasons are not well understood. Diabetes
mellitus was diagnosed via laboratory results indicating hyperglyce-
mia (fasting blood glucose >126 mg dI™), but due to the extremely low
prevalence of diabetes (only two diagnosed cases in our subset), this
condition was notincluded in the analyses.

For OAHelLP, systolic and diastolicblood pressure were measured
using an Omron 5 Series upper armblood pressure monitor. Two con-
secutive measurements were taken on eachindividual, and the second
measurement was used for analysis (exceptin therare case where only
one measurement was available). Hypertension was assigned for any
cases where systolic blood pressure was >140 or diastolic blood pres-
sure was >90 mmHg. Diabetes was characterized using measurements
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of nonfasting blood glucose and glycated hemoglobin (HbA1C). Allindi-
viduals were measured for nonfasting blood glucose, and HbA1C tests
were performed for any individuals with glucose values >100 mg dI™.
We categorized individuals as diabetic if HbA1C was >6.5%, and not
diabetic if HbA1C was <6.5% or blood glucose was less than 100 (in
which case no HbA1C test was performed).

Statistical analyses

Our analytic plan aimed to assess convergence across as many pos-
sible analytical variations and assumptions as possible. The results
presented here—a subset of many analyses with different cytokine sets,
calibrations, assumptions and additional datasets—are representative
and digestible for the reader. For example, the US Health and Retire-
ment Study produces results concordant with InCHIANTI and SLAS,
butalimited set of biomarkers madeinclusion challenging. Additional
details are available upon request.

To assess the monotonic relationships between cytokines within
each cohort, we computed Spearman correlation coefficients. We
then used exploratory FA with varimax rotation to uncover underlying
factors comprised of intercorrelated variables that explain patterns
in the data. We performed FA in InCHIANTI using all 19 cytokines, 16
overlapping with SLAS and each 8 overlapping with THLHP and OA
HeLP. We also computed factors for SLAS, THLHP and OA HeLP using
(1) the cytokines that overlap with INCHIANTI and (2) the overlapping
cytokines plus those unique to that cohort, resulting in ten sets of fac-
tors. Asasensitivity analysis, we repeated these using PCA. We assessed
the similarity of the axes via the correlation between the loadings for
the inflammaging factor derived in INCHIANTI and the comparable
factor derived in the dataset with the same cytokines. To verify factor
stability, we replicated FA across subsets within each cohort (the full
study population, female subjects only, male subjects only, persons
under 65 years of age and persons aged 65 years and over) and com-
puted correlation coefficients between the axis loadings for each. For
OA HeLP, we did not compare the over/under age 65 years subgroups
asthere were only 32 individuals aged 65 years or more.

For each ofthe four FAs derived in InCHIANTI, we computed indi-
vidual factor scores using the regression method. For individuals
in INCHIANTI, factor scores were computed based on the FAs with
(1)19 cytokines, (2) 16 cytokines overlapping with SLAS, (3) 8 cytokines
overlapping with Tsimane and (4) 8 cytokines overlapping with OA
HeLP. Correlations between these factor scores are reported. Factor
scores for individuals in SLAS, THLHP and OA HeLP were computed
using cytokine levels from those datasets and factor loadings derived
in INCHIANTI (the aforementioned (2), (3) and (4), respectively). For
eachcohort, wefitalinear regression of age versus factor score and we
report the slope of the best-fit line and its statistical significance, with
shadingtoindicate the 95% confidence interval for this best-fit line. We
used logistic regression to assess relationships between factor scores
and health outcomes, adjusting for age and BMI (using cubic splines)
and sex. When fewer than tenindividuals reported having a condition,
we adjusted for sex, age and BMI. We report ORs and 95% confidence
intervals. Notall health outcomes were availablein all datasets. These
mainanalyses used INCHIANTI as the reference population. They were
repeated using each of the other three cohorts (SLAS, THLHP and OA
HeLP) as the reference population.

We used linear regression to assess the effects of smoking, BMI,
eosinophil percent and leukocyte count on inflammaging, adjusted
for age (using a cubic spline to account for nonlinear relationships)
and sex.

Inclusion and ethics statement All collaborators in this study have
fulfilled the authorship criteria required by Nature journals, as their
contributions were essential to the design and implementation of
the research. Roles and responsibilities were agreed upon before the
study. The research was locally relevant and conductedin collaboration
with local partners. There were no severe restrictions or prohibitions,

and the research posed no risks of stigmatization, discrimination or
personal harm to participants. Local and regional research relevant
to the study was appropriately cited.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The InCHIANTI, SLAS, THLHP and OA HeLP datasets used in this study
are not publicly available due to privacy and ethical restrictions on
human health data. Access can be requested from the respective data
owners. Both THLHP and OA HeLP adhere to the CARE Principles
for Indigenous Data Governance and the FAIR Guiding Principles,
ensuring participant sovereignty and ethical data use. Requests for
individual-level datarequire formal applications, with considerations
for privacy and community benefits. Requests for SLAS datashould be
directedto].P.S.Y. (yeongps@imcb.a-star.edu.sg) and R.H. (pcmrhcm@
nus.edu.sg). The cohort datasets are available via https://www.nia.nih.
gov/inchianti-study#access (INCHIANTI), https://tsimane.anth.ucsb.
edu/data.html (THLHP) and orangaslihealth.org (OA HeLP).

Code availability
All the scripts developed for this study are available via GitHub at
https://github.com/cohenaginglab/InflammagingDiversity.
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Extended Data Table 1| Associations of the INCHIANTI-derived inflammaging factor with BMI and smoking

BMI Smoking
Reference Cytokinesin Target population N B 95% Cl p B 95% Cl P
population common with
INCHIANTI - INCHIANTI 998 0.04 (0.03, 0.06) <0.0001 0.09 (-0.02, 0.19) 0.10
INCHIANTI SLAS INCHIANTI 1023 0.04 (0.03, 0.05) <0.0001 0.09 (-0.01, 0.19) 0.07
INCHIANTI SLAS SLAS 776 0.04 (0.03,0.06) <0.0001 0.19 (0.08,0.30) 0.001
INCHIANTI THLHP INCHIANTI 1037 0.04 (0.03, 0.05) <0.0001 013 (0.03,0.24) 0.01
INCHIANTI THLHP THLHP 249 -0.01 (-0.04, 0.03) 0.772 0.02 (-0.27,0.31) 0.92
INCHIANTI OA HelP INCHIANTI 122 0.04 (0.03, 0.05) <0.0001 on (0.01, 0.21) 0.03
INCHIANTI OA HelP OA HelP 341 0.04 (0.02, 0.06) 0.0002 -0.12 (-0.37,0.13) 0.34
Eosinophilia Leukocytosis

Reference Cytokinesin Target population N B 95% Cl P B 95% CI p
population common with

Crude association
INCHIANTI THLHP THLHP 391/394 0.23 (0, 0.46) 0.05 0.34 (015, 0.54) 0.001
INCHIANTI OA HelLP OA HelLP 245 /244 0.9 (-0.08, 0.46) 0.17 0.76 (0.48,1.03) <0.0001

Adjusted for BMI and smoking
INCHIANTI THLHP THLHP 221/221  0.00 (-0.29,0.30) 0.99 0.30 (0.04, 0.56) 0.020
INCHIANTI OA HelLP OA HelLP 234/233 0.8 (-0.09, 0.45) 0.20 0.75 (0.47,1.03) <0.0001

All models are adjusted for sex and for age as a cubic spline. BMI and smoking coefficients are also adjusted for smoking and BMI respectively. Eosinophilia and leukocytosis are additionally
adjusted as indicated. *Smoking in INCHIANTI and SLAS is a 1if current or former smoker. Smoking in OA HeLP is a 1if sometimes or every day smoke a cigarette or loose-leaf tobacco. Smoking
in Tsimane is 1if smoker or pack years > O (n=256). P-values are based on a 2-sided Wald test.
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Extended Data Fig. 1| Axis structure of cytokines run with PCA rather than
FA. Biplots show the associations of cytokines with the first two axes runin
different datasets and with different sets of cytokines. The colors of each arrow
arereproduced from panel A across panels to facilitate comparison, with red
indicating strong association with the first factor in panel A, purple with the
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THLHP SLAS INCHIANTI
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(panels A, B, E, and H) shows analyses run in INCHIANTI, but with subsets of
cytokines that overlap with those available, respectively, in the full InCHIANTI set
(A),SLAS (B), THLHP (E), and OA HeLP (H). The second column (panels C, F,and I)
shows the axis structure of the same cytokines asin column1(panels B,E,and H,
respectively), except run in the target datasets, not INCHIANTI. The third column
(panels D, G, and]J) replicates the analysis in the second column but adding in the
cytokines not measured in INCHIANTI (light grey).
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Extended Data Fig. 2| Properties of the inflammaging axis derived in
InCHIANTIL. A. Violin plots of the distributions of the inflammaging factors
scores calculated in each respective population, based on the factor loadings
derived from INCHIANTI (see Methods). Note that it is not clear whether these
scores are directly comparable given the different assays used for each dataset;
nonetheless, high scores in THLHP is consistent with previous reporting of

high levels of inflammatory and immune markers in the Tsimane. Number of

biological replicates: INCHIANTI (1041), SLAS (941), THLHP (536), OA HeLP (358).
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The white circle is the median and the surrounding rectangle indicates the 25th-
75th percentile or interquartile range (IQR). Vertical black lines (whiskers) show
1.5*IQR, and the plots extend to the maxima/minima of the smoothed kernel
density estimate of the data distribution. B. Pairwise correlations among the
scores of the inflammaging axis in INCHIANTIwhen derived from different sets
of cytokines: the original set of 19, the 16 that overlap with SLAS, the eight that
overlap with THLHP, and the eight that overlap with OA HeLP. All are significant
atp <0.0001.
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Extended Data Fig. 3| Sex-specific biplots of factor scores in each dataset.

Biplots show the associations of cytokines with the first two factors runin
different datasets and by sex with the full set of cytokines available in that
dataset. The colors of each arrow are reproduced from Fig. 2a across panels
to facilitate comparison, with red indicating strong association with the first
factorin Fig. 2a, purple with the second factor, and black with the origin (no
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association). Similar color patterns between female subjects (A, C, E, and G) and
male subjects (B, D, F, and H) thus indicates a similar axis structure. Note that the
structure is nearly identical for INCHIANTI (A, B) and SLAS (C, D), quite similar for
THLHP (E, F), and somewhat more distinct for OA HeLP (G, H), where the sample
sizeis smaller and structure is estimated with greater error.
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Extended DataFig. 5| Replication of the THLHP factor structure across
populations. Biplots show the associations of cytokines with the first two factors
runin different datasets and with different sets of cytokines. The colors of each
arrow are reproduced from panel A across panels to facilitate comparison, with
red indicating strong association with the first factor in panel A, purple with the
second factor, and black with the origin (no association). A color pattern similar
to panel A thus indicates a similar axis structure. The first column (panels A, B, E,
and H) shows analyses runin THLHP, but with subsets of cytokines that overlap
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with those available, respectively, in the full THLHP set (A), INCHIANTI (B), SLAS
(E), and OA HeLP (H). The second column (panels C, F, and I) shows the axis
structure of the same cytokines as in column 1 (panels B, E, and H, respectively),
exceptruninthe target datasets, not THLHP. The third column (panels D, G, and
J) replicates the analysis in the second column but adding in the cytokines not
measured in THLHP (light grey). Correlation coefficients between columns1and
2 show the Spearman correlations of the loadings between the indicated panels.
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Extended DataFig. 6 | Replication of the OA HeLP factor structure across
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red indicating strong association with the first factor in panel A, purple with the
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withthose available, respectively, in the full OA HeLP set (A), INCHIANTI (B),
SLAS (E), and THLHP (H). The second column (panels C, F, and I) shows the axis
structure of the same cytokines as in column 1 (panels B, E, and H, respectively),
exceptruninthe target datasets, not OA HeLP. The third column (panels D, G,
and]J) replicates the analysis in the second column but adding in the cytokines
not measured in OA HeLP (light grey). Correlation coefficients between
columns1and2show the Spearman correlations of the loadings between the
indicated panels.
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Extended Data Fig. 7| Associations of the first SLAS factor with age and
health outcomes. A. Associations between the SLAS factors derived in Extended
DataFigs.4A, B, E, and H with age, when applied in the respective datasets.
Theshaded regionis a 95% confidence interval for the best-fit lines shown.
*'p<0.05;*:p <0.01;**: p <0.001based on a 2-sided Wald test. B. Comparison
of prediction of health outcomes in INCHIANTI and SLAS using the first SLAS
factor derived in Extended Data Fig. 4B. C. Comparison of prediction of health
outcomesin SLAS and THLHP using the first SLAS factor derived in Extended
DataFig. 4E. Not all outcomes are available in THLHP. D. Comparison of
prediction of health outcomes in SLAS and OA HeLP using the first SLAS factor
derived in Extended Data Fig. 4H. Not all outcomes are available in OA HeLP. For

2 3 4
QOdds Ratio (per unit factor score)

panels B-D, the point indicates the estimated odds ratio and the line the 95%
confidence interval; the vertical line indicates no effect. *: p < 0.05; **:p < 0.01;
***:p <0.001based on a2-sided Wald test. Odds ratios are scaled per unit factor
score. Because factor score ranges are 6+ within populations (cf. Extended Data
Fig.2A), an oddsratio of 1.5 translates into at least 1.56 = 11.4 across the range of
values in the populations. Note that different ORs for SLAS in panels B, C, and

D are due to different versions of the factor using overlapping biomarker sets
with the other datasets. Number of biological replicates: INCHIANTI (1041), SLAS
(941), THLHP (536), OA HeLP (358). Supplemental Table S1 details availability of
health outcomes by dataset.
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Extended Data Fig. 8 | Associations of the first THLHP factor with age

and health outcomes. A. Associations between the THLHP factors derived
in Extended Data Fig. 5A, B, E, and H with age, when applied in the respective
datasets. The shaded region is a 95% confidence interval for the best-fit lines

shown. *:p <0.05; **: p < 0.01; ***: p < 0.001 based on a 2-sided Wald test.

B. Comparison of prediction of health outcomes in INCHIANTIand THLHP
using the first THLHP factor derived in Extended Data Fig. 5B. C. Comparison of
prediction of health outcomes in SLAS and THLHP using the first THLHP factor
derived in Extended Data Fig. SE. Not all outcomes are available in THLHP.

D. Comparison of prediction of health outcomes in THLHP and OA HeLP using

-

2
QOdds Ratio (per unit factor score)

available in OA HeLP. For panels B-D, the point indicates the estimated odds

ratio and the line the 95% confidence interval; the vertical line indicates no effect.
*:p <0.05based ona2-sided Wald test. Odds ratios are scaled per unit factor
score. Because factor score ranges are 6+ within populations (cf. Extended Data

Fig.2A), an oddsratio of 1.5 translates into at least 1.56 = 11.4 across the range of
values in the populations. Note that different ORs for THLHP in panels B, C, and

D are due to different versions of the factor using overlapping biomarker sets
with the other datasets. Number of biological replicates: INCHIANTI (1041), SLAS

(941), THLHP (536), OA HeLP (358). Supplemental Table S1 details availability of

the first THLHP factor derived in Extended Data Fig. 5SH. Not all outcomes are

health outcomes by dataset.
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Extended Data Fig. 9 | Associations of the first OA HeLP factor with age

and health outcomes. A. Associations between the OA HeLP factors derived
inExtended Data Fig. 6A, B, E, and H with age, when applied in the respective
datasets. The shaded region is a 95% confidence interval for the best-fit lines
shown.*:p <0.05;*:p <0.01; **:p < 0.001 based on a 2-sided Wald test.

B. Comparison of prediction of health outcomes in INnCHIANTI and OA HeLP
using the first OA HeLP factor derived in Extended Data Fig. 6B. C. Comparison
of prediction of health outcomes in OA HeLP and SLAS using the first OA HeLP
factor derived in Extended Data Fig. 6E. Not all outcomes are available in THLHP.

- 3 4 5
Odds Ratio (per unit factor score)

in OA HeLP. For panels B-D, the point indicates the estimated odds ratio and the
line the 95% confidence interval; the vertical lineindicates no effect. *: p < 0.05;
**:p<0.01;**:p<0.001based on a2-sided Wald test. Odds ratios are scaled

per unit factor score. Because factor score ranges are 6+ within populations

(cf. Extended Data Fig. 2A), an odds ratio of 1.5 translates into at least 1.56 = 11.4
across the range of values in the populations. Note that different ORs for OA HeLP
inpanels B, C,and D are due to different versions of the factor using overlapping
biomarker sets with the other datasets. Number of biological replicates:
INCHIANTI (1041), SLAS (941), THLHP (536), OA HeLP (358). Supplemental Table

D. Comparison of prediction of health outcomes in THLHP and OAHeLP usingthe  Sldetails availability of health outcomes by dataset.

first SLAS factor derived in Extended Data Fig. 6H. Not all outcomes are available
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection, as the study is based on secondary analysis of previously collected datasets.

Data analysis Data analysis was conducted using R software version 4.3.2 and its associated packages, including the 'factanal' function for factor analysis
and the 'miWQS' package version 0.4.4 for multiple imputation.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The INCHIANTI, SLAS, THLHP, and OA HelP datasets used in this study are not publicly available due to privacy and ethical restrictions on human health data. Access
can be requested from the respective data owners. Both THLHP and OA HeLP adhere to the CARE Principles for Indigenous Data Governance and the FAIR Guiding
Principles, ensuring participant sovereignty and ethical data use. Requests for individual-level data require formal applications, with considerations for privacy and




community benefits. SLAS data may be available upon appropriate request from JPSY and RH.

All the scripts developed for this study are available at https://github.com/cohenaginglab/InflammagingDiversity

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was considered as a biological variable in the study. Data were disaggregated by sex, and analyses were conducted
separately for males and females where relevant (Figure 3, panel K). Sex was determined based on self-reporting from
participants in each of the datasets used (INCHIANTI, SLAS, THLHP, and OA HelLP). Sex-based analyses were conducted,
including sex-specific factor analysis (Supplementary Figure S3).

Reporting on race, ethnicityl or Race/ethnicity was inferred from geographic and cultural background, as defined by the respective cohort studies.

other socially relevant Participants were thus grouped by cohort which correspond to geographical and cultural background: Italians (INCHIANTI),
Singaporeans (SLAS), Tsimane (THLHP), and Orang Asli (OA HelP). These categorizations were used to explore the potential
influence of different environmental, lifestyle, and cultural factors on inflammaging across diverse populations. Where
relevant, we controlled for potential confounders such as age, sex, and BMI in the analysis.
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Population characteristics The study included individuals from four different populations: INCHIANTI (Italy), SLAS (Singapore), THLHP (Tsimane, Bolivia),
and OA HelP (Orang Asli, Malaysia). Participants ranged in age from young adults to older individuals (with a particular focus
on those aged 55+ in industrialized cohorts). Health data included the presence or absence of common age-related diseases
(e.g., cardiovascular disease, diabetes, hypertension) and inflammatory markers.

Recruitment Participants in the INCHIANTI, SLAS, THLHP, and OA HelP studies were recruited through various community-based sampling
methods. INCHIANTI recruited subjects from population-based registries and SLAS through a door-to-door census. In the
THLHP, participants were recruited from Tsimane villages through a combination of village-based epidemiological data
collection and healthcare efforts. The study involved regular person-visits by project physicians to address a wide range of
medical needs. Orang Asli participants were recruited through community engagement, with permission from leaders
(penghulu or tok batin) and public meetings with community advisory committees. Recruitment strategies aimed to achieve a
representative sample for each population. Potential selection bias may arise from non-response or differing levels of
participation across demographic groups, but these biases are unlikely to significantly affect the results.

Ethics oversight Written informed consent was obtained for all study participants in all cohorts. THLHP data collection was approved by the
University of New Mexico (#07-157) and the University of California, Santa Barbara (#3-21-0652) Human Subjects Review
Committees. For the Tsimane participants, written informed consent was provided after procedures and risks were explained
in their native language, with approvals from each village and the Tsimane Government (Gran Consejo). OA HelP data
collection was approved by the Medical Review and Ethics Committee of the Malaysian Ministry of Health (protocol ID:
NMRR-20-2214-55565), the Malaysian Department of Orang Asli Development (permit ID: JAKOA.PP.30.052 JLD 21 (98)), and
the Institutional Review Board of Vanderbilt University (protocol ID: 212175). Community-level approval was obtained prior
to recruitment, and written informed consent was obtained from all participants. SLAS data collection was approved by the
National University of Singapore Institutional Review Board (Ref: L04-140C). Participants in SLAS provided written informed
consent. INCHIANTI data collection was approved by the Ethical Committee at INRCA, Ancona (protocol 14/CE, 28 February
2000) and FU1 (protocol 45/01, 16 January 2001); participants provided written informed consent. Secondary analysis was
approved by the University of Sherbrooke Ethics Board (Ref: 2019-2657) and Columbia University Medical Center’s IRB
(AAAUS622).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size No formal sample-size calculation was performed. Instead, we included as many participants as possible from each cohort based on the
availability of the relevant variables we used (so biomarkers). This approach ensured maximum use of the available data while maintaining
sufficient variability for robust statistical analyses.

Data exclusions  Biomarkers that were not common with the INCHIANTI dataset were not included in the main analyses. Additionally, participants from the
THLHP cohort with excessive missing data were excluded from the analysis. These exclusions were pre-established to ensure comparability

with the INCHIANTI cohort and maintain the integrity of the statistical analyses.

Replication This study is a replication of a previous study in one cohort across four cohorts. In addition, we replicate within each cohort by stratifying by




Replication sex and age. Lastly, two independent team members (MF and KT) replicated all the statistical analyses to ensure the robustness and
reproducibility of the findings.

Randomization  Randomization was not applicable, as this was an observational study with population-based cohorts. However, covariates such as age, sex,
and BMI were controlled for in the analyses.

Blinding Blinding was not applicable, as this was an observational study, and participants were selected based on predetermined inclusion criteria in
each cohort.
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