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Abstract

As with many other tissues and organs, the immune system is also affected by age. Imnmunosenescence is characterized by a decreased ability
of immune cells to mount a productive response upon exposure to new antigens. Several studies have reported that members of families
with exceptional longevity show improved immune function, which might contribute to the increased life- and health-span observed in those
families. Autophagy is a catabolic process that delivers cytoplasmic material to the lysosomes for degradation. Defective autophagy is known
to be associated with age in several cell types and tissues and its dysregulation is related to age-associated diseases. In T-cells, autophagy has
an essential role in modulating protein and organelle homeostasis and in the regulation of activation-induced responses. In this study, using
two different cohorts of individuals belonging to families with exceptional longevity, we show that CD4* T-cells isolated from the offspring of
parents with exceptional longevity show improved activation-induced autophagic activity compared with age-matched controls. Interestingly,
increased autophagy is positively correlated with increased interferon-y production. In conclusion, autophagy appears to be better maintained
in members of families with extended longevity and positively correlates with improved T-cell function.
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As individuals age a decline in many essential functions of the adap-
tive immune system occurs, which results in diminished ability to
fight new pathogen infections and decreased efficacy of the response
to vaccination (1). Defects in peripheral T-cell populations contrib-
ute to the overall loss of efficacy of immune responses with age (2).
Indeed, inefficient cognate helper function of CD4* T-cells has been
identified as a major component of T-cell immunosenescence (3).
Lysosomal degradation of intracellular proteins via autophagy
plays a central role in maintaining proper cell homeostasis by reduc-
ing the accumulation of damaged proteins and recycling amino acids
for new protein synthesis, and can also provide alternative sources
of energy or modify protein levels in response to extracellular signals
(4). Interestingly, a decline in the function of mechanisms responsible
for protein homeostasis, including autophagy, has been proposed to

underlie some of the functional defects associated with aging in dif-
ferent cells and tissues (5-7). Decreased basal levels of autophagy
have been reported in T-cells isolated from old subjects, suggesting
that a decline in autophagy may underlie some of the functional
defects that are characteristic of T-cells in old organisms (8).

Different explanations have been proposed to account for the
exceptional longevity of certain populations. Evidence suggests that
genetic traits in those populations account for some of the physio-
logical properties of different tissues and organs that may contribute
to explain increased longevity (9-12). Members of extended longev-
ity families also show improved immune responses (13-15). For
instance, a Dutch cohort of individuals enriched for familial longev-
ity were found to exhibit less signs of immunosenescence compared
to controls (16).
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We have analyzed CD4* T-cells obtained from two different pop-
ulations of individuals belonging to families with exceptional lon-
gevity and we present evidence that supports that activation-induced
autophagy in the CD4* T-cell compartment is significantly better
maintained in members of exceptional longevity families than in
control subjects of the same age. Furthermore, levels of autophagic
activity correlate with improved T-cell functional parameters, sup-
porting that maintenance with age of this proteostatic and regula-
tory process might confer T-cells increased fitness.

Material and Methods

Study Design and Subjects

Eight Jewish Ashkenazi centenarians, 10 of their offspring (offspring
of parents with exceptional longevity [OPEL]) and 8 age-matched
controls (offspring of parents with usual survival [OPUS]) were
randomly selected from the Einstein Longevity Aging Study that
has recruited a previously described cohort of Ashkenazi Jews with
exceptional longevity (17). A second set of samples was obtained
from a randomly selected cohort of cytomegalovirus negative indi-
viduals from the Leiden Longevity Study and comprised six mem-
bers of families with exceptional longevity and eight aged-matched
partners. Selection of offspring was based on family history score
in order to select for the offspring from families with greatest sur-
vival (average score: -2.8 = 1.1) (18). The characteristics of this
cohort have been described elsewhere (19). All analyses were per-
formed in accordance with the policy of the Committee on Clinical
Investigation of the Albert Einstein College of Medicine.

Isolation and Culture of CD4*T-Cells

Previously frozen buffy coats containing peripheral blood mono-
nuclear cells from venous blood were used to isolate CD4* T-cells
using anti-human CD4-coupled-Dynabeads (Life sciences). Cells
were expanded using human T-activator CD3/CD28 Dynabeads
(Life sciences) for 6 days in RPMI medium 1640 (Life Sciences), sup-
plemented with 10% fetal calf serum, 1% L-glutamine, 1% penicil-
lin/streptomycin, and activated using human T-activator CD3/CD28
Dynabeads (Life sciences) for 2 days. Beads were removed and cells
were cultured for 4 additional days before being used to assess
autophagy activity in response to T-cell receptor (TCR) engagement.

Enzyme-Linked Immunosorbent Assay

CD4* T-cells prepared from expanded cultures as described earlier
were activated with human T-activator CD3/CD28 Dynabeads for
24 hours. Supernatants were then collected and cytokine production
was determined with a sandwich enzyme-linked immunosorbent
assay using antibody-pairs against human IL2 (5344.111 and bioti-
nylated B33-2 from BD-Biosciences) or interferon-y (IFNy) (NIB42
and biotinylated 4S.B3 from e-Bioscience).

Analysis of T-Cell Phenotype by FACS

Freshly isolated T-cells from thawed peripheral blood mononuclear
cell frozen stocks were incubated with fluorochrome-conjugated
antibodies against CD4 (RPA-T4, BD Phar), CD8 (HIT-8a, eBiosci-
ence), CD45RO (UCHL1, eBioscience), CD62L (DREG-56, eBiosci-
ence), and/or CD28 (CD28-2, BD) for 30 minutes at 4°C in PBS.
Cells were then washed with PBS and analyzed using an LSR II flow
cytometer (Beckton Dickinson). Percentages of populations express-
ing a given marker and mean fluorescence intensity of specific mark-
ers were calculated using Flowjo software.

Measurement of Autophagy Flux

Turnover of LC3 was quantified using immunofluorescence by com-
paring the levels of LC3* structures in untreated T-cells (resting or
activated with plate bound anti-CD3 and antiCD28 antibodies for
24 hours) and in T-cells that were treated with 20 mM NH,CI and
100 pM leupeptin to block lysosomal proteases for the last 3 hours
of culture in each condition analyzed. Autophagy flux was deter-
mined as the ratio of the two deltas of the average number of puncta/
nucleus in the four studied conditions: resting (R), resting with lyso-
somal inhibitors (RLI), activated (A), and activated with lysosomal

inhibitors (ALI), with the following formula: ALI-A Al statistical
RLI-R

analyses were performed with SPSSStatistics 20 (IBM).

Immunofluorescence

T-cells were deposited on microscope slides using a cytospin centrifuge.
Cells then fixed in 4% paraformaldehyde-phosphate buffered saline
(PBS) and permeabilized in PBS -0.3% Triton. An anti-LC3 antibody
(MBL, PM036) and an Alexa Fluor 488-coupled secondary antibody
were used to visualize LC3* vesicles. Images were acquired using a fluo-
rescence microscope with apotome technology (Zeiss). From each slide,
three fields were acquired, each containing 15-50 viable cells. Slides
were blinded to the investigators and quantification of autophagosome
puncta was performed using Image] (National Institutes of Health).

Results

To determine whether familial longevity could be associated with
a reduced decline in activation-induced autophagy with age, we
analyzed the induction of autophagy in CD4* T-cells isolated from
aged subjects and compared them with cells obtained from indi-
viduals belonging to families with exceptional longevity. Samples
were obtained from two different ongoing studies: one at the Albert
Einstein College of Medicine in the United States and a second one
at Leiden University Medical Center in The Netherlands. The partici-
pants’ characteristics are described in Table 1.

To quantify levels of activation-induced autophagy, we measured
the rate of LC3 turnover, one of the most reliable parameters used to
measured autophagy activity (20,21). Fold increase of LC3* vesicles
turnover in activated over resting T-cells was calculated for each sam-
ple. Analysis of samples from the Einstein Longevity Study revealed
that induction of autophagy following activation was significantly
compromised in CD4* T-cells obtained from old control OPUS when
compared with measurements performed in T-cells from the OPEL of
similar age (Figure 1). Levels of autophagy in CD4* T-cells obtained
from OPUS were also markedly lower (average flux 1.1 = 0.4 vs
3.8 = 1.4) than those detected in CD4* T-cells obtained from a lim-
ited number of young controls (average age 25.0 = 3.6 years; n = 3),
confirming previous studies that had shown decreased autophagy
in T-cells with age (8). These results did not result from changes in
levels of memory cells, which were not significantly different in both
populations (Table 1). Similar results were obtained when samples
from the Leiden Longevity Study were analyzed, comparing off-
spring from families with exceptional longevity with their partners,
who did not belong to exceptional longevity families (Figure 2). As
the data obtained with the samples of the Einstein Longevity study,
increased in LC3 flux caused by T-cell activation, was significantly
higher in T-cells obtained from offspring of families with exceptional
longevity than in their partners. (Figures 1 and 2).

We then proceeded to analyze autophagic activity in T-cells
obtained from centenarians in the Einstein Longevity Study (average
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Table 1. Characteristics of Subjects

Einstein Longevity Study

Leiden Longevity Study

Characteristics Centenarians (n = 8) OPEL (n = 10) OPUS (n = 8) Offspring (7 = 6) Partners (n = 8)
Demographic data
Age (years) 98.8 (4.5) 75.1(5.1) 77.3 (6.5) 64.8 (4.24) 62.6 (8.7)
Female, % 50 33.3 33.3 16.7 75
T-cell phenotype
% of CD62" CD45RO" cellsin  82.1 (12.5)* 82.3 (12.8)¢ 74.9 (17.3)¢ 64.8 (17.2) 66.0 (17.3)
the CD4* T-cell population
% of CD62L" CD45RO* cells in  85.0 (13.0)" 86.1 (7.8)° 80.5 (18.1)° 63.5 (10.5) 68.0 (14.3)
the CD8* T-cell population
% of CD28" in the CD4* Ticell  60.2 (12.3; MFL: 3,838) 72.3* (9.9; MFI: 4,415) 74.4" (9.6; MFI: 4,273)
population
Note: MFI = mean fluorescence intensity. Means (SD) are provided, unless otherwise stated.
n=7.n=6.n=8.
age 100.8 = 2.5), to determine if the sustained activity of autophagy A
detected in OPEL could be maintained even in centenarians. Our Resting + Activated +

data showed that activation-induced autophagy in this population
showed a similar level of decline as the one detected in T-cells from
OPUS, suggesting that the age-associated decline of autophagy in
the T-cell compartment is delayed but not completely prevented in
exceptional longevity families (Figure 1).

To determine whether better maintenance with age of autophagy
activity in T-cells could support improved function in exceptional lon-
gevity families, we analyzed the expression of IL2 and IFNy in T-cells.
Confirming our hypothesis, CD4* T-cells from OPEL produced
markedly higher levels of IFNy than T-cells from OPUS or centenar-
ians (Figure 3A). T-cells from OPEL also produced higher amounts
of IL2 than cells from OPUS (Figure 3B). Interestingly, we found a
significant positive correlation between levels of activation-induced
autophagy activity and IFNy secretion in those cells (Figure 3C). For
IL-2, however, T-cells from centenarians appear show a wider range
of production and consequently, a correlation between IL-2 produc-
tion and autophagy activity could not be established.

Discussion

Autophagy is an essential cellular process that controls a wide array
of functions, ranging from the response to different types of stress
to the modulation of cell differentiation and tissue development (4).
Our data support that CD4+ T-cells isolated from old (>65 years)
individuals that belong to families with exceptional longevity pre-
serve the ability to increase autophagy flux in respond to TCR
engagement, which is markedly reduced in control age-matched
individuals. Interestingly, the higher capacity to induce autophagy
activity in response to stimulation in T-cells from OPEL versus
T-cells from OPUS, correlates with improved function as measured
by increased IFNy production.

Several studies have reported that decreases in autophagy occur
with age in many cell types (7, 22), which results in a decreased
ability of old cells to cope with different stresses and leads to dys-
regulated cell homeostasis and altered function. In T-cells, a similar
reduction in the levels of autophagy with age has been reported in
mice and humans (8, 23). Supporting that the age-associated altered
regulation of autophagy may underlie some of the age-associated
functional defects in T-cells, recent studies have shown that admin-
istration of spermidine to old mice leads to increased autophagy
in T-cells, resulting in enhanced generation of CD8* T-cell memory
in response to viral infection (23). The correlation we observe in
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Figure 1. Autophagy flux induced by TCR and CD28 engagement in CD4*T-cells
from the Einstein Longevity Study. (A) Representative immunofluorescence
fields showing LC3 staining (green) in CD4*T-cells obtained from centenarians
(CENT), the offspring of parents with exceptional longevity (OPEL), and the
offspring of parents with usual survival (OPUS). Cells were either left resting
or stimulated with antiCD3*anti-CD28-coated beads for 24 hours. During the
last 3 hours, NH,Cl and leupeptine were added to the cell cultures to inhibit
lysosomal proteases and assess LC3* vesicle turnover (autophagy flux).
Nuclei are stained with 4'6-diamidino-2-phenylindole (DAPI) in blue. (B)
Quantification of the autophagy flux induced by stimulation with anti-CD3 and
anti-CD28 antibodies in CD4* T-cells from control and exceptional longevity
families. Individual data points and median of the fold increase in autophagy
flux caused by T-cell activation are shown. Data were analyzed with a one-way
analysis of variance and a Bonferroni post hoc test (see Table 1 for the size of
the populations; **p < .01; ***p <.001).

this study between levels of autophagy activity in T-cells and the
magnitude of cytokine production in response to activation, sug-
gests that, also in human CD4* T-cells, an age-associated decrease
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Figure 2. Autophagy fluxinduced byTCR and CD28 engagement in CD4*T-cells
from the Leiden Longevity Study. (A) Representative immunofluorescence
fields showing LC3 staining (green) in CD4*T-cells obtained from the offspring
of extended longevity parents or their control partners that were either left
resting or stimulated and anti-CD3*anti-CD28-coated beads for 24 hours.
During the last 3 hours, NH,Cl and leupeptine were added to the cell cultures
to inhibit lysosomal proteases and assess LC3* vesicle turnover (autophagy
flux). Nuclei are stained with DAPI in blue. (B) Quantification of autophagy
flux induced by stimulation with antiCD3 and antiCD28 antibodies in CD4*
T-cells. Individual data points and median of the fold increase in autophagy
flux caused by T-cell activation are shown. Data were analyzed with two-tail
distribution t test (see Table 1 for the size of the populations; *p < .05).

in autophagy might be responsible for some of the deficiencies in the
quality and/or magnitude of T-cell responses that characterize T-cell
immunosenescence (2,24).

Autophagy has been proposed to play critical roles in the regula-
tion of T-cell homeostasis and function (25). For instance, turnover of
mitochondria through mitophagy controls homeostasis of this orga-
nelle in naive T-cells (26). Consequently, T-cells deficient in autophagy
show altered mitochondrial function with increased production of
reactive oxygen species (26,27). Furthermore, autophagy also contrib-
utes to the regulation of activation-induced responses in T-cells and
cells deficient in essential Azg genes show reduced levels of prolifera-
tion and cytokine secretion in response to TCR engagement (28,29).
Autophagy-mediated regulation of T-cell metabolism has also been
proposed to ensure efficient generation of CD8* T-cell memory and to
maintain regulatory T-cell function (30-33). Maintenance of higher
levels of autophagy in T-cells of OPELs, might, therefore, also lead to
enhanced T-cell responses, increased generation of effective memory,
and improved regulatory T-cell function. A general increased fitness
of the T compartment would then ensure better responses to infection
and reduced autoimmunity, which could contribute to the increased
health-span observed in exceptional longevity families (15). Indeed,
studies in centenarian offspring of Sicilian origin have reported that
their T-cells show less signs of immunosenescence than those from
age-matched controls, including increased presence of naive T-cells
and reduced numbers of T-cells with markers of senescence (13).
Those studies have also established correlations between the numbers
and characteristics of T-cells present in cohorts of centenarians and
their 5-year survival rate (13,34).

The mechanisms that can account for the presence of a T-cell
compartment with less signs of immunosenescence in members of
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Figure 3. Changes in autophagy flux with age correlate with levels of
activation-induced interferon-y (IFNy) expression in CD4* T-cells. IFNy (A)
and -2 (B) expression in activated CD4* T-cells isolated from centenarians
(CENT), the offspring of parents with exceptional longevity (OPEL), and the
offspring of parents with usual survival (OPUS). Individual data points and
median of the fold increase in autophagy flux caused by T-cell activation are
shown. (C) Correlation plot between autophagy flux and IFNy production
(Pearson r=.835; p<.0001).

exceptional longevity families remain yet to be identified (14). Our
data suggest that preserving activation-induced autophagy activity
in CD4* T-cells may be key to the maintenance of more effective
T-cell responses with age. Interestingly, a recent study has reported
that the ability to activate autophagy in response to TCR engage-
ment is impaired in CD8*CD28" T-cells, functionally impaired CD8*
T-cells that accumulate with age (35). However, we did not detect
any significant differences in the expression of CD28 in CD4* T-cells
obtained from OPEL or OPUS (Table 1), suggesting that other
mechanisms might be at play to downregulate autophagy in the
CD4* T-cell compartment. We have previously shown that signaling
through common gamma chain cytokine receptors, including the IL.2
receptor, regulates the induction of autophagy in activated T-cells
(36). Given that reduced IL2 production and diminished signaling
through the IL2 receptor are well-defined signs of aging in T-cells (2),
it is possible that the loss of activation-induced autophagy activity
may respond to the decreased ability of aged T-cells to produce this
cytokine and/or signal through its receptor. As not only common-
gamma chain cytokines but also other cytokines may influence the
ability of T-cells to activate autophagy, we should also consider that
differences in the cytokine milieu that defines inflamm-aging in dis-
tinct human populations might contribute to changes in the regula-
tion of autophagy in T-cells (36,37).

We have recently found that a specific form of selective
autophagy, chaperone-mediated autophagy, plays an essential role
in the regulation of T helper responses and is also decreased with
age in mice and humans (38). Interestingly, restoring the age-asso-
ciated decrease in the activation of chaperone-mediated autophagy
leads to enhance proliferation and cytokine production in mouse
T-cells (38). These data may indicate that not only the dysregulation
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of macroautophagy but also the decline in the activity of other
autophagic pathways might contribute to the reduced magnitude of
the T-cell response that occurs with age (5).

Given the sample sizes used in this study, results must be inter-
preted with caution. However, even using those sample sizes, we
were able to detect marked significant differences in activation-
induced autophagy flux in CD4* T-cells associated with familial
longevity, which were corroborated in two different cohorts. These
results would support that further studies to determine the global
impact of reduced autophagy flux in T-cells for morbidity and mor-
tality in the elderly adults should be continued in larger prospective
studies. In any case, the correlation between higher autophagic activ-
ity in T-cells from OPEL and the increase in cytokine production
when compared with T-cells isolated from OPUS would support that
interventions aimed at improving autophagy activity in the elderly
might result in enhanced T-cell function and attenuate the effects of
aging in the T helper cell compartment.
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