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Biological aging and immunosenescence are central to longevity, yet their interplay in centenarians
remains unclear. We conducted a cross-sectional study in 160 Colombian centenarians to examine
associations between biological age (PhenoAge), immunosenescence and age-related clinical
variables. Cytokine profiling (n = 114) and lymphocyte immunophenotyping (n = 42) were assessed. It
was observed that better QoL and well-being were significantly associated with lower biological age,
while depressive symptoms, prior tobacco use, elevated levels of RANTES and G-CSF as well as a
distinct CD8+ T cell phenotype including greater CD27— CD28+ central memory, effector memory,
and KLRG1— CD57+ terminally differentiated effector memory T cells (TEMRA), and fewer KLRG1+
CD57+ TEMRA cells were linked to higher biological age. Centenarians were classified into three
categories: vigorous (10%), resilient (46.25%), and vulnerable (43.75%). Cytokine levels were similar
across the groups. These findings challenge the notion of immunosenescence in centenarians and

highlight the value of translational research in geroscience.

Aging is a complex biological process resulting from the interaction of
genetic, epigenetic, and environmental factors'. The most extreme pheno-
type of human survival, centenarians (those who have lived to 100 years of
age), offer a natural experiment to examine the biological, immunological,
psychological, and environmental mechanisms that enable some people to
live very long lives with preserved function’.

This population provides an exceptional opportunity to analyze the
factors contributing to healthy aging’. Unlike chronological age, biological
age more accurately reflects the physiological and functional state of the
organism’, allowing for an assessment of the cumulative impact of genetic
load, lifestyle factors, and environmental exposures throughout life’.

One of the key processes involved in aging is immunosenescence’, a
progressive set of modifications in the immune system affecting both the
innate and adaptive functions. This condition has been associated with
numerous age-related chronic diseases due to changes in the immune
response’, alteration of cellular regulation, and loss of autophagy and
cellular waste lysis capabilities’. This phenomenon involves a state of
chronic, low-grade inflammation known as inflammaging’. Whether

immunosenescence is an inevitable hallmark of extreme longevity
remains an open question in geroscience’.

Among immune cell subsets, T cells are consistently regarded as
occupying a predominant role in aging research. Impaired proliferation of
naive T cells, expansion of memory T cell clones, and a consequent
reduction in immune repertoire diversity limit immune adaptability and
foster the emergence of senescent T cell phenotypes, which in turn con-
tribute to the chronic pro-inflammatory milieu characteristic of
inflammaging’. Despite these changes, some individuals reach 100 years of
age with a still functional immune system, indicating the presence of
adaptive mechanisms that may counteract the detrimental effects of
immunosenescence’. This observation presents an intriguing paradox that
warrants further investigation to better understand potential protective
mechanisms against immunosenescence and the acceleration of biological
aging’.

Quality of life (QoL) has been identified as a key determinant of healthy
and active aging'’. Older persons who maintain high levels of physical,
psychological, and social well-being may exhibit a more favorable
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Table 1 | Baseline characteristics of the population
studied (N = 160)

Variable n %
Age (years), mean SD 102 2
Sex

Male 45 28
Female 115 72
Residential area

Urban 127/158 80
Rural 31/158 20

Health insurance status

140

130

Biological age (years)

70 n n n n n n n n s
98 100 102 104 106 108 110 112 114 116

Chronological age (years)

Fig. 1 | Regression of biological age on chronological age. The scatter plot illus-
trates the relationship between biological (98.7 + 9.6 years) and chronological age
(102 + 2 years, r = 0.3, p = 0.002). The upward slope of the regression line suggests a
positive correlation between chronological and biological age. As chronological age
increases, biological age tends to increase as well. The scatter of the points around the
regression line indicates the strength of the correlation. If the points are tightly
clustered around the line, the correlation is strong. If they are widely scattered, the
correlation is weak. The dotted lines represent the confidence intervals around the
regression line. They indicate the range within which the true regression line is likely
to fall. The wider the confidence intervals, the more uncertainty there is about the
relationship between chronological and biological age.

Contributory 20/158 13
Subsidized 138/158 87
Marital status

Single 22/152 14
Married 18/152 12
Divorced 3/152 2
Widowed 107/152 70
Free union 2/152 1
Educational level

Without education 96/153 63
Primary education 49/153 32
Secondary education or higher 8/153 5
Religious belief

No 3/159 2
Yes 156/159 98
Household economic income

<1 minimum wage 107/157 68
1 minimum wage 28/157 18
1-2 minimum wage 16/157 10
>2 minimum wage 6/157 4
Socioeconomic status

Low/very low 122/158 78
Middle/high 36/158 22
Occupation

Farmers, agricultural, forestry and fishing 37 24
Home and child care 35 22
Elementary occupations 34 22
Officials, operators, craftsmen and related 23 15
Others 31 17

immunological profile, reflecting a lower inflammatory burden and greater
biological resilience''. However, the association between QoL, biological age,
and immunosenescence in centenarians has not yet been fully elucidated,
but a hypothesis suggests that healthy lifestyles, stress reduction, and psy-
chosocial support may modulate the rate of biological aging and immune
function".

Although multiple studies on extreme longevity have been conducted
in high-income countries”, knowledge about the biology of aging in
populations from low- and middle-income countries remains limited".
Colombia, as a country with a growing aging population', represents a
relevant setting to explore these interactions. Understanding the char-
acteristics that contribute to the longevity of Colombian centenarians would
advance global scientific understanding of healthy aging and provide crucial
insights for developing public policies and health initiatives to increase the
healthy lifespan of older persons. Therefore, this study aimed to investigate

the relationship between biological age,immunosenescence, and age-related
clinical variables, including QoL, in Colombian centenarians.

This study was reported according to STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) guidelines”.

Results

A total of 160 Colombian centenarians were included in the study, with a
mean age of 102 years (standard deviation [SD] =2); 72% were women
(Table 1). Regression of biological age on chronological age is shown in
Fig. 1. Most participants resided in urban areas and were affiliated with the
subsidized healthcare regime. Widowed status, low educational attainment,
low socioeconomic level, and limited household income were predominant.
Nearly all participants reported religious beliefs, and the majority had no
access to private transportation. In terms of occupation, farming, domestic
work, and elementary occupations were the most frequently reported
(Table 1).

Clinical status is shown in Table S1, 35% were considered free of age-
related chronic diseases. Polypharmacy (defined as the use of five or more
medications) was observed in 23% of participants, with an average medi-
cation count of 3.2 (SD = 2.4) among those with prescriptions. Dental loss
was widespread, with 79% missing all upper teeth and 65% all lower teeth,
although just over half used dental prostheses (Table S1).

In terms of QoL and functionality, 62% reported favorable self-
perceived health, while 56% considered their memory favorable (Table 2).
The World Health Organization Quality of Life AGE (WHOQOL-AGE)
scale scores averaged 51.3 (SD = 14.9), reflecting moderate perceived QoL.
High prevalence of frailty (77%) and sarcopenia (75%) was noted. Only 11%
of participants were functionally independent, and 87% exhibited inade-
quate physical performance (Table 2). The risk of falls was high in over half
of the population. Cognitive impairment was frequent: 23% met criteria for
severe dementia, and only 9% scored in the normal range based on the
Clinical Dementia Rating Sum of Boxes (CDR-SB) (Table 2). Despite this,
over two-thirds reported being satisfied or extremely satisfied with life,
reflecting a high level of resilience in this population (Table 2).

Substantial heterogeneity was observed in circulating cytokine levels
(Supplementary Data 1). Notably, interleukin (IL)-1f, tumor necrosis factor
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Table 2 | Quality of life, life satisfaction and health-related
outcomes in centenarians (N = 160)

Variable n %
Favorable self-perceived health 95/154 62
Favorable self-perceived memory 85/153 56
Favorable self-perceived vision 62/157 30
Favorable self-perceived hearing 57/157 36
WHOQOL-AGE score, mean SD (n = 150) 51.3 14.9
Frailty 117/152 77
Sarcopenia 120 75
Nutritional status

Malnutrition 55/158 35
Nutritional risk 77/158 49
Good nutrition 26/158 16
Functional independence

Independent 18/159 11
Mild dependence 54/159 34
Moderate dependence 18/159 11
Severe dependence 23/159 14
Total dependence 46/159 29
Physical performance

Inadequate performance 137/158 87
Adequate performance 21/158 13
Fall risk

Low fall risk 71/156 45
High fall risk 85/156 55
Cognitive status according to CDR-SB

No dementia 15/160 9
Questionable dementia 61/160 38
Mild dementia 32/160 20
Moderate dementia 16/160 10
Severe dementia 36/160 23
Cognitive status according to MMSE

Normal 7/160 4
Mild impairment 33/160 21
Moderate impairment 64/160 40
Severe impairment 56/160 35
Depression

Normal 128/151 85
Moderate depression 18/151 12
Severe depression 5/151 3
Anxiety 2/152 1.3
Insomnia 28/158 18
Life satisfaction

Extremely satisfied 26/147 18
Satisfied 77147 52
Somewhat satisfied 23/147 16
Neutral 6/147 4
Somewhat dissatisfied 10/147 7
Dissatisfied 3/147 2
Extremely dissatisfied 2/147 1

CDR-SB clinical dementia rating sum of boxes, MMSE mini-mental state examination, WHOQOL-
AGE World Health Organization Quality of Life AGE.

(TNF)-a, IL-6, IL-8, and regulated on activation, normal T cell expressed
and secreted (RANTES) showed high variability, with RANTES presenting
particularly elevated mean values (7681.6 pg/mL, SD = 1565.6), suggesting
an ongoing low-grade inflammatory state (Table S2 and Supplementary
Data 1). The CD4/CD8 ratio was on average 4.8 (SD =5.6), indicating a

healthy immune system (i.e., good immune health grade [THG] status and
optimal immune resilience) (Table 5). Naive and memory T cell sub-
populations were detected in all participants, although with varying pro-
portions (Supplementary Data 2).

Correlation analyses revealed that biologicalage residuals were nega-
tively associated with WHOQOL-AGE scores (r=—0.338, p=0.004),
indicating that better QoL was related to lower biological aging (Table 3). A
positive and significant correlation was observed between biological-age
residuals and RANTES levels (r=0.318, p = 0.003), as well as with G-CSF
(r=0.252, p=0.023), suggesting that higher expression of these inflam-
matory markers was associated with accelerated biological aging (Table 3).
In contrast to the predominantly non-significant associations observed for
most cytokines and lymphocyte subpopulations, several CD8+ T-cell
subsets showed significant correlations with biological-age residuals. Spe-
cifically, CD8+ CD27— CD28+ central memory (CM) T cells and CD8+
effector memory (EM) T cells displayed positive correlations, indicating that
higher frequencies of these subsets were linked to accelerated biological
aging. Additionally, CD8+ KLRG1+ CD57+ terminally differentiated
effector memory T cells (TEMRA) showed a negative correlation, whereas
CD8+ KLRGI— CD57+ TEMRA cells correlated positively with
biological-age residuals. These findings point to targeted shifts in CD8+
memory and terminal differentiation dynamics, indicating a specific CD8+
differentiation pattern rather than a generalized pro-inflammatory profile
(Table 3).

Three new categories of centenarians are presented: vigorous (10%),
resilient (46.25%), and vulnerable (43.75%) (Fig. 2). No significant differ-
ences in cytokine levels were observed among these categories (Table 4). The
limited number of vigorous centenarians included in the immunosenes-
cence study precluded a statistical analysis of the cell populations examined
(Table 4).

Group comparisons using one-way analysis of variance (ANOVA)
indicated that centenarians with a history of previous tobacco con-
sumption exhibited significantly higher biological-age residuals com-
pared to those who had never smoked (mean difference = 0.46, p = 0.01),
suggesting lasting effects of past smoking on biological aging (Table 5).
Although current smoking did not show a significant effect, the small
number of active smokers may have limited statistical power. A trend
toward lower biological-age residuals was observed in individuals
reporting regular physical activity two to three times per week
(mean = —0.701, p=0.06) (Table 5). In terms of mental health, a sig-
nificant difference in biological aging was found across categories of
depressive symptoms (p = 0.03), with those classified as having severe
depression presenting markedly elevated biological-age residuals
(mean =2.371), indicating a potential link between depressive symp-
toms and accelerated aging (Table 5).

No significant associations were identified between biological-age
residuals and current or past alcohol use, insomnia, frailty status, nutritional
status, or most measures of cognitive function, including MMSE and CDR-
SB categories (Table 5). However, centenarians who reported being “dis-
satisfled” or “extremely dissatisfied” with their lives showed extreme
biological-age values, though group sizes were small (Table 5). No differ-
ences in biological-age residuals were observed across IHGs, suggesting that
subjective and biological markers of immune resilience may not
always align.

Discussion

This study assessed the relationship between biological age (PhenoAge),
immunosenescence (encompassing immune cell populations and a cyto-
kine panel), and age-related clinical variables within a cohort of Colombian
centenarians. The results provide novel insights into the complexity of
biological aging during extreme longevity and challenge prevailing
assumptions about the inevitability of immunosenescence in advanced age.
These findings underscore the need to evaluate not only biological age as a
static endpoint but also to consider its dynamic progression, namely, the
pace of aging.
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Table 3 | Correlations of cognitive health and immune-
senescence markers with biological age

Table 3 (continued) | Correlations of cognitive health and
immune-senescence markers with biological age

Variable Correlation p-Value Variable Correlation p-Value
QoL (WHOQOL-AGE) —-0.338 0.004 CD4+ KLRG1- CD57- T cells (%) -0.100 0.554
Well-being (SWLS) —0.096 0.325 CD4+ CM T cells (%) —0.143 0.395
Depression (GDS-15) 0.110 0.251 CD4+ CD27 +CD28 + CM T cells (%) 0.094 0.577
Cytokines (n=114) CD4+ CD27+ CD28— CM T cells (%) —0.155 0.357
RANTES 0.318 0.003 CD4+ CD27— CD28+ CM T cells (%) 0.228 0.173
G-CSF 0.252 0.023 CD4+ CD27— CD28— CM T cells (%) —-0.152 0.366
IL-18 0.178 0.110 CD4+ CD95+ CM T cells (%) —-0.078 0.643
IL-2 —0.059 0.599 CD4+ KLRG1 + CD57 + CM T cells (%) 0.010 0.949
IL-4 0.100 0.372 CD4+ KLRG1+ CD57— CM T cells (%) 0.130 0.442
IL-5 0.066 0.555 CD4+ KLRG1— CD57+ CM T cells (%) 0.180 0.285
IL-6 0.120 0.282 CD4+ KLRG1- CD57— CM T cells (%) —0.150 0.376
IL-7 0.049 0.657 CD4+ EMT cells (%) 0.150 0.375
IL-8 0.100 0.373 CD4+ CD27+ CD28+ EM T cells (%) - -
IL-9 —0.091 0.414 CD4+ CD27-+ CD28— EM T cells (%) - -
IL-10 0.157 0.160 CD4+ CD27— CD28+ EM T cells (%) —-0.120 0.476
IL-12p70 0.088 0.433 CD4+ CD27— CD28— EM T cells (%) 0.120 0.477
IL-13 0.114 0.307 CD4+CD95+EM T cells (%) —-0.071 0.675
IL-17A 0.091 0.415 CD4+ KLRG1+ CD57+ EM T cells (%) 0.012 0.940
TNFa 0.147 0.189 CD4+ KLRG1+ CD57— EM T cells (%) —0.006 0.968
GM-CSF —0.074 0.508 CD4+ KLRG1— CD57+ EM T cells (%) 0.266 0.111
MCP-1 0.093 0.406 CD4+ KLRG1- CD57— EM T cells (%) -0.113 0.505
IFNa 0.1295 0.249 CD4+ Naive T cells (%) -0.178 0.289
IFNy 0.034 0.760 CD4+ CD27-+ CD28+ Naive T cells (%) 0.070 0.679
MIG —-0.007 0.948 CD4+ CD27-+ CD28— Naive T cells (%) —0.144 0.394
Immune cell populations (n =42) CD4+ CD27- CD28+ Naive T cells (%) 0.145 0.391
Lymphocytes (%) —0.285 0.088 CD4+CD27— CD28— Naive T cells (%) —0.062 0.711
CD19+ B cells (%) —0.236 0.160 CD4+ CD95+ Naive T cells (%) 0.169 0.316
Double-negative B cells (%) 0.186 0.270 CD4+ KLRG1+ CD57+ Naive T cells (%) 0.039 0.815
Naive B cells (%) —0.276 0.099 CD4+ KLRG1+ CD57— Naive T cells (%) —0.106 0.531
Switched memory B cells (%) 0.155 0.359 CD4+ KLRG1— CD57+ Naive T cells (%) -0.123 0.467
Unswitched memory B cells (%) —0.192 0.255 CD4+ KLRG1— CD57— Naive T cells (%) 0.045 0.792
CD3+ T cells (%) 0.111 0.515 CD4+ TEMRAT cells (%) 0.008 0.957
CD3+ CD27+ CD28+ T cells (%) —0.067 0.692 CD4+ CD27+ CD28+ TEMRAT cells (%) - -
CD3+ CD27+ CD28— T cells (%) —0.070 0.683 CD4+ CD27+ CD28— TEMRAT cells (%) - -
CD3+ CD27— CD28+ T cells (%) 0.018 0.914 CD4+ CD27— CD28+ TEMRAT cells (%) 0.001 0.998
CD3+CD27- CD28- T cells (%) 0.085 0.619 CD4+ CD27— CD28— TEMRAT cells (%) 0.022 0.896
CD3+ CD95+ T cells (%) 0.013 0.938 CD4+ CD95+ TEMRAT cells (%) 0.071 0.672
CD3+ KLRG1+ CD57+ T cells (%) —0.096 0.571 CD4+ KLRG1+ CD57+ TEMRAT cells (%) 0.228 0.174
CD3+ KLRG1+ CD57- T cells (%) 0.007 0.967 CD4+ KLRG1+ CD57— TEMRAT cells (%) -0.219 0.192
CD3 + KLRG1— CD57 + T cells (%) 0.252 0.133 CD4+ KLRG1— CD57+ TEMRAT cells (%) 0.079 0.639
CD3 + KLRG1— CD57— T cells (%) —0.037 0.826 CD4+ KLRG1— CD57— TEMRAT cells (%) -0.135 0.423
CD4+ T cells (%) 0.049 0.772 CD8+ T cells (%) 0.039 0.814
CD4+ CD27+ CD28+ T cells (%) -0.132 0.435 CD8+ CD27-+ CD28+ T cells (%) -0.177 0.295
CD4+ CD27+ CD28— T cells (%) -0.114 0.498 CD8+ CD27-+ CD28— T cells (%) —0.033 0.848
CD4+ CD27— CD28+ T cells (%) 0.009 0.954 CD8+ CD27— CD28+ T cells (%) 0.014 0.933
CD4+ CD27- CD28— T cells (%) 0.144 0.392 CD8+ CD27— CD28— T cells (%) 0.162 0.338
CD4+ CD95+ T cells (%) —0.092 0.585 CD8+ CD95+ T cells (%) 0.056 0.743
CD4+ KLRG1+ CD57+ T cells (%) 0.088 0.604 CD8+ KLRG1+ CD57+ T cells (%) —0.221 0.189
CD4+ KLRG1 + CD57— T cells (%) 0.053 0.751 CD8+KLRG1+CD57- T cells (%) 0.124 0.467
CD4+ KLRG1- CD57+ T cells (%) 0.090 0.595 CD8+ KLRG1- CD57+ T cells (%) 0.282 0.091
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Table 3 (continued) | Correlations of cognitive health and
immune-senescence markers with biological age

Variable Correlation p-Value
CD8+ KLRG1— CD57— T cells (%) —0.008 0.961
CD8+ CMT cells (%) —0.095 0.576
CD8+ CD27+ CD28+ CM T cells (%) —0.142 0.402
CD8+ CD27+ CD28— CM T cells (%) —0.020 0.908
CD8+ CD27— CD28+ CM T cells (%) 0.330 0.046
CD8+ CD27— CD28— CM T cells (%) 0.249 0.137
CD8+CD95+CM T cells (%) 0.054 0.750
CD8+KLRG1+CD57+CM T cells (%) 0.217 0.198
CD8+KLRG1+CD57- CM T cells (%) 0.049 0.772
CD8+KLRG1- CD57+CM T cells (%) 0.074 0.663
CD8+KLRG1- CD57- CM T cells (%) —0.126 0.457
CD8+ EMT cells (%) 0.454 0.005
CD8+ CD27+ CD28 + EM T cells (%) - -
CD8+ CD27+ CD28— EM T cells (%) - -
CD8+ CD27— CD28 + EM T cells (%) —0.175 0.301
CD8+ CD27— CD28— EM T cells (%) 0.163 0.336
CD8+ CD95+ EM T cells (%) —0.093 0.584
CD8+ KLRG1+ CD57 + EM T cells (%) —0.145 0.391
CD8+ KLRG1+ CD57- EM T cells (%) 0.116 0.496
CD8+ KLRG1- CD57 + EM T cells (%) 0.213 0.205
CD8+ KLRG1- CD57- EM T cells (%) —0.044 0.797
CD8+ Naive T cells (%) —0.299 0.072
CD8+ CD27+ CD28+ Naive T cells (%) —0.269 0.107
CD8+ CD27+ CD28— Naive T cells (%) 0.264 0.114
CD8+ CD27— CD28+ Naive T cells (%) 0.036 0.833
CD8+ CD27— CD28— Naive T cells (%) 0.127 0.454
CD8+ CD95+ Naive T cells (%) —0.056 0.743
CD8 + KLRG1+ CD57+ Naive T cells (%) —0.070 0.680
CD8+ KLRG1+ CD57— Naive T cells (%) -0.134 0.431
CD8+ KLRG1— CD57+ Naive T cells (%) 0.053 0.754
CD8+ KLRG1- CD57— Naive T cells (%) 0.148 0.381
CD8+ TEMRAT cells (%) —0.147 0.386
CD8+ CD27+ CD28+ TEMRAT cells (%) - -
CD8+ CD27+ CD28— TEMRAT cells (%) - -
CD8+ CD27— CD28 + TEMRA T cells (%) —0.103 0.545
CD8+ CD27— CD28— TEMRAT cells (%) 0.117 0.490
CD8+CD95+TEMRA T cells (%) 0.169 0.318
CD8+KLRG1+CD57+TEMRAT cells (%) —0.390 0.017
CD8+KLRG1+CD57- TEMRAT cells (%) -0.018 0.914
CD8+KLRG1- CD57+TEMRAT cells (%) 0.347 0.035
CD8+KLRG1- CD57- TEMRAT cells (%) 0.304 0.067
CD4/CD8 ratio 0.103 0.540
Vitamins (n = 143)

Vitamin D —0.047 0.624
Vitamin B12 0.111 0.249

The regression of biological age on chronological age depicted in Fig. 1
establishes a mathematical connection that elucidates the changes in bio-
logical age as chronological age advances and helps in understanding the
variety of aging processes among the evaluated centenarians and identifying
factors that may expedite or mitigate biological aging in relation to

chronological aging. Consistent with previous findings in extreme
longevity'®, our estimation of biological age using PhenoAge revealed
considerable inter-individual variability among centenarians, even after
adjusting for sex and chronological age'®. Importantly, the biological-age
residuals were significantly associated with markers of immune system
dysregulation, particularly elevated levels of RANTES and G-CSF, sug-
gesting that immune-inflammatory activity remains a component of the
biological aging phenotype in late life’.

In our centenarian group, high RANTES levels were correlated with
accelerated biological age (Table 3). When compared with previous studies,
our values are much higher than those reported in healthy older adults
(=830 pg/mL), but still lower than the extreme elevations described in
conditions such as early Alzheimer’s disease (=75,000 pg/mL)". Other
reports in vascular disease also describe values in the 10,000-15,000 pg/mL
range'’. This means that Colombian centenarians show an intermediate
pattern: RANTES levels are substantially above what is expected in healthy
aging, but below those seen in major pathological states'"'*. From a biolo-
gical perspective, this suggests a chronic, but not overwhelming, pro-
inflammatory activation.

This may indicate that centenarians sustain an ‘intermediate’ state of
controlled inflammation, suggesting an immunological resilience
mechanism that permits a degree of activation without progressing to overt
damage. RANTES could act as a signal for immune recruitment and tissue
repair. The intermediate levels observed in centenarians may therefore
represent a balance between chronic inflammation and compensatory
repair mechanisms.

Also, average G-CSF levels were close to 0.9 ng/mL (=900 pg/mL).
Comparative studies in healthy adults indicate that baseline values are fre-
quently very low or undetectable, usually below 100 pg/mL". In special
conditions such as substance use disorders, control subjects without
comorbidities show average concentrations around 2000 pg/mL, while
affected patients may present reduced values closer to 1400 pg/mL*. This
means that centenarians from our study lie between what is considered a
normal resting state and the higher levels seen in clinical populations,
suggesting a persistent though moderate activation of this growth factor.
Biologically, G-CSF supports granulocyte production and the mobilization
of bone marrow cells”’. While this is protective in acute stress, its chronic
elevation may contribute to “myeloid skewing” and reduced lymphocyte
renewal, phenomena that have been described as hallmarks of immune
aging". Supporting this notion, senescent cells have been shown to mark-
edly increase G-CSF secretion, and genetic studies in telomerase-deficient
mice revealed that telomere dysfunction elevates serum G-CSF, thereby
reinforcing this myeloid skewing phenotype™*.

Interestingly, a paradoxical decline in circulating neutrophils despite
elevated G-CSF, together with evidence that blood neutrophils from aged
rhesus macaques are less functional, has been reported”. Aging disrupts
neutrophil homeostasis, reduces their chemotaxis and antimicrobial func-
tion, and prolongs of inflammatory responses™. Nevertheless, evidence
from a study in healthy centenarians showed that this group displayed
superior neutrophil function compared with middle-aged adults, with levels
approaching those of young subjects, suggesting that extreme longevity may
involve compensatory mechanisms that counterbalance age-associated
decline®. Finally, the observed positive correlation between G-CSF and
biological age in our data suggests that, even at modestly elevated levels, this
factor could act as a signal of accelerated immune aging in extreme
longevity.

In large population studies, aging is consistently associated with a
decline in CD8 + T cells, an expansion of the CD4+/CD8+ ratio, loss of
naive T cells, and accumulation of terminally differentiated subsets, together
with an increase in NK cells and a reduction in circulating B cells**””. In our
data, centenarians followed these general trajectories: CD8+ counts were at
the lower limit of normal, the CD4+/CD8+ ratio was markedly elevated,
and naive subsets were diminished but not absent. Interestingly, residual
pools of central memory and NK cells remained detectable (Table 3), sug-
gesting that, even at extreme ages, the immune system retains functional
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Factor map

Dim2 (11.6%)

Fig. 2 | Multivariate centenarians cluster classification. Factor map for obtained
clusters of centenarians by mixed-cluster methodology using the total scores of Quality
of Life, Mini Nutritional Assessment (MNA), Barthel Index, Lawton & Brody scale
(L&B), Short Physical Performance Battery (SPPB), and the Mini-Mental State
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Examination (MMSE). A total of three clusters were obtained through this methodol-
ogy: Vulnerable (Cluster 1, n = 70, 43.75%), Resilient (Cluster 2, n = 74, 46.25%), and

Vigorous (Cluster 3, n = 16, 10%). *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001
by two-way ANOVA adjusted for multiple comparisons with the Tukey Test.

Table 4 | Age and sex-adjusted means (SE) of immune-senescence markers by cluster

Variable Cluster p-Value
Vulnerable Resilient Vigorous
Cytokines n=49 n=>50 n=15
RANTES 7445 (253) 7796 (232) 7433 (407) 0.50
G-CSF 0.53 (0.28) 0.86 (0.26) 0.77 (0.46) 0.66
IL-18 2.2 (6.6) 8.9 (6.0) 4.8 (10.6) 0.72
IL-2 1.0(1.1) 2.6(1.0) 0.20(1.7) 0.35
IL-4 0.54 (0.22) 0.69 (0.20) 0.44 (0.35) 0.77
IL-5 0.27 (0.15) 0.43(0.14) 0.75 (0.24) 0.25
IL-6 201.8 (121.5) 42.5(111.5) 22.2 (195.6) 0.54
IL-7 2.0(0.2) 2.3(0.2) 2.3(0.4) 0.38
IL-8 1833 (4128) 4753 (3788) 523 (6648) 0.79
IL-9 0.05 (0.04) 0.33(0.22) 0(0) 0.45
IL-10 1.27 (0.33) 0.95 (0.31) 0.87 (0.54) 0.70
IL-12p70 0.10 (0.05) 0.17 (0.04) 0.04 (0.08) 0.23
IL-13 0.029 (0.015) 0.035 (0.014) 0.005 (0.025) 0.58
IL-17A 0.07 (0.63) 0.95 (0.58) 1.12(1.02) 0.49
TNFa 13.9(8.3) 13.7 (7.6) 11.3 (13.4) 0.99
GM-CSF 0.53 (0.28) 0.86 (0.26) 0.77 (0.46) 0.66
MCP-1 50.3 (7.7) 47.8(7.1) 50.5 (12.4) 0.96
IFNa 0.27 (0.42) 0.66 (0.38) 0.95 (0.67) 0.63
IFNy 0(0) 0.29 (0.21) 0.15(0.36) 0.43
Immune cell populations* n=11 n=29 n=2
Leukocytes 6.19 (0.30) 6.17 (0.26) 5.69 (0.53) N.A.
Lymphocytes 1.75(0.13) 1.75(0.12) 1.93(0.23) N.A.
CD19+ B cells (%) 6.96 (0.97) 5.97 (0.60) 8.39(2.32) N.A.
Double-negative B cells (%) 39.23 (4.79) 42.40 (2.95) 43.37 (11.47) N.A.
Naive B cells (%) 29.29 (4.49) 26.19 (2.77) 33.11 (10.75) N.A.
Switched memory B cells (%) 30.46 (3.40) 29.88 (2.10) 22.37 (8.14) N.A.
Unswitched memory B cells (%) 1.56 (0.38) 1.52 (0.23) 1.17(0.91) N.A.
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Table 4 (continued) | Age and sex-adjusted means (SE) of immune-senescence markers by cluster

Variable Cluster p-Value
Vulnerable Resilient Vigorous
CD3+ T cells (%) 46.87 (3.27) 47.52 (2.02) 54.74 (7.83) N.A.
CD3+ CD27+ CD28+ T cells (%) 58.25 (4.44) 51.20 (2.74) 41.85 (10.63) N.A.
CD3+ CD27+ CD28- T cells (%) 4.61(2.77) 8.15 (1.71) 2.23 (6.62) N.A.
CD3+ CD27- CD28 + T cells (%) 12.37 (1.57) 12.54 (0.97) 13.23 (3.75) N.A.
CD3+ CD27- CD28- T cells (%) 23.70 (4.36) 28.17 (2.69) 42.63 (10.45) N.A.
CD3+ CD95+ T cells (%) 10.21 (2.05) 9.86 (1.27) 11.74 (4.92) N.A.
CD3+ KLRG1+ CD57+ T cells (%) 8.24 (2.30) 10.74 (1.42) 25.21 (5.52) N.A.
CD3+ KLRG1+ CD57— T cells (%) 18.34 (1.72) 13.97 (1.06) 15.34 (4.11) N.A.
CD3+ KLRG1- CD57+ T cells (%) 3.53 (0.94) 5.91 (0.58) 3.87 (2.24) N.A.
CD3+ KLRG1- CD57— T cells (%) 69.02 (3.56) 69.42 (2.20) 55.48 (8.54) N.A.
CD4+ T cells (%) 41.57 (8.85) 34.69 (5.46) 26.34 (21.20) N.A.
CD4+ CD27+ CD28+ T cells (%) 479 (11.2) 41.5(6.9) 33.3(26.9) N.A.
CD4+ CD27+ CD28- T cells (%) 3.1 (4.1) 8.4 (2.5) 1.2 (9.8) N.A.
CD4+ CD27- CD28+ T cells (%) 8.8 (2.4) 11.5(1.5) 10.6 (5.8) N.A.
CD4-+ CD27- CD28- T cells (%) 38.03 (12.14) 38.73(7.48) 54.70 (29.07) N.A.
CD4+ CD95+ T cells (%) 3.49 (1.25) 2.95(0.77) 2.56 (3.00) N.A.
CD4+ KLRG1+ CD57+ T cells (%) 12.57 (6.94) 19.27 (4.28) 41.97 (16.64) N.A.
CD4+ KLRG1+ CD57— T cells (%) 18.44 (5.31) 15.50 (3.28) 11.70 (12.73) N.A.
CD4+ KLRG1- CD57+ T cells (%) 3.87 (2.32) 6.71 (1.43) 1.13 (5.56) N.A.
CD4+ KLRG1- CD57— T cells (%) 86.49 (5.06) 85.55 (3.12) 86.81(12.12) N.A.
CD4+ CM T cells (%) 38.83 (9.08) 39.19 (5.60) 29.40 (21.75) N.A.
CD4+ CD27-+ CD28+ CM T cells (%) 85.95 (4.91) 78.95 (3.03) 79.97 (11.76) N.A.
CD4+ CD27+ CD28- CM T cells (%) 4.75 (4.33) 9.48 (2.67) 1.79 (10.36) N.A.
CD4-+ CD27- CD28+ CM T cells (%) 8.47 (1.79) 9.17 (1.11) 13.28 (4.30) N.A.
CD4+ CD27— CD28— CM T cells (%) 0.40 (1.33) 2.43(0.82) 4.93 (3.18) N.A.
CD4+ CD95+ CM T cells (%) 8.86 (2.36) 8.21 (1.45) 11.23 (5.65) N.A.
CD4+ KLRG1+ CD57+ CM T cells (%) 1.23 (1.06) 2.57 (0.65) 1.66 (2.54) N.A.
CD4+ KLRG1+ CD57- CM T cells (%) 10.05 (3.85) 10.14 (2.37) 12.40 (9.22) N.A.
CD4+ KLRG1- CD57+ CM T cells (%) 1.43(0.87) 1.77 (0.54) 0.00 (0.00) N.A.
CD4+ KLRG1— CD57— CM T cells (%) 86.49 (5.06) 85.55(3.12) 86.81(12.12) N.A.
CD4+EMT cells (%) 37.22 (9.06) 41.93 (5.59) 37.43 (21.71) N.A.
CD4+ CD27+ CD28+ EM T cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD4+ CD27+ CD28— EM T cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD4+ CD27— CD28+ EMT cells (%) 51.06 (10.15) 46.87 (6.26) 47.60 (24.30) N.A.
CD4+ CD27- CD28- EM T cells (%) 48.91 (10.15) 53.13 (6.26) 52.40 (24.31) N.A.
CDA4+ CD95+ EM T cells (%) 3.87 (1.74) 4.02 (1.07) 5.14 (4.17) N.A.
CD4+ KLRG1+ CD57+ EM T cells (%) 19.75 (6.97) 25.52 (4.30) 39.50 (16.69) N.A.
CD4+ KLRG1+ CD57- EM T cells (%) 29.28 (5.09) 23.34 (3.14) 23.34 (3.14) N.A.
CD4+ KLRG1- CD57+ EM T cells (%) 7.52 (2.73) 9.76 (1.69) 0.00 (0.00) N.A.
CD4+ KLRG1- CD57- EM T cells (%) 41,63 (8.99) 41.44 (5.55) 35.25 (21.54) N.A.
CD4+ Naive T cells (%) 13.60 (3.03) 10.84 (1.87) 4.82(7.27) N.A.
CD4+ CD27+ CD28+ Naive T cells (%) 85.87 (8.13) 75.69 (5.02) 70.78 (19.49) N.A.
CD4+ CD27+ CD28- Naive T cells (%) 6.86 (5.03) 13.64 (3.10) 7.23 (12.05) N.A.
CD4+ CD27— CD28+ Naive T cells (%) 414 (2.92) 4.46 (1.80) 1.80(7.01) N.A.
CD4+ CD27— CD28— Naive T cells (%) 3.03 (4.57) 6.21(2.82) 20.20 (10.94) N.A.
CD4+ CD95+ Naive T cells (%) 2.91(1.21) 1.73(0.75) 1.08 (2.91) N.A.
CD4+ KLRG1+ CD57+ Naive T cells (%) 4.24 (4.01) 5.30 (2.47) 21.63 (9.60) N.A.
CDA4+ KLRG1+ CD57- Naive T cells (%) 213 (2.11) 3.81(1.30) 0.66 (5.06) N.A.
CD4+ KLRG1- CD57+ Nalive T cells (%) 1.77 (1.69) 2.73(1.04) 0.00 (0.00) N.A.
CD4+ KLRG1- CD57— Nalive T cells (%) 91.85 (5.40) 88.16 (3.33) 79.07 (12.94) N.A.
CD4+ TEMRAT cells (%) 6.05 (4.90) 8.26 (3.02) 28.00 (11.74) N.A.
CD4+ CD27+ CD28 + TEMRAT cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
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Table 4 (continued) | Age and sex-adjusted means (SE) of immune-senescence markers by cluster

Variable Cluster p-Value
Vulnerable Resilient Vigorous
CD4+ CD27+ CD28— TEMRAT cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD4+ CD27— CD28+ TEMRA T cells (%) 48.81 (8.51) 41.44 (5.25) 4.42 (20.39) N.A.
CD4+ CD27— CD28— TEMRA T cells (%) 53.20 (8.52) 58.46 (5.25) 95.80 (20.41) N.A.
CD4+ CD95+ TEMRA T cells (%) 7.42 (2.17) 2.14(1.34) 0.01 (5.19) N.A.
CD4+ KLRG1+ CD57+ TEMRA T cells (%) 30.24 (9.29) 31.97 (5.73) 42.63 (22.25) N.A.
CD4+ KLRG1+ CD57— TEMRA T cells (%) 29.26 (6.31) 23.94 (3.89) 26.90 (15.11) N.A.
CD4+ KLRG1— CD57+TEMRAT cells (%) 11.67 (3.59) 10.78 (2.21) 24.71 (8.60) N.A.
CD4+ KLRG1— CD57— TEMRA T cells (%) 26.64 (9.22) 33.44 (5.68) 5.52 (22.08) N.A.
CD8+ T cells (%) 30.67 (3.33) 28.90 (2.05) 37.54 (7.97) N.A.
CD8+ CD27+ CD28+ T cells (%) 37.62 (3.89) 28.91 (2.40) 27.54 (9.31) N.A.
CD8+ CD27+ CD28- T cells (%) 9.33 (2.73) 13.18 (1.68) 3.76 (6.54) N.A.
CD8+ CD27— CD28+ T cells (%) 10.35 (2.40) 9.38 (1.48) 6.08 (5.75) N.A.
CD8+ CD27— CD28— T cells (%) 42.92 (4.85) 48.54 (2.99) 62.68 (11.63) N.A.
CD8+ CD95+ T cells (%) 1.14 (0.50) 1.30 (0.31) 1.10 (1.20) N.A.
CD8+ KLRG1+ CD57+ T cells (%) 19.27 (3.59) 22.63 (2.21) 38.46 (8.59) N.A.
CD8+ KLRG1+ CD57- T cells (%) 39.82 (2.75) 31.68 (1.70) 29.24 (6.59) N.A.
CD8+ KLRG1- CD57+ T cells (%) 4.10 (1.46) 9.44 (0.90) 5.97 (3.49) N.A.
CD8+ KLRG1- CD57- T cells (%) 36.48 (3.84) 36.25 (2.37) 26.35 (9.19) N.A.
CD8+ CM T cells (%) 40.75 (4.01) 35.87 (2.47) 23.51 (9.60) N.A.
CDB8+ CD27+ CD28+ CM T cells (%) 82.36 (3.28) 76.28 (2.02) 88.15 (7.85) N.A.
CD8+ CD27+ CD28— CM T cells (%) 8.70 (2.88) 14.21 (1.78) 3.84 (6.91) N.A.
CD8+ CD27— CD28+ CM T cells (%) 6.88 (1.09) 6.26 (0.67) 5.85 (2.60) N.A.
CD8+ CD27— CD28— CM T cells (%) 1.79 (0.60) 3.26 (0.37) 2.14 (1.43) N.A.
CD8+ CD95+ CM T cells (%) 3.25(1.22) 3.55 (0.75) 6.65 (2.91) N.A.
CD8+ KLRG1+ CD57+ CM T cells (%) 3.44 (0.78) 4.32(0.48) 5.61 (1.86) N.A.
CD8+ KLRG1+ CD57- CM T cells (%) 42,52 (3.43) 34.46 (2.11) 38.12 (8.20) N.A.
CD8+ KLRG1- CD57+ CM T cells (%) 1.66 (0.68) 3.01(0.42) -0.14 (1.64) N.A.
CD8+ KLRG1- CD57- CM T cells (%) 51.70 (3.85) 58.26 (2.37) 56.34 (9.23) N.A.
CD8+ EM T cells (%) 30.42 (3.67) 28.38 (2.26) 25.73 (8.79) N.A.
CD8+ CD27+ CD28+ EM T cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD8+ CD27+ CD28— EM T cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD8-+ CD27- CD28 + EM T cells (%) 41.69 (5.71) 34.22 (3.52) 38.54 (13.68) N.A.
CD8+ CD27- CD28- EM T cells (%) 57.54 (5.65) 65.82 (3.49) 61.39 (13.55) N.A.
CD8+ CD95+ EM T cells (%) 1.75 (1.05) 2.94 (0.64) 2.24 (2.50) N.A.
CD8+ KLRG1+ CD57+ EM T cells (%) 29.38 (5.02) 31.67 (3.10) 48.56 (12.03) N.A.
CD8+ KLRG1+ CD57— EM T cells (%) 43.33(3.17) 26.81 (1.96) 28.92 (7.61) N.A.
CD8+ KLRG1— CD57 + EM T cells (%) 6.87 (2.85) 15.42 (1.76) 4.63 (6.82) N.A.
CD8+ KLRG1— CD57— EM T cells (%) 23.26 (3.54) 25.94 (2.19) 18.15 (8.49) N.A.
CD8+ Naive T cells (%) 6.18 (1.49) 6.22 (0.92) 7.76 (3.56) N.A.
CD8+ CD27+ CD28+ Naive T cells (%) 63.68 (5.08) 58.40(3.13) 61.48 (12.17) N.A.
CD8+ CD27+ CD28- Naive T cells (%) 23.88 (4.03) 25.37 (2.49) 21.85 (9.66) N.A.
CD8+ CD27- CD28+ Naive T cells (%) 4.86 (1.57) 5.97 (0.97) 4.113.75) N.A.
CD8+ CD27— CD28— Naive T cells (%) 7.71 (1.90) 10.25 (1.17) 12.56 (4.55) N.A.
CD8+ CD95+ Naive T cells (%) 0.60 (0.45) 1.03(0.28) 0.03 (1.08) N.A.
CD8+ KLRG1+ CD57+ Naive T cells (%) 5.26 (2.05) 7.85(1.27) 3.67 (4.92) N.A.
CD8+ KLRG1+ CD57- Naive T cells (%) 37.59 (6.67) 35.21 (4.11) 24.71(15.97) N.A.
CD8+ KLRG1- CD57+ Nalive T cells (%) 0.84 (0.67) 1.98 (0.41) 5.46 (1.60) N.A.
CD8+ KLRG1- CD57- Naive T cells (%) 57.11 (7.35) 54.92 (4.53) 66.17 (17.60) N.A.
CD8+ TEMRAT cells (%) 25.14 (4.76) 29.42 (2.94) 43.25 (11.41) N.A.
CD8+ CD27+ CD28+ TEMRAT cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD8+ CD27+ CD28— TEMRAT cells (%) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) N.A.
CD8+ CD27- CD28+ TEMRAT cells (%) 20.88 (3.98) 18.94 (2.45) 10.29 (9.52) N.A.
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Table 4 (continued) | Age and sex-adjusted means (SE) of immune-senescence markers by cluster

Variable Cluster p-Value
Vulnerable Resilient Vigorous
CD8+ CD27- CD28- TEMRAT cells (%) 79.69 (3.98) 81.03 (2.45) 89.78 (9.53) N.A.
CD8+ CD95+ TEMRAT cells (%) 0.38 (0.14) 0.32 (0.09) 0.40 (0.34) N.A.
CD8+ KLRG1+ CD57+ TEMRAT cells (%) 38.33 (6.07) 34.19 (3.74) 52.07 (14.53) N.A.
CD8+ KLRG1+ CD57— TEMRAT cells (%) 40.11 (4.52) 33.55 (2.79) 23.54 (10.82) N.A.
CD8+ KLRG1- CD57+ TEMRA T cells (%) 7.25(3.23) 14.41 (1.99) 14.43 (7.74) N.A.
CD8+ KLRG1— CD57- TEMRAT cells (%) 16.98 (5.27) 17.73 (3.25) 10.26 (12.63) N.A.
CD4+ CD8+ T cells (%) 0.50 (0.16) 0.49 (0.10) 0.14 (0.37) N.A.
CD4/CD8 ratio 1.67 (0.44) 1.40(0.27) 0.64 (1.06) N.A.
Vitamins n=61 n=67 n=15
Vitamin D 29.71 (6.53) 41.37 (5.62) 32.58 (11.67) 0.35
Vitamin B12 467.45 (43.85) 417.04 (37.70) 713.11(78.31) 0.004
Inflammation/acute-phase n=62 n=67 n=16
C-reactive protein 5.39 (1.39) 2.69 (1.21) 5.86 (2.42) 0.23
ESR 32.22 (3.55) 35.10 (2.99) 23.95 (5.55) 0.21
Ferritin 188.28 (21.83) 195.35 (18.47) 128.83 (38.29) 0.30

*Spite of low sample size it should be noticed that vigorous centenarians disclosed higher levels of memory T cells (CD4+ TEMRA, CD3+ KLRG1+ CD57+ , CD8+ KLRG1— CD57+ Naive T cells) and less
CD8+ KLRG1+ CD57— T cells and CD8+ KLRG1— CD57+ EMT cells as compared with vulnerable and resilient centenarians. Vulnerable centenarians had higher levels of CD8+ KLRG1+ CD57— T cells,
while resilient centenarians disclosed higher levels of CD8+ KLRG1— CD57+ T cells.
CM central memory, EM effector memory, ESR erythrocyte sedimentation rate, G-CSF granulocyte colony-stimulating factor, GDS-15 geriatric depression scale-15 items, GM-CSF granulocyte-macrophage
colony-stimulating factor, IFN-y interferon-gamma, IL interleukin, MCP-1 monocyte chemoattractant protein-1, N.A. not applicable, QoL quality of life, RANTES regulated on activation, normal T cell expressed
and secreted, SWLS satisfaction with life scale, TEMRA terminally differentiated effector memory T cells, TNF-a tumor necrosis factor-alpha, WHOQOL-AGE World Health Organization Quality of Life AGE.

Table 5 | Mean biological age residuals based on lifestyle
variables and health outcomes in centenarians

Table 5 (continued) | Mean biological age residuals based on
lifestyle variables and health outcomes in centenarians

Variable Mean SD p-Value Variable Mean SD p-Value
Current tobacco consumption 0.34 Extremely dissatisfied 2.371 0

No 0.012 0.964 COVID-19 history 0.88

Yes —0.438 1.223 No —0.005 0.977
Previous tobacco consumption 0.01 Yes 0.032 0.942

No —-0.230 0.999 Frailty 0.90

Yes 0.230 0.885 No -0.005 0.920
Current alcohol consumption 0.54 Pre-frail -0.077 0.948

No 0.019 0.961 Yes 0.024 0.985

Yes —0.161 1.056 Sarcopenia 0.37
Previous alcohol consumption 0.93 No 0.132 0.819

No —0.006 0.910 Yes —0.050 1.019

Yes 0.009 1.058 Nutritional status 0.41
Regular exercise 0.06 Malnutrition 0.060 1.057

No activity or once a week 0.094 0.894 Nutritional risk -0.112 0.905

2 to 3 times per week —0.701 1.178 Good nutrition 0.200 0.981

4 or more times per week —0.038 1.238 Risk falls 0.63
Insomnia 0.76 Low 0.046 0.933

No 0.011 0.988 Risk —0.041 1.004

Yes —0.065 0.867 CDR-SB Scale category 0.57
Life satisfaction 0.08 No dementia 0.080 0.714

Extremely satisfied —0.160 0.918 Questionable dementia 0.119 0.936

Satisfied 0.099 0.812 Mild dementia —0.074 0.956

Somewhat satisfied 0.185 1.077 Moderate dementia 0.083 1.182

Neutral —-0.332 1.613 Severe dementia -0.317 1.096

Somewhat dissatisfied 0.386 0.795 MMSE category 0.29

Dissatisfied —1.296 0 Normal 0.050 1.198
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Table 5 (continued) | Mean biological age residuals based on
lifestyle variables and health outcomes in centenarians

Variable Mean SD p-Value
Mild impairment 0.187 0.792
Moderate impairment 0.037 0.936
Severe impairment -0.217 1.108

Yesavage scale categories 0.03
Normal 0.035 0.902
Moderate depression -0.212 1.236
Severe depression 2.371 0

Immune Health Grade 0.72
| —0.084 0.997
I 0.260 1.001
v 0.041 0.942

diversity. This mixed picture illustrates the paradox of immunosenescence:
classical features of aging coexist with preserved or adapted subsets that may
contribute to immune resilience'’. Such heterogeneity reinforces the idea
that extreme longevity does not simply reflect a slower rate of immune
decline, but rather a reorganization of the immune repertoire that balances
vulnerability with compensation™"'.

A new categorization of centenarians based on patient-reported
outcomes is presented (Fig. 2). Previously, three centenarians’ categories
have been defined by Evert et al.”®: (1) Escapers (individuals who reach
and continue beyond the age of 100 without age-related chronic dis-
eases); (2) Delayers (those who develop these diseases late in life after
becoming centenarians), and (3) Survivors (those who reach and con-
tinue beyond 100 years while living with age-related chronic diseases).
Among these, the Escaper phenotype is considered the most prevalent in
Colombians™.

The primary difference between our classification of centenarians and
the classification by Evert et al.” lies in the criteria and methodology used for
categorization. Our classification gives a snapshot of the centenarian’s
current clinical status, while Evert et al.” offer a perspective on their lifetime
disease trajectory. Both classifications provide valuable insights into long-
evity, but they address different aspects of the centenarian experience.

As mentioned, not all centenarians evaluated showed signs of immu-
nosenescence. A substantial proportion exhibited immune parameters
comparable to those described in younger elderly or even midlife popula-
tions, echoing observations in semi-supercentenarians and super-
centenarians who maintain favorable immune cell ratios and preserved
adaptive responses”'. Having high levels of memory T cells, including
subtypes like CD4+ TEMRA, CD3+ KLRG1+ CD57+, among others
(Table 4), observed in vigorous centenarians indicates several important
aspects of an individual’s immune status including previous infections or
vaccination and a balanced memory response capable of mounting a rapid
response to previously encountered antigens™”. KLRG1+ CD57+ is con-
sidered a more terminally differentiated, potentially senescent state with
reduced or exhausted function as compared with KLRG1+ CD57— cells™*.

Contrary to the classic paradigm that positions immunosenescence as
an inherent hallmark of longevity”’, our findings support a more selective
model: while certain centenarians indeed exhibit signs of immune system
exhaustion, others maintain relatively youthful immune signatures. The
subset of centenarians with preserved immune profiles in our cohort also
had lower biological-age residuals and better QoL, suggesting a clustering of
favorable biological trajectories.

Centenarians with higher biological age residuals not only exhibited
worse inflammatory profiles but also reported lower QoL and well-being
scores. These associations remained consistent across different domains of
life satisfaction and psychological health™. The direction of the association
between biological age and physical activity is consistent with previous

reports that indicate a positive association between physical capacity and
biological aging”. On the contrary, centenarians with a history of previous
tobacco consumption and severe depression exhibited significantly higher
biological-age residuals, confirming previous reports showing that these two
conditions represent an important accelerator of the aging process™”".

Vigorous centenarians exhibited elevated levels of vitamin B12 in
comparison to other groups (Table 4). However, in all groups, the levels of
Vitamin B12 fall within the normal range. Vitamin B12 is essential for
various bodily functions, including red blood cell formation, neurological
function, and deoxyribonucleic acid synthesis*. Some research suggests that
adequate levels of vitamin B12 may play a role in promoting longevity and
overall health, primarily through its impact on cellular health and brain
function™.

Beyond the absolute level of biological age, our findings may also
reflect inter-individual differences in the pace of aging, a dynamic
concept that captures the rate at which biological decline occurs over
time”. In our cohort, the combination of lower biological age residuals,
better QoL, and preserved immune markers in a subset of individuals
might reflect a slower pace of aging, possibly due to lifelong resilience
mechanisms or late-life deceleration®. This opens a new avenue for
geroscientific inquiry, as centenarians may not only represent survivors
of mortality risks, but also individuals with inherently slower biological
deterioration over time.

This study presents some limitations that warrant consideration.
The cross-sectional design precludes causal inferences regarding the
directionality of associations between biological age, immunosenes-
cence, and age-related clinical variables, including QoL. Also, the
cross-sectional nature of our biological age estimation, which precludes
direct assessment of the pace of aging over time. Future research should
explore dynamic metrics, such as epigenetic clocks, to better understand
biological aging trajectories in centenarians. The sample size for immuno-
logical profiling was limited, which may have reduced statistical power to
detect associations with certain markers. However, data from centenarians,
regardless the sample size, provides valuable insights into the understanding
of extreme longevity"'. Utilizing these unique data sets can yield valuable
insights that may influence aging science, public health, and personalized
approaches to healthy longevity. The absence of alkaline phosphatase mea-
surements required imputation for phenotypic age estimation, potentially
introducing measurement bias. We did not assess cytomegalovirus ser-
ostatus, which is a known driver of CD8+- differentiation, clonal expansion,
and TEMRA enrichment in advanced age. Therefore, our CD4+/CD8+ and
CD8+ subset patterns must be interpreted cautiously, as underlying latent
infection could not be determined. Finally, the generalizability of the findings
may be constrained by the sociocultural and geographic specificity of the
centenarian cohort.

In summary, by the integration of phenotypic age estimation with
clinical and immunological profiling, it was observed that better QoL,
and well-being were significantly associated with lower biological age,
while depressive symptoms, prior tobacco, elevated levels of RANTES
and G-CSF as well as a distinct CD8+ T cell phenotype were linked to
higher biological age. These findings confirm that biological age, rather
than chronological age, serves as a more accurate indicator of aging
heterogeneity in extreme longevity and underscore the importance of
incorporating biological and clinical measures (ie., translational
research) in geroscience.

From a clinical standpoint, the use of biological age estimation and
immune-inflammatory profiling may contribute to the identification of
individuals at greater risk of functional decline, supporting more precise
approaches in geriatric care. In the research context, the need for
longitudinal studies is underscored to better understand causal rela-
tionships and validate biological aging metrics across diverse popula-
tions. At the policy level, the integration of age-related clinical variables
and biological aging markers into aging-related programs may enhance
intervention design, promote equitable health outcomes, and foster
dignified aging.
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Methods
Study design
Cross-sectional study as part of the Colombian Centenarians Project™.

Setting and participants

Participant data came from the Colombian Centenarians Project, a
nationwide study involving centenarians in Colombia, starting in October
2023”. This study applied simple random sampling to select subjects aged
100 years or older, whose ages were verified by identification documents or
state records, and who provided written informed consent. No exclusion
criteria were determined. The centenarians were assessed at a geriatric
outpatient clinic or at their home and were recruited from five provinces of
Colombia (Atlantico, Bogota D.C., Bolivar, Sucre, and Valle del Cauca).

Variables

The outcomes, whether categorical or quantitative, were the QoL, biological
age and immune profile. Independent variables were sociodemographic,
lifestyle, psychological, and biochemical characteristics.

Data measurement

Data were collected through a semi-structured questionnaire administered
during a medical interview with the centenarian and their caregiver, as
reported elsewhere’. The WHOQOL-AGE scale was utilized to assess QoL*.

All psychological and cognitive measures used were standardized
instruments validated in Spanish and culturally adapted for Colombia. The
CDR-SB evaluates the degree of functional impairment due to cognitive
decline®, whereas the MMSE quantifies current cognitive performance™.
The Geriatric Depression Scale-15 (GDS-15, Yesavage) measures depressive
symptoms®, while the Satisfaction With Life Scale (SWLS) assesses sub-
jective well-being and global life satisfaction®’. Although these domains may
be inter-related, they represent conceptually distinct constructs and have
demonstrated adequate discriminant validity previously™.

Additionally, other standardized clinical scales were used to evaluate
specific geriatric domains. Anxiety was assessed using the Geriatric Anxiety
Inventory-Short Form (GAI-SF)”, a brief instrument validated in older
adults and culturally adapted into Spanish to capture subclinical and clinical
anxiety symptoms*. Frailty was operationalized according to Fried’s phe-
notype criteria”, encompassing unintentional weight loss, exhaustion,
weakness, slow gait speed, and low physical activity, widely applied in epi-
demiologic aging cohorts”. Sarcopenia was screened with the SARC-F
questionnaire”, which reflects muscle strength and functional capacity and
has demonstrated predictive validity in community-dwelling older persons®.

Nutritional status was evaluated through the Mini Nutritional
Assessment (MNA)”, the international gold standard for identifying mal-
nutrition risk in older persons™. Risk of falls was determined by the
Downton scale’’, which integrates medication use, sensory deficits, gait
instability, and previous falls’. Sleep quality was examined using the
Insomnia Severity Index (ISI)*, validated for Spanish-speaking older adults
as a measure of perceived insomnia burden™. Physical performance was
quantified with the Short Physical Performance Battery (SPPB)*, com-
bining balance, gait speed, and chair-stand tests to estimate functional
reserve’’. Each instrument captures a distinct physiological or psychosocial
construct; together they provide a multidimensional view of functional,
emotional, and biological aging. All have validated Spanish versions and
established reliability in Latin American contexts, minimizing redundancy
and ensuring domain-specific assessment®. Finally, immune health was
characterized by the IHG™, a framework that categorizes an individual’s
immune resilience based on the balance of CD4 and CD8 T-cell counts™.

We wused Levine’s equation to calculate biological age
(PhenoAge)™. Levine’s biological age measure is based on nine bio-
chemical parameters (albumin (g/L), creatinine (umol/L), serum glu-
cose (mmol/L), C-reactive protein (mg/dL), lymphocyte percentage,
mean cell volume (fL), red cell distribution width (%), white blood cell
count (1000 cells/uL), and alkaline phosphatase (U/L) along with
chronological age™. Because we did not measure alkaline phosphatase

in the present study, we imputed a value of 86 U/L for all participants
based on the estimated average among older persons™.

To be eligible for the application of this questionnaire, participants did
not need to be fully cognitively intact but able to reliably respond to ques-
tions about themselves. In some cases, caregivers or relatives helped them

comprehend and respond to the questions

Centenarians’ classification

We developed a new classification of centenarians based on patient-
reported outcomes, including QoL*, MNA®, Barthel Index*, Lawton &
Brody scale*’, SPPB*, and the MMSE*. Dynamometry was also included as
a covariate in this analysis”. We used the mixed-cluster methodology
proposed by Lebart et al.*® First, principal component analysis of the data
was conducted. Next, the number of clusters was determined using hier-
archical clustering, and finally, a consolidation step using k-means clus-
tering was performed. Then, we evaluated the clinical and laboratory
characteristics that differentiated every cluster by the Kruskal-Wallis test or
the chi-squared test.

Cytokine assay and lymphocytes immunophenotype

Venous blood samples were collected between 08:00 and 12:00 in serum
separator and ethylenediaminetetraacetic acid (EDTA) tubes using stan-
dard phlebotomy procedures”. Serum was obtained after clotting
(30-60 min, room temperature) and centrifugation (1500-2000xg,
10-15 min), aliquoted to avoid repeated freeze-thaw cycles and stored at
—80 °C until analysis™. Whole blood collected in EDTA tubes was processed
on the day of collection for flow cytometry and complete blood counts™.

Serum concentration of 20 cytokines (IL-1p, IL-2, IL-4, IL-5,IL-6, IL-7,
IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-17A, TNF-a, G-CSF, granulocyte-
macrophage CSF [GM-CSF], RANTES, monocyte chemoattractant protein
[MCP]-1, monokine induced by gamma interferon-gamma (MIG), IFN-y,
IFN-a) was assessed by Cytometric Bead Array [CBA], Becton Dickinson
Biosciences, San Diego, CA) in 114 centenarians. The test was done
according to the manufacturer’s protocols. Concentration of the cytokines
was calculated using the FCAP Array Software (BD Bioscience) as reported
elsewhere”.

Eleven lymphocyte markers were also assessed in 42 participants,
allowing for the determination of multiple cellular phenotypes. Immuno-
phenotyping was performed on fresh EDTA blood using a Navios EX flow
cytometer (Beckman Coulter)*’. A minimum of 100,000 lymphocyte events
per sample were acquired. Compensation was set with single-stained con-
trols; instrument performance was verified daily with manufacturer’s QC
beads. Data were analyzed in FlowJo v9 (BD Biosciences) and Kaluza
(Beckman Coulter).

Panel markers included anti-human IgD (Beckman Coulter), KLRG1
(Rochem Biocare), CD95 (Rochem Biocare), CD45RA (Beckman Coulter),
CD28 (Beckman Coulter), CD27 (Beckman Coulter), CD8 (Beckman
Coulter), CD19 (Beckman Coulter), CD4 (Beckman Coulter), CD57 (Beck-
man Coulter), and CD3 (Beckman Coulter); additional reagents included
OptiLyse C and Flow-Count Fluorospheres (both Beckman Coulter).

Gating was performed as follows: singlets — lymphocytes (FSC/
SSC) — CD3 + T cells and CD19 + B cells. CD3+ cells were subdivided
into CD4+ and CD8+ subsets, then into (CD45RA + /CD27 + ) central
memory (CD45RA—/CD27 + ) effector memory (CD45RA—/CD27-)
and TEMRA (CD45RA + /CD27—). Senescence/exhaustion-associated
phenotypes were identified by KLRGI and CD57 co-expression and by
CD95 were indicated. The CD4 + /CD8+ ratio was computed from
absolute counts. CD28 marker was used as an indicator of aging in the
human immune system. CD19+ B cells were classified into naive,
unswitched memory, switched memory, and double-negative subsets using
CD27 and IgD expression (Fig. S1).

Relative frequencies are reported as % of the parent population.
Absolute counts for major T- and B-cell subsets were derived by multiplying
flow cytometric frequencies by absolute lymphocyte counts from the clinical
hematology panel (dual-platform approach)”. When volumetric
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acquisition was used, Flow-Count Fluorospheres enabled single-platform
absolute quantification.

Samples were rejected if acquisition fell below 100,000 lymphocyte
events, showed unstable fluidics, or had evident debris/hemolysis. Replicate
staining and internal controls were included per run. Analysts were blinded
to clinical data.

Statistical methods

Descriptive statistics were used to summarize the sociodemographic, clin-
ical, and immunological characteristics of the centenarians. Continuous
variables were expressed as means and standard deviations, while catego-
rical variables were reported as frequencies and percentages.

For the analysis of biological aging, we used Levine’s phenotypic
age algorithm™ as mentioned above. To our knowledge, this is the first
time that Levine’s phenotypic age algorithm has been used in Colom-
bian centenarians. To adjust for chronological age and sex, the esti-
mated biological age was regressed on these two variables, and the
resulting residuals were inverse-normal transformed to generate a
standardized variable with a mean of zero and a standard deviation of
one. These adjusted residuals were used in subsequent analyses and are
referred to as biological-age residuals.

We explored associations between biological-age residuals and various
clinical, psychological, and immunological variables. Pearson’s correlation
coefficient was used to assess the relationship between biological-age resi-
duals and continuous variables such as QoL scores, well-being, depression
scores, cytokine concentrations, and immune cell counts (Supplementary
Data 1 and 2 describe in detail the cell populations studied). For categorical
variables, including health-related behaviors, frailty status, cognitive cate-
gories, and centenarian phenotypes, ANOVA was used to test differences in
biological-age residuals across groups.

All analyses were exploratory in nature and aimed at identifying
potential associations between biological aging, markers of immunosenes-
cence and age-related clinical variables in Colombian centenarians. All
statistical analyses were conducted using SPSS v.29 or R version 4.0.1. (for
clustering analyses). Statistical significance was set at a two-tailed p-
value < 0.05.

This study complied with Act 008430/1993 of the Ministry of Health of
the Republic of Colombia, which classified it as minimal-risk research. Also,
this research has been performed in accordance with the Declaration of
Helsinki. The institutional and ethical committee of Universidad de la Costa
approved the study design. Informed consent was obtained from all cen-
tenarians or their legal representatives.

Data availability

Individual-level data cannot be stored in public repositories or otherwise
made publicly available due to ethical and data protection restrictions.
However, data are available upon request for researchers who meet the
criteria for access to confidential data.
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