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Abstract

Aging is associated with functional deficits in the naive T cell compartment, which compromise 

the generation of de novo immune responses against previously unencountered antigens. The 

mechanisms that underlie this phenomenon have nonetheless remained unclear. We found that 

naive CD8+ T cells in elderly humans were prone to apoptosis and proliferated suboptimally in 

response to stimulation via the TCR. These abnormalities were associated with dysregulated lipid 

metabolism under homeostatic conditions and enhanced levels of basal activation. Importantly, 

reversal of the bioenergetic anomalies with lipid-altering drugs, such as rosiglitazone, almost 

completely restored the antigen responsiveness of naive CD8+ T cells. Interventions that favor 

lipid catabolism may therefore find utility as adjunctive therapies in the elderly to promote 

vaccine-induced immunity against targetable cancers and emerging pathogens, such as seasonal 

influenza viruses and SARS-CoV-2.
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Introduction

Life expectancy has increased considerably over the last century as a consequence of 

advances in medicine and improved public health systems. However, old age is associated 

with a high prevalence of chronic diseases and an increased susceptibility to cancer 

and emerging pathogens, such as SARS-CoV-2 (1). Age-related deficits in the immune 

system are thought to play a key role in the development of many pathological conditions 

(2–4). Immune aging is characterized by a progressive erosion of the naive CD8+ T 

cell compartment, which impairs de novo immune responses against newly encountered 

antigens (5–7). Alongside this decline in absolute numbers (8), naive CD8+ T cells in 

elderly individuals also exhibit various functional limitations (9), including suboptimal 

differentiation in response to T cell receptor (TCR)-mediated activation (5).

A growing body of evidence indicates that lymphocyte metabolism is a key determinant 

of immune functionality (10–13). Systemic metabolic disturbances are common in elderly 

individuals, and increased levels of adipokines and proinflammatory lipid species in 

particular have been implicated as critical mediators of inflammaging, which is thought 

to exacerbate many age-related diseases (14). In this study, we investigated the bioenergetic 

features of naive CD8+ T cells in middle-aged and elderly humans, aiming to establish a 

link between metabolic disturbances and immunosenescence. Naive CD8+ T cells displayed 

functional and metabolic abnormalities in elderly people, including enhanced lipid influx 

and storage accompanied by a marked susceptibility to apoptosis and impaired proliferation 
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in response to activation via the TCR. Importantly, these deficits were mitigated in the 

presence of lipid-altering drugs, opening potential therapeutic avenues to enhance immune 

reactivity in later life.

Material and Methods

Donors and samples

Two groups of healthy volunteers were enrolled in this study: (i) middle-aged Caucasians 

(median, 39 years; range, 19–55 years); and (ii) elderly Caucasians (median, 82 years; range 

65–95 years). Individuals with malignancies, acute diseases, or severe chronic diseases, 

such as atherosclerosis, congestive heart failure, poorly controlled diabetes mellitus, renal 

or hepatic disease, various inflammatory conditions, or chronic obstructive pulmonary 

disease, as well as individuals on immunosuppressive therapy, were excluded from the 

study. Laboratory staff were blinded to donor identity. Ethical approval was granted by 

the Comité de Protection des Personnes of the Pitié Salpétrière Hospital (Paris, France). 

All volunteers provided written informed consent in accordance with the principles of the 

Declaration of Helsinki. PBMCs were isolated from venous blood samples via density 

gradient centrifugation according to standard protocols and cryopreserved in complete 

medium supplemented with DMSO (10% v/v; Sigma-Aldrich) and FCS (20% v/v; Sigma-

Aldrich). Complete medium (R+) consisted of RPMI 1640 supplemented with non-essential 

amino acids (1% v/v), penicillin/streptomycin (100 U/mL), L-glutamine (2 mM), and 

sodium pyruvate (1 mM) (all from Thermo Fisher Scientific).

Flow cytometry and cell sorting

PBMCs were stained for surface markers using combinations of the following directly 

conjugated monoclonal antibodies: anti-CCR7–BV650 (clone 3D12; BD Biosciences), 

anti-CCR7–PE-Cy7 (clone 3D12; BD Biosciences), anti-CD3–BV605 (clone SK7; BD 

Biosciences), anti-CD8–APC (clone RPA-T8; BD Biosciences), anti-CD8–APC-Cy7 (clone 

SK1; BD Biosciences), anti-CD8–FITC (clone RPA-T8; BD Biosciences), anti-CD27–

AF700 (clone O323; BioLegend), anti-CD27–PE (clone M-T271; BD Biosciences), anti-

CD45RA–ECD (clone 2H4LDH11LDB9; Beckman Coulter), anti-CD45RA–PerCP-Cy5.5 

(clone HI100; eBioscience), anti-CD45RA–V450 (clone HI100; BD Biosciences), anti-

CD49b–PE-Cy7 (clone 9F10; BioLegend), anti-CD57– Pacific Blue (clone HCD57; 

BioLegend), and anti-CD95–FITC (clone DX2; BD Biosciences). Naive CD8+ T cells were 

defined as CD3+ CD8+ CD27+ CD45RA+ CCR7+ in most experiments and further identified 

as CD49b– CD57– CD95– for gene expression studies and intracellular measurements of 

T-bet. Non-viable cells were eliminated from the analysis using LIVE/DEAD Fixable Aqua 

(Thermo Fisher Scientific). Intracellular stains were performed using anti-T-bet–eFluor660 

(clone 4B10; eBioscience) in conjunction with a Transcription Factor Buffer Set (BD 

Biosciences). Samples were acquired using an LSR Fortessa or a FACSCanto II (BD 

Biosciences). Naive CD8+ T cells were flow-sorted using a FACSAria II (BD Biosciences). 

Data were analyzed using FACSDiva software version 7 (BD Biosciences) and/or FlowJo 

software version 10 (FlowJo LLC).
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Proliferation assays and cell culture conditions

PBMCs were labeled with Cell Proliferation Dye (CPD) eFluor450 (Thermo Fisher 

Scientific) and stimulated for 4 days with plate-bound anti-CD3 (clone OKT3; Thermo 

Fisher Scientific). In some experiments, cells were precultured in AIM-V medium (Thermo 

Fisher Scientific) supplemented with BSA (10% v/v; Sigma-Aldrich) for 1 day in 

the absence or presence of palmitic acid (PA; 300 μM; Sigma-Aldrich), and in other 

experiments, cells were precultured in AIM-V medium (Thermo Fisher Scientific) without 

BSA supplementation for 2 days in the absence or presence of rosiglitazone (40 μM; 

Sigma-Aldrich). Proliferation was measured using flow cytometry to quantify the dilution of 

CPD. Sample size calculation, based on available data for T-cell proliferation (5), suggested 

a size of 10 individuals per group to detect a 50% difference in CPD low (i.e. proliferating) 

cells between middle-aged and old individuals with a power of 80% using a one-sided 

significance level of 5%. To assess the effect of fatty acids on resting cells, PBMCs were 

cultured up to 48 hr in AIM-V medium supplemented with 10% BSA in the absence or in 

the presence of palmitic acid (300 or 3000 μM).

Activation assays

PBMCs were stimulated for 24 hr with plate-bound anti-CD3 (clone OKT3; Thermo 

Fisher Scientific) in the absence or presence of fenofibrate (50 μM; Sigma-Aldrich) or 

rosiglitazone (40 μM; Sigma-Aldrich). Activation markers were quantified on the cell 

surface using anti-CD69–FITC (clone L78; BD Biosciences) and anti-CD134–BV711 (clone 

ACT35; BD Biosciences). Intracellular stains were performed using anti-active caspase-3–

PE (clone C92-605; BD Biosciences) in conjunction with a Cytofix/Cytoperm Fixation/

Permeabilization Solution Kit (BD Biosciences).

Metabolism assays

To determine glucose uptake, PBMCs were incubated for 20 min at 37°C in PBS 

containing 2′-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG; 50 

μM; Thermo Fisher Scientific). To determine fatty acid (FA) uptake, PBMCs were 

incubated for 20 min at 37°C in PBS containing 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-

diaza-s-indacene-3-hexadecanoic acid (BODIPY FL C16; 1 μM; Thermo Fisher Scientific). 

To determine neutral lipid (NL) content, PBMCs were incubated for 20 min at 37°C in 

PBS containing 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 

493/503; 10 μM; Thermo Fisher Scientific). To determine mitochondrial mass, PBMCs 

were incubated for 30 min at 37°C in R+ containing Mitotracker Deep Red (500 nM; 

Thermo Fisher Scientific). To determine mitochondrial membrane potential (ΔΨM), PBMCs 

were incubated for 30 min at 37°C in R+ containing tetramethylrhodamine, methyl ester, 

perchlorate (TMRM; 25 nM; Thermo Fisher Scientific). To determine mTOR activity, 

PBMCs were incubated for 10 min at 37°C in Cytofix Fixation Buffer (BD Biosciences), 

washed, incubated for 30 min at 4°C in Phosflow Perm Buffer III (BD Biosciences), washed 

again, and stained for 1 hr at room temperature with anti-pS6–Pacific Blue (clone D57.2.2E; 

Cell Signaling Technology).
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Peptides and tetramers

All peptides were synthesized at >95% purity (BioSynthesis Inc.). The EV20 peptide 

(YTAAEELAGIGILTVILGVL, Melan-A21–40/A27L) was used for in vitro priming studies. 

Fluorochrome-labeled tetrameric complexes of HLA-A*02:01–EV10 (ELAGIGILTV, 

Melan-A26–35/A27L) were generated in-house as described previously (15).

In vitro priming of antigen-specific CD8+ T cells

Naive precursors specific for HLA-A2–EV10 were primed in vitro using an accelerated 

dendritic cell (DC) coculture protocol as described previously (11, 16, 17). Briefly, thawed 

PBMCs were resuspended at 5 × 106 cells/well in AIM-V medium (Thermo Fisher 

Scientific) supplemented with Flt3 ligand (Flt3L; 50 ng/mL; R&D Systems) in the absence 

or presence of rosiglitazone (40 μM; Sigma-Aldrich) or IL-7 (20 ng/mL; R&D Systems). 

After 24 hr (day 1), the Melan-A peptide EV20 (1 μM) was added to the cultures, and DC 

maturation was induced using a standard cocktail of inflammatory cytokines, incorporating 

IL-1β (10 ng/mL), IL-7 (0.5 ng/mL), PGE2 (1 μM), and TNF (1,000 U/mL) (all from R&D 

Systems), or ssRNA40 (TLR8L; 0.5 μg/mL; InvivoGen). The cultures were supplemented on 

day 2 with FCS (10% v/v; Sigma-Aldrich). Medium was replaced every 3 days thereafter 

with fresh R+ containing FCS (10% v/v; Sigma-Aldrich). Antigen-specific CD8+ T cells 

were characterized via flow cytometry on day 10.

RNA extraction and qPCR analysis

PBMCs were activated for 5 hr with plate-bound anti-CD3 (clone OKT3; Thermo Fisher 

Scientific). RNA was extracted from flow-sorted naive CD8+ T cells (n = 300 per 

condition) using a NucleoSpin RNA XS Kit (Macherey-Nagel), and cDNA was synthesized 

using Reverse Transcription Master Mix (Fluidigm). Specific targets were amplified using 

PreAmp Master Mix (Fluidigm). Gene expression was assessed using a BioMark HD 

System (Fluidigm) with EvaGreen Supermix (Bio-Rad). RNA expression levels were 

calculated using the 2−ΔΔCT method with reference to a housekeeping gene (human 18S) 

(18).

Statistics

Univariate statistical analyses were performed using nonparametric tests in Prism software 

version 8 (GraphPad Software Inc.). Unpaired groups were compared using the Mann-

Whitney U test, and paired groups were compared using the Wilcoxon signed rank test. 

Correlations were determined using Spearman’s rank correlation. Significance was assigned 

at p < 0.05.

Results

Naive CD8+ T cells in the elderly exhibit altered basal activation status and proliferative 
capacity

In a previous study, we found that naive CD8+ T cells from elderly individuals responded 

suboptimally to cognate antigen stimulation, generating fewer effector memory CD8+ T 

cells (5). To extend these findings, we compared the activation profiles of naive CD8+ 
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T cells from middle-aged and elderly individuals, mimicking antigen-driven signals with 

plate-bound anti-CD3. No age-related differences in activation per se were detected 24 hr 

after stimulation, as determined by measuring the upregulation of CD69 and CD134 (Figure 

1A).

Despite these similarities, naive CD8+ T cells from elderly individuals proliferated to 

a lesser extent than naive CD8+ T cells from middle-aged individuals in response to 

stimulation (Figure 1B), confirming our earlier observations (5). We also found that 

activation-induced apoptosis was more common among naive CD8+ T cells from elderly 

versus middle-aged individuals, as determined by measuring the intracellular expression of 

active caspase-3 (Figure 1C). Of note, there was a strong inverse correlation between the 

frequency of naive CD8+ T cells that proliferated and the frequency of naive CD8+ T cells 

that expressed active caspase-3 after stimulation, irrespective of age (Figure 1D).

It was also notable that unstimulated naive CD8+ T cells from elderly individuals 

expressed CD134 more commonly than unstimulated naive CD8+ T cells from middle-aged 

individuals, consistent with elevated levels of basal activation (Figure 1A). To corroborate 

this observation, we measured the expression of T-bet, which is classically upregulated in 

response to activation via the TCR. The basal expression frequencies of T-bet mirrored 

the basal expression frequencies of CD134 (Figure 1E). Equivalent results were obtained 

using a more stringent definition of naive CD8+ T cells (Figures S1A and S1B), which 

excluded phenotypically similar memory CD8+ T cells (19). Moreover, the basal expression 

frequency of T-bet correlated directly with the activation-induced expression frequency of 

active caspase-3 among naive CD8+ T cells, irrespective of age (Figure 1F).

Collectively, these data revealed that elevated levels of basal activation and a predisposition 

to apoptosis were associated with an age-related deficit in the proliferative capabilities of 

naive CD8+ T cells, despite a largely unaltered response to activation via the TCR.

Naive CD8+ T cells in the elderly are metabolically distinct

Signals transduced via the TCR elicit an mTOR-driven metabolic switch that supports the 

function and viability of activated naive CD8+ T cells (11). We therefore assessed mTOR 

activity by quantifying phospho-S6 (pS6). In line with the comparable activation profiles, 

naive CD8+ T cells from middle-aged and elderly individuals upregulated mTOR activity to 

a similar extent after stimulation with plate-bound anti-CD3 (Figure 2A). To validate these 

findings, we measured the expression of metabolism-related genes, comparing unstimulated 

and activated naive CD8+ T cells. Genes encoding various enzymes involved in glycolysis 

were upregulated similarly in flow-sorted naive CD8+ T cells from middle-aged and elderly 

individuals after stimulation with plate-bound anti-CD3 (Figure 2B). In contrast, genes 

associated with lipid metabolism or signaling pathways involved in metabolic regulation 

were not generally upregulated in response to stimulation, with the exception of MYC, 

which was overexpressed in activated naive CD8+ T cells, irrespective of age (Figure 

2B). Genes that play a critical role in the metabolic switch were also overexpressed in 

activated naive CD8+ T cells, irrespective of age, with the exception of HIF1 and RPS6KB1, 
which were upregulated to a greater extent in activated naive CD8+ T cells from middle-

aged versus elderly individuals (Figure 2B). These data support a rather intact although 

Nicoli et al. Page 6

J Immunol. Author manuscript; available in PMC 2023 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



suboptimal metabolic switch, with a physiological mTOR activation, in naive CD8+ T cells 

of elderly subjects upon TCR ligation.

To explore these age-related phenomena in more depth, we investigated the metabolic 

and transcriptional properties of quiescent naive CD8+ T cells. Glycolysis is the main 

metabolic pathway that supports the activation of naive CD8+ T cells (11, 20). We found 

no significant differences in basal glucose uptake between unstimulated naive CD8+ T cells 

from middle-aged individuals and unstimulated naive CD8+ T cells from elderly individuals 

(Figure 3A). Moreover, we found similar basal expression levels of glycolysis-related genes, 

with the exception of HK2, which was overexpressed in unstimulated naive CD8+ T cells 

from middle-aged versus elderly individuals (Figure 3B). This gene encodes a selectively 

regulated isoform of hexokinase (21), which catalyzes glucose phosphorylation and is 

usually induced in response to stimulation via the TCR (21, 22).

In contrast, FA uptake was increased among unstimulated naive CD8+ T cells from elderly 

versus middle-aged individuals (Figure 3C), although this difference was not associated 

with significant changes in the expression levels of genes encoding various enzymes 

involved in FA synthesis or FA oxidation (FAO). However, we noted that DGAT1, which 

encodes diacylglycerol O-acyltransferase 1, a key enzyme involved in the storage of FAs as 

triacylglycerol (TAG), was expressed at higher levels in unstimulated naive CD8+ T cells 

from elderly versus middle-aged individuals, albeit without reaching statistical significance 

(Figure 3D). Unstimulated naive CD8+ T cells from elderly individuals also stored higher 

amounts of NLs than unstimulated naive CD8+ T cells from middle-aged individuals (Figure 

4A).

In further experiments, we assessed the basal expression levels of various genes encoding 

transcription factors involved in metabolic regulation. Consistent patterns of expression were 

observed in unstimulated naive CD8+ T cells, irrespective of age, with the exception of 

ID2, which was expressed at higher levels in unstimulated naive CD8+ T cells from elderly 

versus middle-aged individuals (Figure 4B). ID2 is involved in metabolic adaptation (23, 

24) and promotes lipid storage via the downmodulation of PGC-1α (24), which enhances 

FAO and inhibits TAG synthesis (25). Moreover, ID2 promotes an overall increase in ΔΨM, 

without affecting mitochondrial biogenesis or, by extension, mitochondrial mass (23). In line 

with these known functions, ΔΨM was higher in unstimulated naive CD8+ T cells from 

elderly versus middle-aged individuals (Figure 4C), whereas mitochondrial mass was largely 

unaffected by age (Figure 4D). We also noted a direct correlation between ΔΨM and the 

frequency of unstimulated naive CD8+ T cells that expressed T-bet, suggesting a link with 

the loss of quiescence (Figure S2).

Collectively, these data revealed an age-related shift in the basal metabolic properties of 

naive CD8+ T cells, typified by high levels of FA uptake and NL storage and a supranormal 

ΔΨM.

Naive CD8+ T cells in the elderly can be reinvigorated with lipid-altering drugs

T cell homeostasis and viability can be affected by high levels of FAs (26, 27). In line with 

this paradigm, we found that bulk CD8+ T cells from middle-aged donors exhibited higher 
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ΔΨM values and more commonly expressed T-bet after treatment with increasing amounts 

of PA (Figures S3A–B). High PA doses (3000 μM) also induced T-cell death (Figure S3C). 

Moreover, these changes were associated with impaired proliferative responses (Figure 

S3D), mimicking the altered physiology of naive CD8+ T cells from elderly individuals and 

suggesting a determinative role for FAs in these age-related transitions.

In further experiments, we observed a direct correlation between the frequency of 

unstimulated naive CD8+ T cells that expressed active caspase-3 and the corresponding basal 

levels of FA uptake (Figure 5A) and NL content (Figure 5B). To determine the biological 

relevance of these associations, we treated naive CD8+ T cells with rosiglitazone, a drug 

known to foster lipid catabolism by activating triglyceride lipase (28) and preventing the 

conversion of FAs into NLs (29). As expected, NL content was reduced after exposure to 

rosiglitazone, consistent with enhanced catabolism, and similar effects were observed after 

serum starvation, consistent with forced intracellular consumption (Figure 5C). Pretreatment 

with rosiglitazone also inhibited activation-induced apoptosis among naive CD8+ T cells 

from elderly individuals (Figure 5D), and similar results were obtained using fenofibrate, 

which induces lipid catabolism by enhancing FAO (Figure S3E).

Importantly, naive CD8+ T cells from elderly individuals proliferated to a greater extent after 

serum starvation, and the addition of rosiglitazone further enhanced these activation-induced 

proliferative responses (Figure 5E). To assess the potential relevance of these findings in the 

context of antigen-driven immune responses, we used an in vitro model to prime naive CD8+ 

T cells specific for the melanoma-associated epitope EV10 (5). We found that EV10-specific 

CD8+T cells from middle-aged individuals expanded to a greater extent than EV10-specific 

CD8+ T cells from elderly individuals (Figure 5F), which could be due to both a higher 

frequency of precursors at younger age or to an age-related deficit in proliferation. In line 

with this latter interpretation, preincubation with rosiglitazone enhanced the expansion of 

EV10-specific CD8+ T cells from elderly individuals (Figure 5G), mirroring the results 

obtained with plate-bound anti-CD3.

Collectively, these data revealed that age-related functional deficits associated with abnormal 

lipid metabolism and greater levels of basal activation in the naive CD8+ T cell compartment 

may be, at least in part, reversed in the presence of rosiglitazone, highlighting a new 

therapeutic approach that could enhance immune reactivity against newly encountered 

antigens in the elderly population.

Discussion

A detailed understanding of age-related deficits in the naive T cell compartment is 

essential for the rational development of immunotherapies and vaccines that protect elderly 

individuals from emerging threats, such as COVID-19. We found that naive CD8+ T cells 

from elderly individuals were susceptible to apoptosis and proliferated suboptimally in 

response to stimulation via the TCR. These abnormalities were associated with enhanced 

levels of basal activation, measured in terms of ΔΨM and the ex vivo expression frequencies 

of T-bet and CD134. Although characteristic of advanced age, it may be of interest to 
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investigate if some functional and metabolic alterations may already occur in pre-elderly 

subjects (i.e. in individuals <65y).

Recent studies have shown that metabolic processes govern the behavior of T cells (11, 

20, 30, 31). In the naive CD8+ T cell compartment, autophagy and glycolysis are typically 

upregulated in response to activation (11, 32, 33), whereas homeostatic energy requirements 

are fulfilled primarily via FAO (13, 34–37). This metabolic switch was largely unaffected 

by age in our study, but at rest, naive CD8+ T cells from elderly individuals displayed 

abnormally high levels of FA uptake and stored abnormally high amounts of NLs.

In line with previous reports suggesting that excessively high levels of intracellular lipids 

may be toxic (11, 26, 38), we found that active caspase-3 expression correlated directly with 

FA uptake and NL content in the naive CD8+ T cell compartment. Lipids are essential for 

T cell activation and proliferation (39). Supraphysiological amounts of intracellular lipids 

can nonetheless impair T cell proliferation and viability (40–42). Accordingly, we found 

that activation-induced initiation of the apoptotic pathway was reduced by interventions 

that enhanced lipid clearance in naive CD8+ T cells. Of note, NLs per se are not 

toxic. The conversion of FAs into NLs therefore most likely protects against lipotoxicity 

under homeostatic conditions (26), although further studies are warranted to investigate 

the molecular linkage between altered T-cell metabolism and increased susceptibility to 

apoptosis with ageing.

The heightened basal activation status of naive CD8+ T cells from elderly individuals 

seemed to be sustained energetically by increased mitochondrial activity, given that T-bet 

expression correlated directly with ΔΨM. Inflammation is closely linked with metabolic 

dysregulation in the elderly (43). High levels of circulating proinflammatory cytokines 

and lipids are common features of advanced age and may contribute to the disruption of 

cellular quiescence. Moreover, hematopoietic progenitor cells in elderly individuals are often 

metabolically active, and this trait may be heritable (44). Increased rates of homeostatic 

proliferation are required to maintain naive CD8+ T cell numbers in the elderly (45), and 

the predominant energetic pathway that supports this process is thought to be FAO (46, 47). 

It is therefore plausible that high basal levels of FA uptake and NL storage constitute a 

bioenergetic pattern that favors homeostatic proliferation.

Aging is characterized by profound metabolic perturbations (48), including increased 

lipogenesis (49) and reduced lipolysis (50), leading to higher systemic levels of free FAs 

and TAG (43, 51). The combination of a homeostatic environment and high systemic levels 

of proinflammatory cytokines and lipids may therefore underlie the altered metabolism and 

functional deficits that characterize naive CD8+ T cells in the elderly. A key finding of 

our study was the observation that rosiglitazone, a drug known to foster lipid catabolism, 

largely reversed these abnormalities and enhanced antigen-driven CD8+ T cell responses in 

an experimental model that has been shown to recapitulate de novo priming events in vivo 
(5, 52, 53). Of note, rosiglitazone was recently found to attenuate the metabolic phenomena 

associated with advanced age and extend longevity in mice (54), and thiazolidinediones in 

general may have other beneficial effects on the immune system (55). Moreover, drugs that 

enhance FAO, such as fibrates, appear to enhance the quality and quantity of effector CD8+ 

Nicoli et al. Page 9

J Immunol. Author manuscript; available in PMC 2023 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



T cells (11, 56–58). These are encouraging results from a translational perspective, although 

it should be noted that rosiglitazone has now been withdrawn as a therapeutic agent in 

Europe. Our data have nonetheless provided an important proof-of-principle demonstration 

suggesting that lipid-altering drugs could be helpful as adjunctive interventions to enhance 

adaptive immune responses against previously unencountered antigens, particularly in 

elderly individuals, who often respond poorly to vaccination and remain vulnerable to 

emerging pathogens, such as seasonal influenza viruses and SARS-CoV-2.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Simone Candioli and Silvio Spatocco (University of Ferrara, Italy), Irene Bonazzi and Ilaria Signoretto 
(University of Padua, Italy), and Alain Savenay (AP-HP, Paris, France) for technical assistance, Mario Pende 
(Institut Necker-Enfants Malades, Paris, France) for helpful discussions, and Veronique Morin and Rima Zoorob 
(INSERM U1135, Paris, France) and Silvia Menegatti and Lars Rogge (Institut Pasteur, Paris, France) for 
assistance with gene expression analyses.

References

1. Nicoli F, Solis-Soto MT, Paudel D, Marconi P, Gavioli R, Appay V, Caputo A. Age-related decline 
of de novo T cell responsiveness as a cause of COVID-19 severity. Geroscience. 2020; 42: 1015–
1019. [PubMed: 32583231] 

2. Dorshkind K, Swain S. Age-associated declines in immune system development and function: 
causes, consequences, and reversal. Curr Opin Immunol. 2009; 21: 404–407. [PubMed: 19632102] 

3. Ventura MT, Casciaro M, Gangemi S, Buquicchio R. Immunosenescence in aging: between immune 
cells depletion and cytokines up-regulation. Clin Mol Allergy. 2017; 15: 21. [PubMed: 29259496] 

4. Fulop T, Larbi A, Dupuis G, Le Page A, Frost EH, Cohen AA, Witkowski JM, Franceschi C. 
Immunosenescence and inflamm-aging as two sides of the same coin: friends or foes? Front 
Immunol. 2017; 8 1960 [PubMed: 29375577] 

5. Briceno O, Lissina A, Wanke K, Afonso G, von Braun A, Ragon K, Miquel T, Gostick E, Papagno 
L, Stiasny KD, Price A, et al. Reduced naive CD8+ T-cell priming efficacy in elderly adults. Aging 
Cell. 2016; 15: 14–21. [PubMed: 26472076] 

6. Nikolich-Zugich J. Aging of the T cell compartment in mice and humans: from no naive 
expectations to foggy memories. J Immunol. 2014; 193: 2622–2629. [PubMed: 25193936] 

7. Gallerani E, Proietto D, Dallan B, Campagnaro M, Pacifico S, Albanese V, Marzola E, Marconi P, 
Caputo A, Appay V, Gavioli R, et al. Impaired priming of SARS-CoV-2-specific naive CD8+T cells 
in older subjects. Front Immunol. 2021; 12 693054 [PubMed: 34326844] 

8. Wertheimer AM, Bennett MS, Park B, Uhrlaub JL, Martinez C, Pulko V, Currier NL, Nikolich-
Zugich D, Kaye J, Nikolich-Zugich J. Aging and cytomegalovirus infection differentially and jointly 
affect distinct circulating T cell subsets in humans. J Immunol. 2014; 192: 2143–2155. [PubMed: 
24501199] 

9. Goronzy JJ, Fang F, Cavanagh MM, Qi Q, Weyand CM. Naive T cell maintenance and function in 
human aging. J Immunol. 2015; 194: 4073–4080. [PubMed: 25888703] 

10. Palmer CS, Ostrowski M, Balderson B, Christian N, Crowe SM. Glucose metabolism regulates T 
cell activation, differentiation, and functions. Front Immunol. 2015; 6: 1. [PubMed: 25657648] 

11. Nicoli F, Papagno L, Frere JJ, Cabral-Piccin MP, Clave E, Gostick E, Toubert A, Price DA, Caputo 
A, Appay V. Naive CD8+T-cells engage a versatile metabolic program upon activation in humans 
and differ energetically from memory CD8+T-cells. Front Immunol. 2018; 9 2736 [PubMed: 
30619240] 

Nicoli et al. Page 10

J Immunol. Author manuscript; available in PMC 2023 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



12. Nicoli F. Angry, Hungry T-Cells: How Are T-Cell Responses Induced in Low Nutrient Conditions? 
Immunometabolism. 2020; 2 e200004 

13. Almeida L, Lochner M, Berod L, Sparwasser T. Metabolic pathways in T cell activation and 
lineage differentiation. Semin Immunol. 2016; 28: 514–524. [PubMed: 27825556] 

14. Baylis D, Bartlett DB, Patel HP, Roberts HC. Understanding how we age: insights into 
inflammaging. Longev Healthspan. 2013; 2: 8. [PubMed: 24472098] 

15. Price DA, Brenchley JM, Ruff LE, Betts MR, Hill BJ, Roederer M, Koup RA, Migueles SA, 
Gostick E, Wooldridge L, Sewell AK, et al. Avidity for antigen shapes clonal dominance in 
CD8+T cell populations specific for persistent DNA viruses. J Exp Med. 2005; 202: 1349–1361. 
[PubMed: 16287711] 

16. Lissina A, Briceno O, Afonso G, Larsen M, Gostick E, Price DA, Mallone R, Appay V. Priming of 
qualitatively superior human effector CD8+T cells using TLR8 ligand combined with FLT3 ligand. 
J Immunol. 2016; 196: 256–263. [PubMed: 26608912] 

17. Alanio C, Nicoli F, Sultanik P, Flecken T, Perot B, Duffy D, Bianchi E, Lim A, Clave E, van 
Buuren MM, Schnuriger A, et al. Bystander hyperactivation of preimmune CD8+T cells in chronic 
HCV patients. Elife. 2015; 4: 1–20. 

18. Nicoli F, Gallerani E, Sforza F, Finessi V, Chachage M, Geldmacher C, Cafaro A, Ensoli B, Caputo 
A, Gavioli R. The HIV-1 Tat protein affects human CD4+ T-cell programing and activation, and 
favors the differentiation of naive CD4+ T cells. AIDS. 2018; 32: 575–581. [PubMed: 29280760] 

19. Pulko V, Davies JS, Martinez C, Lanteri MC, Busch MP, Diamond MS, Knox K, Bush EC, Sims 
PA, Sinari S, Billheimer D, et al. Human memory T cells with a naive phenotype accumulate with 
aging and respond to persistent viruses. Nat Immunol. 2016; 17: 966–975. [PubMed: 27270402] 

20. Zhang L, Romero P. Metabolic control of CD8+T cell fate decisions and antitumor immunity. 
Trends Mol Med. 2018; 24: 30–48. [PubMed: 29246759] 

21. Tan H, Yang K, Li Y, Shaw TI, Wang Y, Blanco DB, Wang X, Cho JH, Wang H, Rankin S, Guy C, 
et al. Integrative proteomics and phosphoproteomics profiling reveals dynamic signaling networks 
and bioenergetics pathways underlying T cell activation. Immunity. 2017; 46: 488–503. [PubMed: 
28285833] 

22. Lis P, Dylag M, Niedzwiecka K, Ko YH, Pedersen PL, Goffeau A, Ulaszewski S. The HK2 
dependent “Warburg effect” and mitochondrial oxidative phosphorylation in cancer: targets for 
effective therapy with 3-bromopyruvate. Molecules. 2016; 21 

23. Zhang Z, Rahme GJ, Chatterjee PD, Havrda MC, Israel MA. ID2 promotes survival of 
glioblastoma cells during metabolic stress by regulating mitochondrial function. Cell Death Dis. 
2017; 8 e2615 [PubMed: 28206987] 

24. Hou TY, Ward SM, Murad JM, Watson NP, Israel MA, Duffield GE. ID2 (inhibitor of DNA 
binding 2) is a rhythmically expressed transcriptional repressor required for circadian clock output 
in mouse liver. J Biol Chem. 2009; 284: 31735–31745. [PubMed: 19740747] 

25. Morris EM, Meers GM, Booth FW, Fritsche KL, Hardin CD, Thyfault JP, Ibdah JA. PGC-1α 
overexpression results in increased hepatic fatty acid oxidation with reduced triacylglycerol 
accumulation and secretion. Am J Physiol Gastrointest Liver Physiol. 2012; 303: G979–G992. 
[PubMed: 22899824] 

26. de Jong AJ, Kloppenburg M, Toes RE, Ioan-Facsinay A. Fatty acids, lipid mediators, and T-cell 
function. Front Immunol. 2014; 5: 483. [PubMed: 25352844] 

27. Nicoli F, Paul S, Appay V. Harnessing the induction of CD8+T-cell responses through metabolic 
regulation by pathogen-recognition-receptor triggering in antigen presenting cells. Frontiers in 
Immunology. 2018; 9 2372 [PubMed: 30410483] 

28. Kershaw EE, Schupp M, Guan HP, Gardner NP, Lazar MA, Flier JS. PPARγ regulates adipose 
triglyceride lipase in adipocytes in vitro and in vivo. Am J Physiol Endocrinol Metab. 2007; 293: 
E1736–E1745. [PubMed: 17848638] 

29. Askari B, Kanter JE, Sherrid AM, Golej DL, Bender AT, Liu J, Hsueh WA, Beavo JA, 
Coleman RA, Bornfeldt KE. Rosiglitazone inhibits acyl-CoA synthetase activity and fatty acid 
partitioning to diacylglycerol and triacylglycerol via a peroxisome proliferator-activated receptor-
γ-independent mechanism in human arterial smooth muscle cells and macrophages. Diabetes. 
2007; 56: 1143–1152. [PubMed: 17259370] 

Nicoli et al. Page 11

J Immunol. Author manuscript; available in PMC 2023 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



30. Gubser PM, Bantug GR, Razik L, Fischer M, Dimeloe S, Hoenger G, Durovic B, Jauch A, Hess 
C. Rapid effector function of memory CD8+T cells requires an immediate-early glycolytic switch. 
Nat Immunol. 2013; 14: 1064–1072. [PubMed: 23955661] 

31. O’Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for immunologists. Nat Rev 
Immunol. 2016; 16: 553–565. [PubMed: 27396447] 

32. Arnold CR, Pritz T, Brunner S, Knabb C, Salvenmoser W, Holzwarth B, Thedieck K, Grubeck-
Loebenstein B. T cell receptor-mediated activation is a potent inducer of macroautophagy in 
human CD8+CD28+T cells but not in CD8+CD28^ T cells. Exp Gerontol. 2014; 54: 75–83. 
[PubMed: 24468331] 

33. Whang MI, Tavares RM, Benjamin DI, Kattah MG, Advincula R, Nomura DK, Debnath J, Malynn 
BA, Ma A. The ubiquitin binding protein TAX1BP1 mediates autophagasome induction and the 
metabolic transition of activated T cells. Immunity. 2017; 46: 405–420. [PubMed: 28314591] 

34. O’Sullivan D, van der Windt GJ, Huang SC, Curtis JD, Chang CH, Buck MD, Qiu J, Smith AM, 
Lam WY, DiPlato LM, Hsu FF, et al. Memory CD8+T cells use cell-intrinsic lipolysis to support 
the metabolic programming necessary for development. Immunity. 2014; 41: 75–88. [PubMed: 
25001241] 

35. Green WD, Beck MA. Obesity altered T cell metabolism and the response to infection. Curr Opin 
Immunol. 2017; 46: 1–7. [PubMed: 28359913] 

36. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, Jones RG, Choi Y. Enhancing 
CD8 T-cell memory by modulating fatty acid metabolism. Nature. 2009; 460: 103–107. [PubMed: 
19494812] 

37. Raud B, McGuire PJ, Jones RG, Sparwasser T, Berod L. Fatty acid metabolism in CD8(+) T cell 
memory: Challenging current concepts. Immunol Rev. 2018; 283: 213–231. [PubMed: 29664569] 

38. Zurier RB, Rossetti RG, Seiler CM, Laposata M. Human peripheral blood T lymphocyte 
proliferation after activation of the T cell receptor: effects of unsaturated fatty acids. 
Prostaglandins Leukot Essent Fatty Acids. 1999; 60: 371–375. [PubMed: 10471124] 

39. Angela M, Endo Y, Asou HK, Yamamoto T, Tumes DJ, Tokuyama H, Yokote K, Nakayama 
T. Fatty acid metabolic reprogramming via mTOR-mediated inductions of PPARγ directs early 
activation of T cells. Nat Commun. 2016; 7 13683 [PubMed: 27901044] 

40. Takahashi HK, Cambiaghi TD, Luchessi AD, Hirabara SM, Vinolo MA, Newsholme P, Curi R. 
Activation of survival and apoptotic signaling pathways in lymphocytes exposed to palmitic acid. J 
Cell Physiol. 2012; 227: 339–350. [PubMed: 21437903] 

41. Fernanda Cury-Boaventura M, Cristine Kanunfre C, Gorjao R, Martins de Lima T, Curi R. 
Mechanisms involved in Jurkat cell death induced by oleic and linoleic acids. Clin Nutr. 2006; 25: 
1004–1014. [PubMed: 16859815] 

42. Howie D, Cobbold SP, Adams E, Ten Bokum A, Necula AS, Zhang W, Huang H, Roberts DJ, 
Thomas B, Hester SS, Vaux DJ, et al. Foxp3 drives oxidative phosphorylation and protection from 
lipotoxicity. JCI Insight. 2017; 2 e89160 [PubMed: 28194435] 

43. Pararasa C, Ikwuobe J, Shigdar S, Boukouvalas A, Nabney IT, Brown JE, Devitt A, Bailey CJ, 
Bennett SJ, Griffiths HR. Age-associated changes in long-chain fatty acid profile during healthy 
aging promote pro-inflammatory monocyte polarization via PPARγ. Aging Cell. 2016; 15: 128–
139. [PubMed: 26522807] 

44. Fali T, Fabre-Mersseman V, Yamamoto T, Bayard C, Papagno L, Fastenackels S, Zoorab R, Koup 
RA, Boddaert J, Sauce D, Appay V. Elderly human hematopoietic progenitor cells express cellular 
senescence markers and are more susceptible to pyroptosis. JCI Insight. 2018; 3 e95319 [PubMed: 
29997288] 

45. Sauce D, Larsen M, Fastenackels S, Roux A, Gorochov G, Katlama C, Sidi D, Sibony-Prat 
J, Appay V. Lymphopenia-driven homeostatic regulation of naive T cells in elderly and 
thymectomized young adults. J Immunol. 2012; 189: 5541–5548. [PubMed: 23136199] 

46. Chang CH, Curtis JD, Maggi LB Jr, Faubert B, Villarino AV, O’Sullivan D, Huang SC, van der 
Windt GJ, Blagih J, Qiu J, Weber JD, et al. Posttranscriptional control of T cell effector function 
by aerobic glycolysis. Cell. 2013; 153: 1239–1251. [PubMed: 23746840] 

47. Ibitokou SA, Dillon BE, Sinha M, Szczesny B, Delgadillo A, Reda Abdelrahman D, Szabo C, 
Abu-Elheiga L, Porter C, Tuvdendorj D, Stephens R. Early inhibition of fatty acid synthesis 

Nicoli et al. Page 12

J Immunol. Author manuscript; available in PMC 2023 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



reduces generation of memory precursor effector T cells in chronic infection. J Immunol. 2018; 
200: 643–656. [PubMed: 29237780] 

48. Bonomini F, Rodella LF, Rezzani R. Metabolic syndrome, aging and involvement of oxidative 
stress. Aging Dis. 2015; 6: 109–120. [PubMed: 25821639] 

49. Kuhla A, Blei T, Jaster R, Vollmar B. Aging is associated with a shift of fatty metabolism toward 
lipogenesis. J Gerontol A Biol Sci Med Sci. 2011; 66: 1192–1200. [PubMed: 21835806] 

50. Toth MJ, Tchernof A. Lipid metabolism in the elderly. Eur J Clin Nutr. 2000; 54 (Suppl 3) S121–
S125. [PubMed: 11041083] 

51. Mc Auley MT, Mooney KM. Computationally modeling lipid metabolism and aging: a mini-
review. Comput Struct Biotechnol J. 2015; 13: 38–46. [PubMed: 25750699] 

52. Gutjahr A, Papagno L, Nicoli F, Kanuma T, Kuse N, Rochereau N, Gostick E, Lioux T, Perouzel 
E, Price DA, Takiguchi M, et al. The STING ligand cGAMP potentiates the efficacy of vaccine-
induced CD8+ T cells. JCI Insight. 2019; 4 e125107 [PubMed: 30944257] 

53. Gutjahr A, Papagno L, Nicoli F, Lamoureux A, Vernejoul F, Lioux T, Gostick E, Price DA, Tiraby 
G, Perouzel E, Appay V, et al. Cutting edge: a dual TLR2 and TLR7 ligand induces highly potent 
humoral and cell-mediated immune responses. J Immunol. 2017; 198: 4205–4209. [PubMed: 
28432147] 

54. Xu L, Ma X, Verma N, Perie L, Pendse J, Shamloo S, Marie Josephson A, Wang D, Qiu J, Guo M, 
Ping X, et al. PPARgamma agonists delay age-associated metabolic disease and extend longevity. 
Aging Cell. 2020; 19 e13267 [PubMed: 33219735] 

55. Lichtor T, Spagnolo A, Glick RP, Feinstein DL. PPAR-γ thiazolidinedione agonists and 
immunotherapy in the treatment of brain tumors. PPAR Res. 2008; 2008 547470 [PubMed: 
18509487] 

56. Zhang Y, Kurupati R, Liu L, Zhou XY, Zhang G, Hudaihed A, Filisio F, Giles-Davis W, 
Xu X, Karakousis GC, Schuchter LM, et al. Enhancing CD8+T cell fatty acid catabolism 
within a metabolically challenging tumor microenvironment increases the efficacy of melanoma 
immunotherapy. Cancer Cell. 2017; 32: 377–391. e379 [PubMed: 28898698] 

57. Chowdhury PS, Chamoto K, Honjo T. Combination therapy strategies for improving PD-1 
blockade efficacy: a new era in cancer immunotherapy. J Intern Med. 2018; 283: 110–120. 
[PubMed: 29071761] 

58. Chowdhury PS, Chamoto K, Kumar A, Honjo T. PPAR-induced fatty acid oxidation in t cells 
increases the number of tumor-reactive CD8+T cells and facilitates anti-PD-1 therapy. Cancer 
Immunol Res. 2018; 6: 1375–1387. [PubMed: 30143538] 

Nicoli et al. Page 13

J Immunol. Author manuscript; available in PMC 2023 October 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Key points

• Naive CD8+ T cells from elderly humans are characterized by functional 

alterations

• Old naive T-cell functional impairment is linked to altered basal lipid 

metabolism

• Lipid-lowering approaches can improve old naive T-cell functions in vitro
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Figure 1. Activation and proliferation in the naive CD8+ T cell compartment.
(A–C) PBMCs from middle-aged (Mid) and elderly individuals (Old) were incubated in 

the absence or presence of plate-bound anti-CD3. Surface expression of the activation 

markers CD69 and CD134 was measured after 24 hr (A), proliferation was measured after 

4 days (B), and intracellular expression of active caspase-3 was measured after 1 day (C). 

Left panels: representative flow cytometry profiles. Right panels: data summaries. Data are 

shown for naive CD8+ T cells. Each dot represents one donor. Horizontal lines indicate 

median values. *p < 0.05 (Mann-Whitney U test), n = 10 (A), 11 (B) and 15 (C) for 
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middle-aged and n = 10 (A), 14 (B) and 15 (C) for elderly donors. (D) Correlation between 

the frequency of naive CD8+ T cells that proliferated and the frequency of naive CD8+ 

T cells that expressed active caspase-3 after stimulation. Each dot represents one donor. 

Significance was determined using Spearman’s rank correlation, n = 7 for middle-aged and 

n = 8 for elderly donors. (E) T-bet expression was measured in unstimulated naive CD8+ 

T cells from middle-aged (Mid, n = 45) and elderly individuals (Old, n = 35). Left panel: 

representative flow cytometry profiles. Right panel: data summary. Each dot represents one 

donor. Horizontal lines indicate median values. ***p < 0.001 (Mann-Whitney U test). (F) 

Correlation between the basal expression frequency of T-bet and the activation-induced 

expression frequency of active caspase-3 among naive CD8+ T cells. Each dot represents 

one donor. Significance was determined using Spearman’s rank correlation, n = 7 for 

middle-aged and n = 8 for elderly donors.
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Figure 2. Activation-induced metabolic changes in the naive CD8+ T cell compartment.
(A) PBMCs from middle-aged (Mid, n = 15) and elderly individuals (Old, n = 15) were 

incubated in the absence or presence of plate-bound anti-CD3. Intracellular expression of 

the mTOR activity marker pS6 was measured after 3 hr. Data are shown for naive CD8+ 

T cells. Each dot represents one donor. Horizontal lines indicate median values. *p < 0.05 

(Mann-Whitney U test) (B) Flow-sorted naive CD8+ T cells from middle-aged (black bars; 

n = 4) and elderly individuals (white bars; n = 5) were incubated in the absence or presence 

of plate-bound anti-CD3. Gene expression levels were measured after 5 hr. Data are shown 

relative to the unstimulated condition. Bars indicate mean ± SEM. *p < 0.05 (Mann-Whitney 

U test).
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Figure 3. Basal metabolism in the naive CD8+ T cell compartment.
(A & C) Glucose (A) and FA uptake (C) were measured in unstimulated naive CD8+ 

T cells from middle-aged (Mid) and elderly individuals (Old) by determining the mean 

fluorescence intensity (MFI) of 2-NBDG and BODIPY FL C16, respectively. Left panels: 

representative flow cytometry profiles. Right panels: data summaries. Each dot represents 

one donor. Horizontal lines indicate median values. *p < 0.05 (Mann-Whitney U test), n = 

10 (A) and 20 (C) for middle-aged and n = 9 (A) and 16 (C) for elderly donors. (B & D) 

Expression levels of genes related to glucose (B) and FA metabolism (D) were measured 

in unstimulated naive CD8+ T cells flow-sorted from middle-aged (black bars; n = 5) and 

elderly individuals (white bars; n = 5). Data are shown relative to 18S. Bars indicate mean ± 

SEM. *p < 0.05 (Mann-Whitney U test).
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Figure 4. Metabolic regulation in the naive CD8+ T cell compartment.
(A, C, & D) NL content (A), ΔΨM (C), and mitochondrial mass (D) were measured in 

unstimulated naive CD8+ T cells from middle-aged (Mid) and elderly individuals (Old) 

by determining the mean fluorescence intensity (MFI) of BODIPY 493/503, TMRM, and 

Mitotracker Deep Red, respectively. Left panels: representative flow cytometry profiles. 

Right panels: data summaries. Each dot represents one donor. Horizontal lines indicate 

median values. *p < 0.05, **p < 0.01 (Mann-Whitney U test), n = 13 (A), 9 (C) and 10 (D) 

for middle-aged and n = 9 (A), 10 (C) and 8 (D) for elderly donors. (B) Expression levels 

of genes related to signaling pathways involved in metabolic regulation were measured in 

unstimulated naive CD8+ T cells flow-sorted from middle-aged (black bars; n = 5) and 

elderly individuals (white bars; n = 5). Data are shown relative to 18S. Bars indicate mean ± 

SEM. *p < 0.05 (Mann-Whitney U test).
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Figure 5. Effects of lipid-altering drugs in the naive CD8+ T cell compartment.
(A & B) Correlations between the frequency of unstimulated naive CD8+ T cells that 

expressed active caspase-3 and basal levels of FA uptake (A) and NL content (B) measured 

by determining the mean fluorescence intensity (MFI) of BODIPY FL C16 and BODIPY 

493/503, respectively. Each dot represents one donor. Significance was determined using 

Spearman’s rank correlation, n = 9 (A) and 5 (B) for middle-aged and n = 8 (A) and 4 

(B) for elderly donors. (C) PBMCs were preincubated for 2 days in serum-free medium in 

the absence or presence of rosiglitazone (Ros). NL content was measured in naive CD8+ 
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T cells by determining the mean fluorescence intensity (MFI) of BODIPY 493/503. Flow 

cytometry profiles are representative of five independent experiments. (D) PBMCs from 

elderly individuals (n = 8) were stimulated with plate-bound anti-CD3 in the absence or 

presence of rosiglitazone (Ros). Active caspase-3 expression was measured after 24 hr. Data 

are shown for naive CD8+ T cells. Left panel: representative flow cytometry profiles. Right 

panel: data summary. Each dot represents one donor. *p < 0.05 (Wilcoxon signed rank test). 

(E) PBMCs from elderly individuals (n = 8) were preincubated for 2 days in serum-free 

medium in the absence or presence of rosiglitazone (Ros) and stimulated with plate-bound 

anti-CD3. Proliferation was measured after 4 days. Data are shown for naive CD8+ T 

cells. Left panel: representative flow cytometry profiles. Right panel: data summary. Each 

dot represents one donor. Horizontal lines indicate median values. *p < 0.05, **p < 0.01 

(Mann-Whitney U test). (F) Percentage of tetramer+ EV10-specific CD8+ T cells expanded 

from middle-aged (Mid) and elderly individuals (Old) for 10 days in the presence of Flt3L 

and a cocktail of inflammatory cytokines. Each dot represents one donor. Horizontal lines 

indicate median values. *p < 0.05 (Mann-Whitney U test), n = 12 for middle-aged and n = 

13 for elderly donors. (G) Percentage of tetramer+ EV10-specific CD8+ T cells expanded 

from elderly individuals (n = 9) for 10 days in the presence of Flt3L and a cocktail 

of inflammatory cytokines after preincubation for 2 days in the absence or presence of 

rosiglitazone (Ros). Left panel: representative flow cytometry profiles. Right panel: data 

summary. Each dot represents one donor. Horizontal lines indicate median values. *p < 0.05 

(Wilcoxon signed rank test). NT: not treated.
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