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Abstract Peritoneal immune cell function is a reli-
able indicator of aging and longevity in mice and
inflammaging is associated with a shorter lifespan.
Nevertheless, it is unknown if the content of cytokines
in these immune cells is linked to individual differ-
ences in lifespan. Therefore, this work aimed to inves-
tigate different peritoneal leukocyte populations and
their content in intracellular pro-inflammatory (TNF
and IL-6) and anti-inflammatory (IL-10) cytokines
by flow cytometry in adult (10 months-old, n=28) and
old (18 months-old, n=20) female Swiss/ICR mice.
In addition, old mice were monitored longitudinally
throughout their aging process, and the same markers
were analyzed at the very old (24 months-old, n=38)
and long-lived (30 months-old, n=4) ages. The lon-
gitudinal follow-up allowed us to relate the investi-
gated parameters to individual lifespans. The results
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show that long-lived female mice exhibit an adult-like
profile in most parameters investigated but also dis-
play specific immune adaptations, such as increased
CD4+and CD8+T cells containing the pro-inflam-
matory TNF cytokine and CD4+T cells and mac-
rophages containing the anti-inflammatory cytokine
IL-10. These adaptations may underlie their excep-
tional longevity. In addition, a negative correlation
was obtained between the percentage of cytotoxic T
cells, KLRG-1/CD4, large peritoneal macrophages,
and the percentage of CD4+T cells containing IL-6
and macrophages containing IL-10 in old age and
lifespan, whereas a positive correlation was found
between the CD4/CD8 ratio and the longevity of the
animals at the same age. These results highlight the
crucial role of peritoneal leukocytes in inflammaging
and longevity.

Keywords Immune cells - Immunosenescence -
Inflammation - Longevity - Flow cytometry

Introduction

The immune system is an excellent marker of health,
given its essential protective role from outer and inner
potential threats to our health. Thus, when it func-
tions properly, the individual’s health is ensured.
However, the function of this system deteriorates
with age, a complex process known as immunosenes-
cence that involves several changes at the cellular and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10522-024-10110-0&domain=pdf
https://doi.org/10.1007/s10522-024-10110-0
https://doi.org/10.1007/s10522-024-10110-0

838

Biogerontology (2024) 25:837-849

humoral levels. This complex reorganization involves
some cells and functions being augmented, others
decreasing, and others remaining constant (De la
Fuente and Miquel 2009). Some innate and adaptive
immune functions have been shown to decline with
age, while healthy, long-lived individuals display an
adult-like function of those cells (Martinez de Toda
et al. 2016), which has been thought to be the under-
lying reason for their ability to reach a very advanced
age in healthy condition (Franceschi et al. 1995;
Alonso-Fernandez et al. 2008). Long-lived individu-
als are able to escape the most common age-related
diseases and they appear to be effectively protected
from cancers. However, the mechanisms that under-
lie this protection are quite complex and still largely
unclear (Salvioli et al. 2009). One possibility could
be that remodeling of the immune system throughout
the aging process could follow a different pathway in
individuals who do achieve longevity than in those
who do not.

Regarding immune cell subpopulation changes
with aging, it is known that aging is accompanied
by a reduction in the number of naive CD44and
CD8+T cells together with an increment in increased
memory CD4+or CD8+T cells (Qin et al. 2016). The
age-related decrease in naive T cells is thought to be a
consequence of the age-associated thymic involution
and replacement of functional tissue by fat (Starr et al.
2003), and it can underlie the deteriorated immune
response in elderly individuals. Moreover, the age-
related accumulation of late-stage memory cells
seems to result from lifetime exposure to persistent
infections, most commonly to cytomegalovirus. How-
ever, it is unknown if the accumulation of memory
cells with age is a consequence of aging per se or if it
is an advantageous adaptation in older adults to pro-
vide continuous protection against pathogens encoun-
tered early in life (Pawelec 2018). To shed light on
the pro- or anti-longevity age-related changes in the
elderly, it is necessary to correlate these changes to
mortality. One of the most established immunosenes-
cent changes is the inverted CD4/CD8 ratio, which
has been postulated as a driver of comorbidities and
mortality (Pawelec et al. 2001; DelaRosa et al. 2006).
Most human studies have only examined peripheral
blood leukocytes. Still, most immune cells are con-
tained in other tissue compartments, which prob-
ably do not exhibit the same patterns of cell subset
distribution as the blood (Thome and Farber 2015).
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It is unknown if the changes described in circulating
blood leukocytes also occur in immune cells from the
peritoneal cavity, in which the abovementioned link
between immune function and longevity has been
established in mice (Martinez de Toda et al. 2016).
Another marker that has been reported to experience
an age-related increase in T cells is the expression of
the co-inhibitory receptor killer-cell lectin like recep-
tor G1 (KLRG-1). Moreover, it has been suggested
that KLRG-1 signaling may be responsible in part for
the age-related defects observed in highly differenti-
ated T cells (Henson and Akbar 2009). Nevertheless,
it is unknown if the expression of this marker experi-
ences age-related changes in peritoneal T cells and if
those changes can be related to longevity.

Moreover, the peritoneal cavity contains mac-
rophages, which are thought to play an essential role
in orchestrating the immune response and can modu-
late the aging rate of the individual by their produc-
tion of oxidant and inflammatory compounds (Vida
et al. 2017; Martinez de Toda et al. 2021). Only a
few studies have investigated age-related changes in
subpopulations of peritoneal leukocytes. One study
reported that old mice display a lower percentage of
macrophages than long-lived mice, whereas no dif-
ferences were found between adult and old mice
(Arranz et al. 2010). On the contrary, another study
reported that old mice show a higher percentage of
macrophages but lower B and T lymphocytes than
adult mice (Vida et al. 2017). Nevertheless, the link
between these changes in peritoneal leukocytes and
lifespan has not been previously investigated. In addi-
tion, regarding peritoneal macrophages, some studies
have reported that they can be divided into two dif-
ferent subpopulations, which have been termed large
peritoneal macrophages (LPM) and small peritoneal
macrophages (SPM). They have been found to display
different response patterns in terms of nitric oxide
production in response to lipopolysaccharide (LPS)
(Ghosn et al. 2010). However, how these populations
change due to aging and how they relate to lifespan is
unknown.

Moreover, not all aspects of immunity decrease
with age as aging is accompanied by the estab-
lishment of a systemic low-grade chronic inflam-
mation, which has been termed inflammaging
(Franceschi et al. 2000; Fulop et al. 2023), char-
acterized by elevated concentrations of mediators
such as IL-6, TNF, and C Reactive protein (CRP).
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Inflammation strongly predicts morbidity and mor-
tality, and chronic inflammation is detrimental to
a functioning immune system. Several different
sources of this age-related increased inflammation
have been stated, including the age-related increase
in senescence-associated secretory phenotype
(SASP) cells, elevated damage-associated molecu-
lar patterns (DAMPs), increased gut permeability
and the failure of the resolution of inflammation in
old subjects, among others (De Maeyer and Cham-
bers 2021). Moreover, immune cells, especially
macrophages, have been proposed to facilitate the
inflammaging phenomenon (De Maeyer and Cham-
bers 2021; Fulop et al. 2023) and modulate the oxi-
dative-inflammatory stress of the individual and,
consequently, the aging rate (Martinez de Toda
et al. 2021). In previous studies from our research
group, we have found that peritoneal leukocytes
from old mice show a higher release of pro-inflam-
matory cytokines, such as IL-1f, IL-6, and TNF,
compared to when they were adults. Strikingly, we
found that long-lived mice showed an even higher
basal release of pro-inflammatory cytokines, such
as IL-1p and IL-6 than when they were old (Mar-
tinez de Toda et al. 2017). In addition, they were
found to release high levels of the anti-inflamma-
tory cytokine IL-10 in unstimulated conditions,
even higher than when they were adults, which
could be the underlying mechanism for reaching
healthy longevity (Martinez de Toda et al. 2017).
Thus, to ascertain which changes in immune cell
subpopulations take place with aging in the peri-
toneal cavity, the major peritoneal leukocyte sub-
populations: T lymphocytes, B lymphocytes, mac-
rophages, T-helper (CD4+), T cytotoxic (CD8+),
KLRG-1/CD4, KLRG-1/CD8, small peritoneal
macrophages (SPM), and large peritoneal mac-
rophages: LPM) will be measured in adult, old,
very old, and long-lived mice. Moreover, the per-
centage of cells containing pro-inflammatory (IL-6
and TNF) and anti-inflammatory (IL-10) cytokines
will be measured in CD4+and CD8+ T cells, as
well as in macrophages in adult, old, very old, and
long-lived mice. Moreover, to further shed light on
the specific contribution of the investigated mark-
ers in aging and longevity, the values at old age
will be related to individual achieved lifespans.

Materials and methods
Animals

We used 28 female outbred Swiss/ICR mice (Mus
musculus) purchased from Janvier Labs (France) of
different ages, namely adult (10 + 1 month, n=28) and
old (18 + 1 month, n=20). The group of old mice was
monitored during their aging process, and data acqui-
sition was performed in the survivors at the very old
(24+1 month, n=8) and exceptionally long-lived
(30+1 month, n=4) ages. The exceptionally long-
lived mice had naturally achieved healthy and suc-
cessful aging since the average lifespan for Swiss/
ICR females in our animal house is 91.9+5.6 weeks
(Guayerbas et al. 2002; Arranz et al. 2010). Mice were
housed at 4-5 per cage and maintained in standard
laboratory animal conditions for pathogens, tempera-
ture (22 +£2 °C), and humidity (50-60%) on a 12/12 h
reversed light/dark cycle (lights on at 20:00 h) to
avoid circadian interferences. Mice had access to tap
water and standard pellets (Panlab, Spain) ad libitum.
Individual lifespans of the old group of mice were
monitored. The protocol was approved by the Experi-
mental Animal Committee of Complutense Univer-
sity of Madrid (Spain) (PROEX 224.0/21). Animals
were treated according to the European Community
Council Directives ECC/566/2015 and ARRIVE
guidelines.

Collection of peritoneal leukocytes

Peritoneal suspensions were collected from 08.00 to
10.00 h, during the highest peak of activity of the
animals, to minimize circadian variations on immune
system measurements due to daily changes in corti-
costerone levels. Mice were not sacrificed. They were
held by the cervical skin, the abdomen was cleansed
with 70% ethanol, and 1 ml of sterile Hank’s solu-
tion, previously tempered at 37 °C, were injected
intraperitoneally. After massaging the abdomen, 80%
of the injected volume was recovered. The cellular
suspensions were washed at 400xg for 10 min and
adjusted to 2x 10° leukocytes/ml in PBS with BSA
1% (Sigma, St Louis, USA). Cellular viability was
checked by the Trypan Blue (Sigma) exclusion test,
and only suspensions with cell viability higher than
99 + 1% were used for experiments.
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Flow cytometric analysis of peritoneal leukocyte
populations and cytokine content

Peritoneal leukocyte suspensions were adjusted to
2x10° cells/ml. 96-well V-bottom plates were used
for antibody labeling. 200 ul of leukocyte suspen-
sions were added to each well, the plate was centri-
fuged, and the supernatant was removed. The pellet
cell was resuspended in a Cell Staining Buffer (Bio-
legend, USA), and specific antibodies for extracel-
lular labeling were added to each well and incubated
for 30 min in the dark. Then, plates were washed
twice to remove excess antibodies, and a Cell Fixa-
tion Buffer (Biolegend, USA) was added. In addition,
for intracellular labeling, an Intracellular Staining
Permeabilization Wash Buffer 1 x (Biolegend, USA)
was added. Subsequently, cytokine intracellular anti-
bodies were added and incubated for 30 min in the
dark. Finally, cell fixation buffer was added, and all
wells’ content was transferred to cytometry tubes.
The antibodies used for extracellular labeling were:
PerCP/Cyanine5.5 anti-mouse CD45 (Ref. 103132;
Clone 30-F11), PE anti-mouse F4/80 (Ref. 123110;
Clone BM8), FITC anti-mouse/human CD11b (Ref.
101205; Clone M1/70), APC anti-mouse CD3 (Ref.
100236; Clone 17A2), FITC anti-mouse CD19 (Ref.
152404; Clone 1D3/CD19), PE anti-mouse CD4
(Ref. 100408; Clone GKI1.5), PerCP/Cyanine5.5
anti-mouse CD8a (Ref. 100734; Clone 53-6.7), APC
anti-mouse/human KLRG1 (MAFA) (Ref. 138412;
Clone 2F1/KLRG1), PerCP/Cyanine5.5 anti-mouse
[-A/I-E (MHC-1I) (Ref. 107626; Clone M5/114.15.2).
The following antibodies were used for intracellular
staining: Alexa Fluor® 488 anti-mouse TNF-a (Ref.
506313; Clone MP6-XT22), APC anti-mouse IL-6
(Ref. 504508; Clone MP5-20F3), and Alexa Fluor®
647 anti-mouse IL-10 (Ref. 505014; Clone JESS5-
16E3). All antibodies were purchased from Biole-
gend, USA. Cells were acquired on the flow cytom-
eter FACSCalibur instrument (BD Biosciences) with
the support of the staff of the cytometry-associated
research center of Complutense University of Madrid
(Spain). The total number of cells collected was 2000.
Cells were gated according to their forward- and
side-scattering, and only the high expression of the
corresponding leukocyte differentiation antigen or
cytokine was taken as positive and analyzed by the
FlowJoTM software and expressed as percentage (%)
of CD3+ (T lymphocytes), CD19+ (B lymphocytes),
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F4/80+-CD11b+ (macrophages), CD4+/CD3 (T
helper), CD8+/CD3 (T cytotoxic), KLRG-1CD4,
KLRG-1CD8, F4/80"°*-MHC-II"€" (small peritoneal
macrophages: SPM), F4/80M&"/MHC-II'"" (large peri-
toneal macrophages: LPM) cells with respect to the
total number of cells present in the samples, and % of
cells positive for TNF, IL-6 and IL-10 regarding the
total number of cells from each leukocyte population.

Statistical analysis

SPSS version 21.0 (Armonk, NY, USA) was used for
the statistical analysis. Age-related differences were
studied through non parametric test Kruskal-Wal-
lis followed by Dunn’s test to identify which groups
are different. Pearson’s correlation coefficients were
calculated to analyze the relationship between the
investigated parameters and lifespan. Figures were
designed using GraphPad Prism 6.0.

Results

First, the age-related changes in different immune cell
subpopulations in the peritoneum of mice are shown
in Fig. 1. Old mice were followed during their aging
trajectories in a longitudinal study, whereas a group
of adult mice was also included in the analysis to
establish reference values. As can be seen in Fig. 1,
old mice display a lower percentage of B lymphocytes
(p<0.001), macrophages (p <0.05), a higher percent-
age of T cytotoxic lymphocytes (p <0.01) and a lower
CD4/CD8 ratio (p<0.001) compared to adult mice.
Very old mice show a lower percentage of T lympho-
cytes (p <0.05) than adult mice but an increased per-
centage of B lymphocytes (p<0.001) than that when
they were old. Exceptionally long-lived mice display
a higher percentage of T helper and T cytotoxic than
adults (p<0.05), and also a higher percentage of B
lymphocytes (p<0.05), macrophages (p<0.01) and
CD4/CDS ratio (p<0.05) than when they were old,
and a higher percentage of T-lymphocytes (p <0.01)
compared to when they were very old.

Moreover, age-related differences in the expres-
sion of KLRG-1, a marker whose expression has been
related to the age-related impairment of T cells and in
the percentage of two specific macrophage subpopu-
lations identified as small peritoneal macrophages
(SPM) and large peritoneal macrophages (LPM) are
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shown in Fig. 2. Old mice display a higher percent-
age of KLRG-1/CD4 (p<0.05) and KLRG-1/CD8
(p<0.01) T cells and a lower percentage of large
peritoneal macrophages than adult mice (p<0.05).
In addition, very old mice and long-lived mice also
display a higher percentage of KLRG-1/CD8 T cells
(p<0.01) than adult mice.

In addition, the age-related changes in the percent-
age of different subsets positive for intracellular TNF,
IL-10, and IL-6 expression are displayed in Fig. 3.
Old mice show a higher percentage of CD8+T cells
containing IL-10 (p<0.05) and IL-6 (p<0.01) and
a higher percentage of macrophages expressing TNF
(p<0.01) than adult mice. Moreover, very old mice

show a higher percentage of CD8+ T cells containing
TNF than adult mice (p<0.05) and long-lived mice
also display a higher percentage of CD4 containing
TNF and IL-10 (p<0.05) and a higher percentage
of CD8+T cells containing TNF (p<0.001) than
adult mice. Interestingly, long-lived mice also show
an increased percentage of CD4+T cells positive for
IL-10 and CD8+T cells positive for TNF than that
when they were old (p<0.05) and an increased per-
centage of CD4+T cells positive for TNF (p <0.001)
and of macrophages expressing IL-10 (p<0.01) than
that when they were very old.

Moreover, to further investigate if the observed
age-related changes are harmful, adaptive or neutral,
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Fig. 3 Age-related changes in the percentage of different leu-
kocyte subpopulations with intracellular cytokines. A TNF/
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IL-6/macrophages. Graphs show the mean value of each age
group. a: p<0.05; aa: p<0.01; aaa: p<0.001 with respect to
adult mice. b: p<0.05 with respect to old mice. cc: p<0.01;
ccc: p<0.001 with respect to very old mice
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old mice were individually monitored until their natu-
ral deaths and their individual lifespans were regis-
tered. Then, Pearson’s correlation coefficients were
calculated between the values each mouse showed at
the old age for each variable and their final achieved
lifespan.

As can be seen in Figs. 4 and 5, there is a nega-
tive correlation between the percentage of T cyto-
toxic cells, KLRG-1/CD4 T cells, large peritoneal
macrophages, the number of CD4+T cells positive
for IL-6 and the number of macrophages positive for
IL-10 at the old age and lifespan (p <0.05 in all cases)
and a positive correlation between the CD4/CDS ratio
at the old age and final achieved lifespan (p <0.01).

Discussion

This is the first study that analyses the age-related
changes of the principal leukocyte populations and
their intracellular cytokine content from both innate
and adaptive immunity branches from the peritoneum

of mice, including animals that achieve exceptional
longevity.

According to the present results, old mice show
fewer B lymphocytes and macrophages than adult
mice. Regarding age-related peritoneal macrophage
changes, there is not a uniform consensus. Thus,
it has been observed in mice that the percentage of
these cells does not vary in old animals compared to
adults (Herrero et al. 2002), while other studies have
demonstrated an age-related decrease of peritoneal
macrophages (Puerto et al. 2005; Arranz et al. 2010).
Concerning B peritoneal lymphocytes, our results
agree with a reduction in this population described
in previous studies (Arranz et al. 2010; Vida et al.
2017). Nevertheless, our results should be interpreted
with caution given that the adherent capacity of both
macrophages and B lymphocytes has been reported to
be increased in old mice (De la Fuente and Miquel
2009), which could have interfered with the cell num-
ber recovered from these populations. In addition,
our results show that old mice show a higher percent-
age of cytotoxic T cells and a lower CD4/CDS ratio
than adult mice. These results agree with the typical

Fig. 4 Pearson’s correla-
) . T lymphocytes- ] 0.008
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a series of immune cell B lymphocytes+ D 0.040
markers at the old age Macrophages- :] 0.087
and individual lifespans.
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immunosenescence changes described in peripheral
blood leukocytes in mice and humans (Pawelec 2002;
Bauer and De la Fuente 2016; Qin et al. 2016; Xie
et al. 2017; Mittelbrunn and Kroemer 2021). We also
found that old mice display an increased percentage
of CD4+and CD8+T cells expressing KLRG-1 in
the peritoneum, as has been reported in circulating
leukocytes in mice and humans (Henson and Akbar
2009; Xie et al. 2017). Concerning the two differ-
ent subpopulations of macrophages, old mice show
a lower percentage of large peritoneal macrophages
(LPM) compared to adult mice. It has been stated that
both SPM and LPM populations coexist in the perito-
neum. When there is an infection or an inflammatory
insult, LPM numbers decrease drastically, given that
they migrate to the omentum (Cassado Ados et al.
2015). LPM disappearance in response to inflamma-
tory stimuli is accompanied by an increase in SPM
and inflammatory monocytes, and it has been corre-
lated with the renewal and improvement of immune
conditions in the peritoneal cavity (Dos Anjos Cas-
sado 2017). Thus, the lower percentage of LPM found
in old mice could be the result of the age-related
increase in inflammatory mediators.

In the study of aging, longitudinal approaches
are of essential importance to ensure that reported
trends are due to aging and not intergroup variability.
Moreover, the longitudinal analysis of the age-related
changes that exceptional long-lived individuals
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undergo during aging can help unravel essential
mechanisms underlying the attainment of healthy
longevity. In general, our results show that those ani-
mals that survive over the mortality peak of the gen-
eral population (very old and long-lived) show closer
values to the adult group than to those when they
were old, in agreement with what we have previously
observed in several immune function parameters
(Martinez de Toda et al. 2016). At very old age, there
was already an increase in the percentage of B lym-
phocytes and CD4/CDS ratio. Moreover, at the long-
lived age, there was a boost in the percentage of T and
B lymphocytes, macrophages, T helper, and the CD4/
CD8 ratio. Analyses of the immune cell populations
in centenarians have concluded that these individuals
display more naive, activated/memory, and effector/
memory CD4+ and CD8+ T cells (Bucci et al. 2014).

Among all the observed changes, the increased
percentage of T helper cells seems to be a singular
adaptation to this exceptional age, given that values
are even higher than those found in the adult group.
CD4 T cells represent a unique population crucial
in achieving a regulated, effective immune response
to pathogens and whose proper functioning is vital
for survival (Luckheeram et al. 2012). Moreover,
CD4 T cells have been reported to be able to func-
tion as cytotoxic cells in supercentenarians, and they
are thought to underlie their ability to reach those
exceptional ages by delaying the onset of age-related



Biogerontology (2024) 25:837-849

845

diseases and compression of morbidity (Hashimoto
et al. 2019). Nevertheless, we cannot rule out that this
increased percentage of T helper cells in long-lived
mice could be the result of a mild form of leukemia
or other tumors that cannot be easily identified. Still,
we have previously shown that long-lived mice of this
strain show preserved immune function parameters
(Martinez de Toda et al. 2016) as well as inflamma-
tory (Martinez de Toda et al. 2017) and oxidative
stress markers (Martinez de Toda et al. 2020), which
supports the idea of these changes being the result of
a unique adjustment to this extreme age.

Although acute inflammation is vital for infec-
tion clearance or wound healing, chronic inflamma-
tion is detrimental to a functioning immune response
and the individual’s health. Indeed, older people who
have elevated circulating IL-6, CRP, TNF, IL-1p, or
inflammasome-related genes have a higher chance of
all-cause mortality (Harris et al. 1999; Bruunsgaard
et al. 2003). Conversely, lower levels of inflamma-
tory cytokines in the peripheral blood correlate with
good health outcomes, longevity, and reduced risk of
death in older adults (Arai et al. 2015). In our results,
long-lived mice show an increased percentage of
CD4+and CD8+T cells positive for TNF compared
to when they were old and very old. Supporting our
observation, it has been reported that paradoxically,
long-lived individuals also display a systemic pro-
inflammatory state that does not match their well-pre-
served immune system’s response (Martinez de Toda
et al. 2016). Nevertheless, they also count on effi-
cient anti-inflammatory networks termed anti-inflam-
maging that compensate for inflammaging (Franc-
eschi et al. 2007) and enable an appropriate immune
response (Serrano-Lopez et al. 2021). According to
this hypothesis, we can see in our results that long-
lived mice display an increased percentage of CD4
and macrophages positive for IL-10, which could
be an adaptive compensatory mechanism to buffer
the increased age-related inflammation. We have to
keep in mind that we measured cytokine expression
at basal conditions, that is, in the absence of stimula-
tion, given that we wanted to investigate the contribu-
tion of peripheral immune cells to the establishment
of inflamm-aging. Nevertheless, in a previous study
from our research group, we analyzed the release of
the anti-inflammatory cytokine IL-10 from peritoneal
leukocytes both in basal condition and in response
to concanavalin A and we found that peritoneal

leukocytes from long-lived mice displayed a higher
release of IL-10 cytokine, which could underlie their
fine-tuned immune response (Martinez de Toda et al.
2017). In these experiments, cytokine concentrations
were measured in culture supernatants of peritoneal
leukocytes. Therefore, it was not possible to ascertain
which immune cells are the ones that contribute the
most to this release of cytokines. Thus, it should be
investigated if CD4+T cells and macrophages from
long-lived mice also display a higher expression of
these cytokines in response of a stimulus.

In a recent paper, it has been demonstrated that
with aging there is a gradual functional decline that
relates to mortality and other aging markers such as
accumulation of senescent cells and the epigenetic
clock (Marcozzi et al. 2023). We have previously
analyzed the frailty phenotype in female mice of this
strain and found that the individual frailty score of a
given mouse was a relevant predictor of its lifespan
(Martinez de Toda et al. 2018). Nevertheless, we
have not investigated the relationship between the
immune cell markers analyzed in the present study
and functional capacity or frailty status of mice. Still,
we believe that both processes are closely related and
one can influence each other. In fact, both immunose-
nescence and inflammaging have been shown to be
associated with the age-related development of frailty
(Tran Van Hoi et al. 2023).

Finally, to shed light on the immunosenescent
changes that may underlie reaching high longevity,
the immune markers measured at old age in mice
were related to their individual final achieved lifes-
pans. This is the major strength of our study, and
the use of peritoneal immune cells, which can be
extracted from mice without the need to remove high
volumes of blood, which may impact their homeosta-
sis, made this approach possible.

We found a negative correlation between the per-
centage of T cytotoxic cells and senescent CD4 and
a positive one between the CD4/CDS ratio in old age
and longevity. Our results agree with other studies
performed in peripheral blood leukocytes, in which
the CD4/CD8 ratio has been postulated as a predictor
of mortality in humans (DelaRosa et al. 2006). Like-
wise, the negative correlation obtained between the
number of senescent CD4 T lymphocytes and longev-
ity agrees with a study reporting that an accumulation
of senescent T lymphocytes accelerates the process of
immunosenescence in mice (Badowski et al. 2014).
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Strikingly, our study is the first to demonstrate a
negative correlation between the percentage of large
peritoneal macrophages (LPM) in old age and longev-
ity. It has been stated that under homeostatic or resting
situations, LPM account for 90% of the macrophages
in the cavity, whereas small peritoneal macrophages
(SPM) represent the remaining 10% (Cassado Ados
et al. 2015). However, once activated in response
to LPS or Trypanosoma cruzi, the subpopulation of
SMP, which presents higher phagocytic activity and
a higher release of IL-12, increases, which is believed
to help promote the immune response (Ghosn et al.
2010; Dos Anjos Cassado 2017). Thus, the negative
correlation between LPM and lifespan could indicate
a diminished adaptation capacity to the well-known
age-related increased inflammation in the peritoneal
cavity.

In addition, we found a negative correlation
between the percentage of CD4 T cells positive for
IL-6 and the percentage of macrophages containing
IL-10 in old age and longevity. The former would
agree with the general hypothesis that the higher the
inflammatory state in old age, the worse the function-
ing of the immune system and the lower the longev-
ity. Accordingly, the circulating levels of IL-6 have
been found to predict lifespan in older adults accu-
rately (Puzianowska-KuZnicka et al. 2016). Neverthe-
less, the fact that the higher the percentage of mac-
rophages positive for IL-10 in old age, the shorter
the lifespan seems paradoxical. We have previously
identified that the higher the release of anti-inflam-
matory IL-10 from peritoneal leukocytes in old age,
the greater the chance of achieving higher longev-
ity (Martinez de Toda et al. 2019). A different study
reported an increased release of IL-10 in exception-
ally long-lived mice (Arranz et al. 2010). In another
study, a lower release of IL-10 was found in the peri-
toneal leukocytes of old mice, while a higher one in
those of long-lived mice compared to adults (Mar-
tinez de Toda et al. 2017). The previously observed
lower levels in the extracellular media in old mice
could be due to either a lower synthesis of this anti-
inflammatory cytokine by immune cells or a lower
release. The negative correlation obtained in the
present work suggests that with aging, the release
capacity of this cytokine is affected, accumulating
intracellularly, since the greater the intracellular con-
tent of this cytokine, the shorter the longevity. Nev-
ertheless, further research is needed to ascertain the
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mechanisms affected by age in immune cells’ tightly
regulated cytokine production response.

At last, it has been proposed that individuals with
extended lifespans exhibit a decelerated aging process
(Franceschi et al. 2018), thereby preserving optimal
cellular function throughout the aging process. Nev-
ertheless, our study’s findings contradict this notion,
showing that long-lived individuals display immu-
nosenescent trends when they are old. However, they
can adapt and recalibrate these parameters at very
old ages, showing optimal levels when they are long-
lived. Our results support the hypothesis that indi-
viduals endowed with heightened biological plasticity
or adaptive homeostasis (Pomatto and Davies 2017;
Borras et al. 2020), manifesting in an increased pro-
portion of CD4+and CD8+T cells expressing TNF
or macrophages expressing IL-10, are more likely to
achieve an extended lifespan. Nevertheless, due to
the small sample size of mice that reached extreme
longevity together with the batch effects and techni-
cal variability that affects intracellular staining of
cytokines, the results of the present study should be
validated using a larger number of long-lived mice.

Another limitation of our study is that these age-
related changes and their link to lifespan were only
investigated in female mice. Female mice were pri-
oritized over males because they have a less aggres-
sive behavior when housed together which reduces
variability in immune cell activation states due to
open wounds or scars, which could interfere with the
obtained results. A possible alternative could be to
house male mice individually, but it has been dem-
onstrated that social isolation increases anxiety-like
behaviors and affects the neuroimmunoendocrine
communication (Cruces et al. 2014), which could also
interfere with the immune markers measured in this
study. Nevertheless, the findings reported in the pre-
sent study should be validated in male mice to ascer-
tain if it is a general adaptation of long-lived mice or
it is sex-dependent.

In conclusion, our study proves that specific age-
related changes in peritoneal leukocytes in old age are
linked to individual differences in lifespan. This rein-
forces the hypothesis of the immune system’s modu-
lating role in an individual’s aging rate (Martinez de
Toda et al. 2021). Moreover, the present work high-
lights specific immune adaptations in long-lived indi-
viduals, which may underlie their achievement of a
prolonged and healthy lifespan. At last, this research
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may contribute to fill in one of the seven knowl-
edge gaps in modern biogerontology that have been
recently described (Rattan 2024). In particular, this
work provides one approach to help distinguishing
between harmful, useful, and neutral changes occur-
ring during ageing, that is by the study of the relation-
ship between those changes at a given time point in
the old age and lifespan. By these means, it is pos-
sible to identify those changes that can be adaptive
or useful, as they are related to a longer and healthier
lifespan, such as the specific immune cell changes
reported here. The identification of these adaptive
changes may contribute to developing strategies tar-
geting these cell populations to strengthen immunity
in elderly individuals and help them reach a healthy
lifespan.
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