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Abstract

The adaptive immune system has the enormous challenge to protect the host through the 

generation and differentiation of pathogen-specific short-lived effector T cells while in parallel 

developing long-lived memory cells to control future encounters with the same pathogen. A 

complex regulatory network is needed to preserve a population of naïve cells over lifetime that 

exhibit sufficient diversity of antigen receptors to respond to new antigens, while also sustaining 

immune memory. In parallel, cells need to maintain their proliferative potential and the plasticity 

to differentiate into different functional lineages. Initial signs of waning immune competence 

emerge after 50 years of age, with increasing clinical relevance in the 7th –10th decade of 

life. Morbidity and mortality from infections increase, as drastically exemplified by the current 

COVID-19 pandemic. Many vaccines, such as for the influenza virus, are poorly effective to 

generate protective immunity in older individuals. Age-associated changes occur at the level of 

the T cell population as well as the functionality of its cellular constituents. The system highly 

relies on the self-renewal of naïve and memory T cells, which is robust but eventually fails. 

Genetic and epigenetic modifications contribute to functional differences in responsiveness and 

differentiation potential. To some extent, these changes arise from defective maintenance; to some, 

they represent successful, but not universally beneficial adaptations to the aging host. Interventions 

that can compensate for the age-related defects and improve immune responses in older adults are 

increasingly within reach.

Abstract

The T cell system has to meet the challenge to preserve a diverse population capable of self-

renewal while rapidly responding and differentiating upon pathogen encounter. T cell aging is a 

combination of failure to maintain this balance and lack of adaptation to a changing environment 

in the host while dealing with aging-related cellular defects. Their molecular definition has laid the 

foundation to explore targeted interventions to improve immune function.
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Introduction

The lymphoid population is a dynamic system of high complexity that is under constant 

pressure to replenish its cellular constituents. In parallel, it has to deal with frequent 

disturbances, both from endogenous signals such as tissue injury as well as from exogenous 

stimuli such as infections that trigger a burst of expanding antigen-specific T cells. After 

resolution of the insult, it has to regain a new balance that is upheld by homeostatic 

mechanisms. One important function of the adaptive system is to preserve a memory 

of previous antigenic encounters. Memory again is systemic and dynamic, as it is not 

retained by the longevity of singular memory cells, but by the division of their progeny. The 

complexity of the system and in particular its high reliance on replication of its constituents 

makes it highly susceptible to changes with age. These changes are in part a consequence 

of pathways that have been invoked in the aging process, to some degree they represent 

successful adaptations to changing environment and needs in older individuals (1). The 

clinical consequences of immune aging are striking. Pathogenic infections, in particular 

influenza and pneumococcal diseases, are among the leading causes of hospitalization and 

death in the aging population. The case fatality rate of the more recent COVID-19 pandemic 
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SARS-CoV-2 is strictly correlated with age after the age of 50 years and is increased 10- to 

100-fold in elderly compared to middle-age adults (2). Likewise, responses to most vaccines 

are reduced with age (3). For example, for influenza vaccination in the 2017/2018 season, 

clinical effectiveness of the influenza vaccine, i.e., the prevention of influenza illness, as 

reported by the CDC, dropped from 68% in children to 30–40% in middle-aged adults and 

17% for adults ≥65 years (4). For H3N2, the most virulent subtype of seasonal influenza 

strains, it was even only 10%. Attempts to improve the efficacy of influenza vaccination had 

only limited success. However, considerable population heterogeneity exists. Frail elderly 

are generally more immunocompromised. Conversely, some older adults remain relatively 

immune competent into older age. Moreover, certain vaccines can be very effective in 

older age. The prime example is shingles vaccination, where the adjuvanted component 

vaccine Shingrix proved to have a higher efficacy in older age than the vaccination with 

an attenuated life virus, Zostavax (5). Here, we review recent progress of the mechanisms 

how the human T cell system ages and how recent insights provide a better understanding 

on which interventions might prevent immune decline or might compensate for immune 

defects. For an overview of T cell aging in the mouse, we refer to recent excellent reviews 

(6, 7); we focus here on human studies, only contrasting them with findings of T cell aging 

in the mouse when explicitly stated.

Naïve T cell generation – the challenge to maintain a dynamic and diverse system

One of the greatest challenges of the aging process is to replenish cells while keeping the 

integrity of the organ. The lymphoid system is fundamentally dynamic, employing a vast 

number of T cells (>1011) (8) and trying to maintain a balance between cell production, 

death, and differentiation. Replenishment of T cells comes from two sources, generation of 

new T cells in the thymus and homeostatic proliferation of peripheral T cells (Figure 1). Two 

principal subsets of T cells can be distinguished that are fundamentally different not only in 

their antigen recognition structures but also in their homeostatic control mechanisms. T cells 

expressing a γδ T cell receptor (TCR) undergo dramatic changes in the first years of life. In 

contrast to early developmental studies, their evolution in the later aging process has been 

less well explored (9, 10). Here, we focus on T cells expressing the αβ TCR. The relative 

contribution of their generation in the thymus changes over lifetime in a species-specific 

manner, e.g., it is very different between mouse and humans. In the young adult mouse, 

the contribution of thymic production is about 2 to 5 fold higher than that of peripheral 

proliferation (11). Conversely in the young adult human, less than 20% of nascent T cells 

are produced from the thymus, which dwindles to less than 1% after the age of 50 years 

(12). Furthermore, naïve T cells in humans are long-lived, with lifespans of several years, 

while naïve T cells in mice only live 6–11 weeks, significantly shorter than their time 

between divisions from homeostatic proliferation (13). Given these species differences, data 

on T cell homeostasis in the mouse over cannot not be easily extrapolated to humans, 

complicating mechanistic studies. Human T cell turnover rates remain stable over adult 

lifetime, consistent with the notion that even in the young adult, the majority of T cells are 

produced in the periphery (14). Only in late life, a pickup in proliferation has been described 

in humans as well as non-human primates, possibly as a consequence of increased cell 

death and evolving lymphopenia (15–17). Naïve T cells decline with age both in absolute as 

well as relative numbers, likely due to insufficient homeostatic proliferation (Figure 1); this 
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decline is only modest for naïve CD4+ T cells but very striking for naïve CD8+ T cells even 

in healthy elderly (18, 19). The reduction in absolute numbers of naïve CD8+ T cells is one 

of the most significant hallmarks of T cell aging (20).

Naïve T cell homeostasis is maintained within secondary lymphoid tissues (SLT) by a 

specialized stromal cell population, fibroblastic reticular cells (FRC) that produce the 

survival cytokine IL-7 and other mediators (21–23). The abundance of IL-7 influences the 

overall size of the T-cell compartment mainly through changes in peripheral dynamics. So 

far, there has not been any evidence for a defect in IL-7 production by FRC with age. 

Instead, SLT exhibit structural changes with age that may account for the reduced efficiency 

of naïve T cell homeostasis (24–27). Moreover, SLT fibrosis is induced by chronic or 

recurrent inflammation, which reduces the niches for T cells and may further accelerate age-

associated defects in T cell generation. Inflammation-induced SLT fibrosis is associated with 

CD4+ T cell lymphopenia and reduced vaccine responses (28). These structural changes 

should equally affect naïve CD4+ and CD8+ T cells and cannot explain the preferential 

loss of naïve CD8+ T cells. Therefore, T cell-intrinsic differences may account for the 

lower resilience of CD8+ T cells to aging. Indeed, as described below in more detail, 

transcriptional and epigenetic studies indicated that age-associated intrinsic changes in naïve 

CD8+ T cells were not or much less present in CD4+ T cells of older adults (29–31).

Maintaining compartment size is only one out of three elements that successful T cell 

replenishment has to accomplish, with TCR diversity and cell functionality the others. 

An enormous TCR diversity is required to be able to respond to the universe of possible 

peptides (>209), even when taking into consideration the high degree of TCR cross-

reactivity (32, 33). Obviously, only T cell generation in the thymus can add new TCR 

specificities, while homoeostatic proliferation at best maintains diversity. With the progress 

in next generation sequencing and with new analytical approaches to overcome the problem 

of subsampling of the human naïve T cell pool, diversity estimates have become more 

accurate over the last two decades increasing from 106 and 107 to now >108 unique 

TCR in a given adult (34–36). These high estimates provide a large cushion for an age-

related decline before being of functional significance. The number of unique TCR β-chain 

sequences (i.e. TCR richness) for naïve T cells has been estimated to shrink by a factor 

of 2 to 5 between young adults and adults older than 60 years. This reduction represents a 

substantial decline, but still leaves a diverse repertoire without major holes in the ability to 

respond to the universe of foreign peptides (Figure 1). It should, however, be noted that these 

repertoire studies were done on old healthy blood donors to be able to sample a sufficiently 

large number of cells to obtain a robust estimate; it cannot be excluded that the results will 

be different in frail adults. In addition, environmental as well as genetic confounding factors 

likely influence these findings. In the study by Qi et al, a similar loss in TCR richness was 

seen for CD4+ and CD8+ T cells (36). However, a recent study by Krishna et al showed 

that the best model predicting TCR richness includes age as well as the number of different 

MHC class I molecules (37). The finding that MHC class II polymorphisms did not matter 

suggest that the repertoire diversity in CD8+ T cells may be more variable than that of CD4+ 

T cells; repertoire contraction in CD8+ T cells with age could therefore be biologically more 

relevant, in particular in adults with homozygous MHC class I alleles.
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Computational modeling supported the notion that the demise of thymic output is not 

sufficient to cause repertoire contraction, even if the compartment size declines as is the case 

for CD8+ T cells (38). Indeed, experimental estimates found a similar contraction in naïve 

CD4+ and CD8+ T cells suggesting that a smaller number of different TCR is not correlated 

with the smaller pool of CD8+ T cells (36). Rather, growth behavior changes of single 

clones could cause a rapid loss in diversity, suggesting that fitness selection has a negative 

impact on T cell homeostasis with aging. In independent simulations, such a loss randomly 

occurred and was essentially unpredictable. Interestingly, diversity could not be restored by 

the virtual introduction of thymic activity at older age in the simulation, consistent with 

increased fitness of the existing repertoire. Experiments in old mice have confirmed that 

restoring thymic activity is not sufficient to rebuild the repertoire, likely due to a competitive 

disadvantage of recent thymic emigrants as well as age-associated changes in the SLT (26).

Recent studies have shown that the naïve TCR repertoire has an unexpectedly broad 

distribution of clonal sizes (39). The clonal size distribution best fitted a power law with 

one to five percent of clones having a size of >105 cells. Aging is associated with a shift in 

clonal size distribution with a larger frequency of large clones within the naïve compartment 

(Figure 1). Because the definition of naïve T cells in these studies relied on the phenotype, 

some of these clones may represent memory cells that have re-assumed a naïve phenotype. 

Indeed, stem-like memory cells are difficult to phenotypically distinguish from truly naïve 

T cells. Moreover, in tetramer studies, virus-specific memory CD8+ T cells had a naïve 

phenotype although carrying an epigenetic profile of effector T cells (40). In contrast, 

virus-specific CD4+ memory T cells express a central memory phenotype and are not found 

in the phenotypically naïve CD45RA+ T cell population (41). Taken together, contamination 

with memory T cells cannot fully account for clonal expansion within naïve CD8+ and 

even less so within naïve CD4+ T cells. The uneven clonal size distributions may reflect a 

fitness selection in homeostatic proliferation over lifetime that increases with age (Figure 

1). In addition, endogenous changes in growth behavior such as they occur due to somatic 

mutations in clonal hematopoiesis could contribute (see genome stability section). Clonal 

sizes of naïve T cells are of potential functional importance, because the size determines 

the probability of a response. At the extreme, clonal expansion due to fitness selection by 

recognition of peripheral self-MHC molecules could increase the risk of autoimmunity (42).

In the absence of an appropriate animal model, T cell reconstitution after medically induced 

lymphopenia may be informative to study aging-associated changes in T cell homeostasis. In 

the extreme form, hematopoietic stem cell (HSC) transplantation, T cell numbers drastically 

drop after conditioning. The subsequent increased proliferation and clonal expansion of 

surviving and/or donor T cells results in contraction of TCR diversity (43). Similar results 

were obtained after antibody-mediated T cell depletion, excluding possible confounding 

effects from the conditioning regimen (44). Full reconstitution, if it occurred at all, took 

months to years, with CD8+ T cells recovering faster than CD4+ T cells, very much different 

from the natural aging process. These observations are consistent with mouse models where 

lymphopenia-induced proliferation of CD8+ T cells by far outpaces that of CD4+ T cells 

(45, 46). The rapid proliferation of CD8+ T cells is associated with their differentiation into 

virtual memory T cells that also accumulate with age in mice (47). Less drastic lymphopenia 

is seen with adjuvant chemotherapy of breast cancer patients (48). Here again, CD8+ T cell 
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recovery is superior to that of CD4+ T cells, however, this time without phenotypic changes 

and without contraction of diversity. Taken together, accelerated homeostatic proliferation 

only partially resembles the aging process.

Influence of age on the functional heterogeneity of the naïve T cell population

Naïve T cells generated at different stages in life are functionally different, causing age-

specific changes in the composition of naïve T cell compartment. Very early in life, T cells 

are produced into an empty environment. The frequency of dividing T cells at the late fetal 

stage is high, suggesting a major contribution of lymphopenia-induced proliferation (11, 

49). Newborn T cells display many innate immune features, including production of IL-8, 

responsiveness to TLR, and ready induction of effector functions (50). Some descendants of 

these early T cells may survive into late adult life, as shown in monozygotic twins for T cells 

generated during prenatal life when circulatory systems are connected (51). Also, modeling 

studies suggested that the largest T cell clones emerge from clonal growth during repertoire 

formation; i.e. early founded clones are highly enriched among the largest clones even after 

decades of human aging (52). However, functional activities resembling those of the innate 

immune system and exhibited by these early T cells are mostly lost in the second decade of 

life.

Recent thymic emigrants, i.e., cells that have recently egressed from the thymus and 

are defined by the expression of CD31 and PTK7 are also functionally different. They 

are sensitive to danger signals and display innate-like effector functions, which have the 

advantage of a rapid response at an age when memory is not fully established. However, 

they have a reduced ability to form high-avidity, long-lived memory responses (53–55). The 

CD31+PTK7+ fraction of peripheral lymphocytes is lost with age, which may represent a 

true loss or maturation of recent thymic emigrants with homeostatic proliferation (50, 56). 

Taken together, the functional composition of naïve T cells changes with age and T cell 

populations with more innate response patterns present in early life are lost with adulthood. 

It is remarkable that T cells in older individuals again acquire innate and effector functions 

while losing the ability to generate memory, mimicking functionality during early life (see 

below).

Immune memory – the challenge to make it last

While most attention in cell replenishment in immune aging is on naïve T cells, likely due 

to the impressive decline in thymic function in the first decades of life, a decline in immune 

memory is of no less importance. A typical example is shingles, a reactivation of varicella 

zoster virus that occurs in up to 50% of the population by the age of 80 years. Reduced 

memory function accounts for the increased incidence and severity of common childhood 

infections including pneumococcal disease, infections with the respiratory syncytial virus 

or with the influenza virus. At the same time, memory cell function to other pathogens 

can be highly protective. For example, symptomatic reactivation of Epstein Barr (EBV) or 

cytomegalovirus (CMV) is rarely seen with normal aging. Antigenic restimulation in latent 

EBV and CMV infections may be important for maintaining antigen-specific memory T 

cells. But even in settings, where re-exposure is unlikely, immune memory can last for 

more than four to six decades (57, 58). Why T cell memory to certain pathogens is better 
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maintained than to others remains elusive. Immunological memory is a dynamic process and 

is not determined by the longevity of individual cells, but by persistence of their progeny. 

Longitudinal studies have demonstrated the persistence of clonal TCRs over years (59). 

While turnover of memory cells is much higher than that of naïve T cells and in the order of 

months (60), memory T cells that revert back to a naïve phenotype such as CD8+ stem-like 

memory cells divide about once a year (40, 61).

Immunological memory typically refers to T cells that have been primed by the recognition 

of a pathogen before and therefore have entered a more differentiated state. Distinct from 

these primed T cells, naïve T cells may also enter differentiation just based on cytokine 

stimulation. These cells are referred to as “virtual” and “innate” memory T cells (Figure 

2). They are rapidly generated in states of lymphopenia, but can also derive from normal 

homeostatic proliferation. Virtual CD8+ T cells accumulate with age and are dysfunctional 

in older mice (62, 63). A human equivalent has been less studied in the context of aging, 

also because their phenotypic definition is still vague.

Beyond virtual memory T cells, memory T cells are a heterogeneous population, as has 

been increasingly shown with the progress in single cell cytometric and RNA-seq analysis 

(Figure 2) (64, 65). One of the first classifications has been to discriminate central and 

effector memory T cells based on their trafficking patterns and their effector functions 

(66). Effector T cells accumulate with age, in part as terminally differentiated effector T 

cells (TEMRA) that have lost the expression of CD27 and CD28 and instead have gained 

various NK receptors, exposing them to regulatory influence by distinct environmental 

cues (67). Expansion of TEMRAs is mostly driven by CMV infection, with age being 

only a secondary factor (19). Expression of CD57 on these cells is frequently considered 

as evidence of senescence or end-differentiation (68); still, CD57+CD28+ T cells can be 

polyfunctional (69). These population shifts are less seen for CD4+ than CD8+ T cells in 

vivo (70), however, even CD4+ T cells from old adults are poised to develop into effector T 

cells rather than memory or T follicular helper cells after in vitro activation (71, 72). More 

granular approaches to define the impact of age on memory cell heterogeneity are only in 

the beginning (65). In particular, tissue-resident memory T cells (TRM) are an important 

subset that are trapped in the tissue where they function as a first line of defense against 

pathogen infection, in particular in skin and at mucosal surfaces (73, 74). A reduced number 

or function of TRMs may contribute to the preferential involvement of the respiratory tract 

by infections in the elderly. We have recently identified a subpopulation of peripheral T 

cells that are greatly enriched for virus-specific memory T cells and excel through their 

durability, their poised effector function and their ability to differentiate into TRMs (75). 

This population declines with age in the blood, which may impair the replenishment of 

tissue-residing T cells and increase the susceptibility to skin and mucosal infections in the 

elderly.

So far, identification of T cell heterogeneity relies on phenotypic marker profiles. While 

different in young and old adults, they alone are not sufficient to predict immunological 

age, in part due to high inter-individual variability. Yet, Alpert et al. proposed a metric 

of age based on such marker profiles (76). These authors determined the intra-individual 

frequency changes of cell surface markers, including those discussed for T cells above, in a 
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longitudinal study over several years. Based on the baseline frequencies and the longitudinal 

dynamics, they identified steady state levels toward which cell subsets converged. Data 

for different subsets form a high-dimensional trajectory of immune aging, designated as 

IMM-AGE that correlates with survival and is therefore biologically meaningful.

The challenge to maintain genome stability in a highly replicating system

Maintaining genome integrity and stability is one of the major challenges evoked during 

aging (77). Somatic mutations accumulate with age in various tissues (78, 79). When 

mutations sprouting from a stem cell impart a survival and proliferative advantage, 

the mutated stem cell outgrows the population and undergoes clonal expansion. This 

phenomenon has been extensively studied in the hematopoietic system and termed clonal 

hematopoiesis (CH) (80). CH is rarely detected in humans under age 40 but observed in 

10–20% of humans beyond age 70 (81). Many CH occur without a known driver mutation 

(82), thus clonal hematopoiesis of indeterminate potential (CHIP) was coined to distinguish 

the individuals carrying a cancer-associated mutation without manifest malignancy (80). 

The current threshold for CHIP is set at a variant allele fraction of 2% and is associated 

with a ten-fold increased risk of hematopoietic malignancies (81). Several CHIP-associated 

genes have been identified, with TET2 and DNMT3A the most frequently reported (83, 84). 

TET2 and DNMT3A carry out the function of removing or adding the methyl moiety of 

cytosine, eliciting the decade-long conundrum how two enzymes with opposing functions 

lead to common phenotypes. A recent single cell study sheds some light on this enigma; 

while the methylation by DNMT3A is genome-wide, the demethylation by TET2 is more 

focal, indicating a regional differential regulation of the genome by the two enzymes 

(85). Supporting this notion, a treatment study on T cells expressing a chimeric antigen 

receptor (CAR) discovered that biallelic dysfunctional mutations in TET2 conferred a 

skewed expansion of central memory T cells with downregulated effector differentiation 

programs and upregulated cell cycle and TCR signaling programs (86).

In healthy adults, T lymphocytes, compared to other hematopoietic descendants, are largely 

spared from CH-derived mutations (87, 88), possibly attributed to the minimal thymic 

activity in older adults and the stringent thymic selection process. Consistent with post-

thymic origin, mutations if present do not co-occur in CD4+ and CD8+ T cells (89), but 

are especially enriched in clonally expanded CD8+ T cells (90–92). The association with 

clonal expansion may indicate that these mutations have occurred during an antigen-specific 

T cell response or that mutations at an earlier stage confer increased proliferative potential. 

In support of the latter, gain-of-function mutations of STAT3 inducing constitutive activation 

could explain the abnormal expansion of cytotoxic CD8+ T cells (90). Such somatic 

mutations may have implications for T cell homeostasis. In computational simulation studies 

of T cell homeostasis with age, a clonal progeny with an abnormal growth potential resulted 

in an abrupt contraction of the T cell receptor diversity (38).

In general, somatic mutations arise from several common sources, including spontaneous 

cytosine deamination, errors from DNA double strand break repair, replication errors and 

large structural variations, all of which increase with age (80). Mutation spectra vary across 

tissue types (78, 79), suggesting that each tissue is subject to unique mutation mechanisms. 
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In T cells, several master components of the DNA repair machinery can be dysregulated, 

including loss of MRE11 and ATM (93, 94) and gain of DNA-PKcs (95). Since MRE11 

and ATM promote the homologous recombination repair while DNA-PKcs accounts for the 

error-prone non-homologous end joining repair (96), a nontrivial portion of the mutations in 

aged T cells probably stems from inaccurately repaired DNA breaks. Increased replication 

stress in proliferating T cells from old adults is another potential source for DNA lesions 

(97). Taken together, in addition to CHIP mutations of prethymic cells, impaired DNA repair 

machinery and increased replication stress could be a major source of somatic mutations 

in T cells, detectable in clonally expanded populations. Single cell studies may therefore 

uncover a substantial number of mutations in T cells. Although not yet examined in T 

cells, this prediction is corroborated by a recent single-cell whole-genome sequencing study 

of B cells (98). Whether and how such mutations drive clonal expansion or have other 

consequences remains to be investigated.

Unlike the sporadic somatic mutations across the entire genome, erosion of the telomeres 

is a consistent feature of aging (99). Due to their extensive replication history, the telomere 

length is shorter in naïve as well as memory T cells in older individuals (100). In T cells 

from patients with rheumatoid arthritis, shortening is further aggravated by the accumulation 

of structural changes indicative of increased telomeric damage (94). Telomere attrition 

is associated with cellular senescence in TEMRA T cells including the expression of 

p16 (101). Telomeric erosion alone is sufficient to induce features reminiscent of T cell 

aging (102). Patients with genetic short telomere syndrome exhibited a primary T cell 

immunodeficiency with a marked attrition of the naïve T cell population and increased 

frequencies of opportunistic infection. However, the reduced frequency of naïve T cells was 

mainly due to a decline in thymic production and increased intrathymic cell death rather 

than a failure of homeostatic mechanisms, in contrast to age-associated mechanisms. In 

parallel, the TEMRA population in these patients was expanded, possibly due to reactivation 

of latent viral infections. Consistent with telomeric erosion, the p53 pathway was activated 

resulting in increased apoptosis. In contrast, in spite of telomeric erosion, the vast majority 

of naïve and memory T cells except TEMRAs in healthy older adults do not express p16 

or have other evidence of cellular senescence such as senescence-associated β-galactosidase 

activity or induction of senescence-associated secretory patterns. Activation of the p53 

pathway in T cells from older adults is seen only under conditions of proliferative stress (97) 

and may then contribute to the increased T cell attrition with age after antigen-induced 

expansion (103). Nevertheless, telomeric erosion can cause increased apoptosis when 

telomerase activity is inhibited, as shown in patients with rheumatoid arthritis (104).

Taken together, replication-associated telomere erosion is inevitable with age and T cells 

are not exempt. However, telomeric erosion is not sufficient to induce cellular senescence 

except in terminally differentiated T cells, possibly due to the co-existing telomerase activity 

in T cells. It is, however, possible that telomeric erosion contributes to the increased DNA 

damage responses in older individuals during the clonal T cell burst of an antiviral response 

and thereby contribute to higher attrition of effector cells and failure to generate long-lived 

memory cells.
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Age-associated alterations in the epigenome - Setting the stage for altered function

The epigenome embraces several layers of alterations to the chromatin from DNA 

methylation and histone modification to high-dimensional organization, all of which are 

associated with progressive changes with age (105). In T cells, the age-associated alterations 

in the epigenome is different between CD4+ and CD8+ cells (31). While it is ostensibly 

stable with age for CD4+ T cells, CD8+ naïve and memory T cells are shifted in chromatin 

accessibility patterns towards a more differentiated and effector state that is exemplified by 

the repression of IL-7 receptor signaling pathway genes (29, 106). Mechanistically, CD8+ T 

cells may be more susceptible to activation, possibly due to the more widespread expression 

of MHC class I vs class II molecules or an intrinsic limitation in maintaining quiescence 

(107). Additional epigenetic hallmarks of CD8+ T cell aging are the inaccessibility to 

regulatory regions of genes involved in basic cellular functions, such as the mitochondrial 

respiratory genes (106). This bias in epigenetic changes may explain the preferential loss 

of naïve CD8+ T cells and the accumulation of CD8+ TEMRAs with age. Nevertheless, the 

CD4+ T cell epigenome is not unaffected by age, as discussed below for recent studies on 

age-associated changes of DNA methylation and histone modifications in T cells.

DNA methylation at subsets of CpGs was shown to be remarkably predictive of 

chronological age (108, 109), as well as phenotypic age (110, 111) irrespective of tissue 

types. However, the full spectrum of methylation sites with age-associated variation can be 

highly tissue-specific, especially at sites associated with functional gene expression (112). 

DNA methylation in T cells co-evolves with TCR activation, differentiation, and lineage 

commitment (113–115). Over ten thousand age-associated variations of CpG sites in naïve 

CD4+ T cell were found, mostly enriched in pathways related to TCR signaling, apoptosis, 

mTOR signaling and MAPK signaling (116). The environmental burden on the T cell aging 

process also manifests at the level of DNA methylation. For example, smoking-associated 

reduction of DNA methylation at the aryl hydrocarbon receptor repressor gene in CD8+ 

T cells was shown to be a strong indicator of age acceleration (117). For most part, 

the functional consequences of these age-associated epigenetic alterations await further 

investigation.

Histone modifications, intertwined with DNA methylation, play critical roles in the 

regulation of T cell-mediated immunity (118, 119). Evident imbalance of histone 

modifications with age were reported in many organisms and tissues (105). In T cells, the 

heterogeneity of the histone modification profile is markedly increased with age. Also, most 

histone modifications show increased cell to cell variability in T cells from older individuals, 

corresponding to higher single-cell transcriptional variability. Specifically, in naïve CD4+ 

T cells, the H3K27me3-marked genes exhibit significantly higher transcriptional variability 

with age despite no difference of gene expression at the population level (120). In summary, 

zooming in on the details of chromatin marks, the above studies suggest that the epigenetic 

alterations of CD4+ T cells with age is nontrivial, albeit more subtle than those in CD8+ 

T cells. These alterations may poise the response pattern and get propagated and more 

overt after T cell activation. In support of this notion are recent longitudinal ATAC-seq data 

aiming to capture the trajectory of TCR activation-associated changes in CD4+ T cells from 

old adults (Zhang and Goronzy, unpublished data).
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Noncoding RNAs, extending epigenetic regulation, are implicated in T cell function and 

aging (121, 122). Numerous microRNAs (miRNAs) show altered expression with age 

in T cells (30, 123). Some have clear functional implications. For example, loss of 

miR-181a blunts TCR signaling in aged naïve CD4+ T cells through upregulation of 

several phosphatases including DUSP6 as well as the deacetylase SIRT1 (Figure 3) (124, 

125). Upregulation of miR-24 is associated with impaired DNA damage response in the 

age-expanded population of CD28- T cells (126). Of particular interest is miR-21, which 

is upregulated with age in activated naïve CD4+ T cells and thereby inhibits negative 

regulatory control mechanisms of activation pathways including of AKT-mTORC1. The 

outcomes of increased miR-21 are notably different for naïve and memory CD4+ T cell 

subsets. While in naïve CD4+ T cells miR-21 antagonizes the development of a memory 

cell signature in favor of short-lived effector T cells (Figure 4) (127), it confers a survival 

advantage in memory CD4+ T cells through downregulation of apoptosis (128). These 

age-related changes in microRNA expressions account for functional differences in T cell 

activation as well as differentiation as discussed below.

Changes in T cell activation – Age-associated failure or active recalibration?

Efficient and effective onset of adaptive immune response requires optimal TCR signaling 

(129). In healthy adults, TCR signaling is tuned down with age in virtually every subset 

of T cells, but through a variety of mechanisms (Figure 3). In naïve CD4+ T cells, TCR 

signaling is blunted in older adults due to upregulation of DUSP6 and other phosphatases by 

diminished miR-181 (124). Loss of miR-181a with age is less significant in memory CD4+ 

T cells that already have lower expression compared to naïve T cells, but other negative 

regulatory pathways blunt TCR signaling including the upregulation of DUSP4 (130). TCR 

signaling is complemented and propagated by CD28 costimulation (131). Both in CD4+ 

and CD8+ T cells, CD28 is lost with age on a subset of effector T cells (18), coupled 

with expression of natural killer (NK) receptors and increased cytotoxic activity (132–134). 

Mechanistically, the stress-sensing protein sestrins are gained with age in TEMRA cells, 

which in the absence of proximal TCR and CD28 signaling upregulate basal activity of 

mitogen-activated protein kinases and promote expression of the NK T cell adaptor module 

DAP12 (135, 136).

From the developmental point of view, TCR signaling is constitutively downregulated from 

thymocyte to mature T cells and in naïve T cells from neonate to adult, and to older age 

(124, 137). This increased TCR activation threshold in aged T cells might represent an 

adaptive adjustment of naïve T cells to the changing conditions in the host. Homeostatic 

proliferation might induce the selection of a repertoire with higher affinity to self with the 

risk of autoimmunity (138), and the tissue environment is getting more stimulatory due to 

enhanced activation of antigen-presenting cells, to the increase in tissue damage and repair 

and to post-translational modifications of self-antigens (139, 140). This calibration process 

can benefit the host in several aspects. First, it can protect the host from unwanted immune 

responses. In line with this, failure of TCR threshold calibration has been reported in several 

mouse models of autoimmunity and plays a role in rheumatoid arthritis (141). Secondly, it 

can limit homeostatic clonal expansion, which is prevalent in older adults both in peripheral 

blood and in tissues (23, 36, 142). Lastly, weak TCR signals intrinsically favor long-term 
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memory development (143), thereby potentially compensating for the defects of naïve T 

cells from older individuals in memory formation, such as by dysregulated miR-21 (127). Of 

note, this feature of TCR signal calibration has recently been adopted to generate long-term 

memory CAR T cells targeting B cell lymphoma (144). Despite the aforementioned benefits, 

blunted TCR signaling in aged T cells certainly compromises the effectiveness in host 

defense against infection. However, the model that aging attenuates responsiveness is not 

correct in this simplicity. For example, CD25 is upregulated in aged naïve T cells (145). 

Costimulation from upregulated IL-2 signaling after TCR stimulation induces an augmented 

response of transcription factor networks in spite of reduced TCR signaling (Zhang and 

Goronzy 2020, unpublished), These observations provide an elegant example of how T cells 

maintain the balance of tolerance and immunity in adaptation to the aging host environment.

T cell responsiveness to cytokines generally declines with age, particularly the response of 

both CD4+ and CD8+ T cells to IFN-α and IL-6 (146–148). The mechanisms underlying 

the hyporesponsiveness are largely unknown and may include the activation of negative 

regulatory pathways due to the inflammatory environment. In case of activated CD4+ 

T cells, SHP-1 is retained in the IFN-α receptor signaling complex, which potentially 

dephosphorylates STAT1 and STAT5 (Figure 3) (146). Taken together, curtailing signaling to 

stimuli is a general strategy for T cells to adapt to the aging host environment, which may 

be a double‐edged sword, resulting in less coordinated adaptive immune responses to acute 

infection.

Age-related changes in mitochondrial function – a checkpoint for metabolic interventions.

Mitochondrial dysfunction is considered a driver of aging in various organ systems. 

Age-related metabolic changes in T cells have been implicated in defective proliferative 

responses as well as contributors to inflammaging. However, a unifying concept of the 

findings has so far been elusive, likely also because of the complexity of the metabolic 

regulation. The metabolic system undergoes extensive rewiring upon normal T cell 

activation and differentiation, complicating the interpretation of data on aged T cells 

generated under different conditions. Upon activation, T cells change their metabolic 

program. They upregulate glucose and one-carbon metabolism to provide precursor 

molecules enabling cell building programs (149). Conversely, memory cell differentiation 

depends on the reinstitution of preferential mitochondrial respiration. Mitochondrial mass is 

higher in memory cells than naïve cells. Against this background, results from aging studies 

have to be interpreted.

Bektas et al. found increased proteins of the electron transport chain, but reduced respiratory 

activity in total CD4+ T cells from old human adults (150). Based on an increase in 

autophagosomes, in part engulfing mitochondrial fragments, the authors postulated a distal 

autophagic defect that result in accumulation of dysfunctional mitochondria and ROS 

production. Increased ROS may explain the increased NF-κB activity that was previously 

described by the same authors and could contribute to inflammaging (151). In contrast, 

Bharath et al. examined total CD4+ T cells from young and around 60 year-old adults 40 

hours after CD3/CD28 stimulation, i.e., at a time point when activated T cells have expanded 

their mitochondria and are switching to a more anabolic state to be able to proliferate. 
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These authors found an increase in mitochondrial mass associated with increased respiratory 

activity and increased ROS production in older adults (152). This increase was associated 

with reduced autophagy and increased production of cytokines including IL-17 that could 

contribute to inflammaging. Both, autophagy and IL-17 production were corrected by 

metformin, although T cells in general lack the organic cation transporters OCT1 and OCT3 

that are needed to take up metformin as a hydrophilic cation (153). A similar increase in 

activation-induced oxygen consumption and ROS production was observed for activated 

CD4+ memory T cells from older adults by Yanes et al. Increased mitochondrial activity 

was functional, as demonstrated by increased ATP production (154). In contrast, in patients 

with rheumatoid arthritis, who have accelerated T cell aging, mitochondrial respiration was 

reduced in five-day activated CD4+ naïve T cells, while the pentose phosphate pathway 

(PPP) was enhanced, poising the cell to produce excessive TH1 as well as TH17 cytokines 

upon restimulation (155, 156). In this setting, metformin was ineffective (157). Finally, 

in old mice, activation of T cells induced mitochondrial biogenesis, but yielded smaller 

mitochondria with lower respiratory capacity compared to young animals (158). Here, 

glycolysis was also decreased, and carbon intermediates from the PPP as well as the 

tricarbon acid cycle were reduced. Replenishing one-carbon metabolites improved the 

function of aged T cells. Taken together these data illustrate the complexity of metabolic 

networks, but also the potential of metabolic intervention in T cell aging and inflammaging.

Differentiation skewed towards effector function – Costs and benefits

Asymmetric division during differentiation enables a stem cell to simultaneously self-renew 

and execute a particular cellular function; this ability is gradually lost with age in HSCs 

(159, 160). Naïve T cells, similar to HSCs, exhibit stem cell features by maintaining 

homeostasis with symmetric division and acquiring effector functions vs developing into 

long-lived memory cells with asymmetric division (161, 162). Reminiscent of the aging 

HSC compartment, naïve T cells in older individuals show reduced capacity of asymmetric 

division upon TCR stimulation by preferentially differentiating into effector T cells coupled 

with compromised memory T cell formation (Figure 4).

Mechanistically, shifted metabolic programs, redistribution of cellular organelles, and 

skewed expression of lineage-specifying transcription factors collectively drive the aged 

naïve T cells towards an effector-like state after activation (163).The mammalian target of 

rapamycin (mTOR) is a metabolic rheostat that regulates effector vs. memory T cell fate 

decisions during infection (164, 165). miR-21 was shown to be upregulated in old naïve 

CD4+ T cells after activation, sustaining mTORC1 activation and thus inhibiting memory 

T cell development (127). Sustained signaling favors the upregulation of the transcription 

factor BLIMP1, which cross-regulates BCL6. The loss of BCL6 releases the expression 

of the ecto-NTPDase CD39, which is increased in T cells from old adults after activation 

(71). CD39, through its ATPase activity, inhibits memory and follicular helper T (TFH) 

cell differentiation through the generation of adenosine and activation of the cAMP/PKA 

pathway (72). Moreover, altered transcription factor networks in aged naïve T cells after 

activation include enhanced BATF and IRF4 and reduced ID3 and BCL6 expression, 

biasing the differentiation potential of old naïve T cells, for example to the TH9 lineage 

(166). Memory T cells can also switch to an effector state with age through metabolic 
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reprogramming. Terminally differentiated CD8+C28- T cells drastically expand with age 

(67) and show enhanced cytotoxic functions through upregulated glycolytic capacity due 

to loss of SIRT1 (167). Another feature that routes old naïve T cells to a more effector-

like state after activation is the skewed distribution of cellular organelles, manifested as 

downregulated lysosome biogenesis coupled with expansion of multivesicular bodies due to 

a failure to restore FOXO1 expression (168).

Unlike aged naïve CD8+ T cells, which exhibit more differentiated effector states already 

at resting state (106), naïve CD4+ T cells from old adults are prone to acquire an effector-

like state only after activation. Several lines of evidence suggest that the age-associated 

propensity to effector differentiation is cell intrinsic in both naïve CD4+ and CD8+ T 

cells, reflecting increased heterogeneity of the naïve T cell compartment with age. The 

high-affinity IL-2 receptor α subunit CD25 is upregulated in naïve CD4+ T cells with 

age (145). Considering the critical role of IL-2 in balancing effector and memory cell 

differentiation (169), the increased CD25 expression contributes to the differentiation bias 

of naïve CD4+ T cells from old adults. TCF1, a master transcription factor maintaining 

stem-like properties in both naïve and memory T cells, is reduced in naïve CD4+ T 

cells from older adults (170); moreover, the activation-induced decline of TCF1 is more 

sustained, which probably tempers their potential to develop into memory T cells (127, 

171). Thus, the naïve T cells generated at older ages may constitute another layer of the 

naïve T cell compartment, reminiscent of the neonatal layer. Davenport, Smith and Rudd 

proposed that in early life, the T cell system is poised to exhibit effector function to fight 

the infections with pathogens encountered for the first time (172). In contrast, it is more 

important throughout adult life to develop long-lived memory cells rather than short-lived 

effector T cells upon pathogen encounter. It is tempting to extend this interpretation to the 

later stages of life, when the function of the immune system is compromised and effector 

functions are getting again more important than generation of immune memory. In this 

model, the favored differentiation into short-lived effector T cells, often combined with 

the acquisition of innate immune functions (133, 136) could be interpreted as a successful 

adaptation to changing needs.

Conclusion

Major inroads have been made to understand the complex organization regulating cell 

replenishment and homeostasis that T cells rely on. Unfortunately, rodent model systems 

are quite different in how a T cell population is maintained; research therefore has to 

rely on human studies and computational simulations. With few exceptions, in particular 

the frequency of naïve CD8+ T cells, the human T cell system has been shown to be 

relatively robust to agng, although changes are clearly evident (Table 1); however, studies 

so far have mostly relied on healthy elderly and the conclusions may be very different 

in frail adults. Strategies aiming at rebuilding a diverse T cell repertoire had very limited 

success; interventions therefore have to be preventive, leaning on insights on how the T cell 

system resist aging-related changes in some healthy elderly. Fortunately, the TCR diversity 

is enormous and it may be more important keeping up total lymphocyte numbers and 

preventing clonal expansion, rather than generating T cells with novel TCRs.
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Genomic and cellular pathways implicated in the general aging process are highly pertinent 

for the T cell system, and age-associated changes are observed at all different levels 

(Table 1). It is striking that many of these changes are reminiscent of physiological 

pathways that are activated during normal development or activation. Typical senescence 

or exhaustion features are not the norm for T cell aging. Again, one limitation is that 

many of these studies have been done in relatively healthy elderly who in general are also 

clinically more immunocompetent. Nevertheless, age-associated changes in these adults are 

clearly functionally important; it frequently depends on the setting whether they are useful 

adaptations or whether they are inappropriate deviations. E.g., an already more differentiated 

naïve T cell, poised to develop into an effector T cell, may be useful in an acute infection 

but would also take away from the plasticity that is seen in a primary response and would 

not be useful for a vaccine response geared at inducing memory or protective antibodies. 

The acquisition of innate function of end-differentiated T cells will allow them to sense the 

environment independent of the inciting antigen, but also impose a lack of selectivity and 

the triggering of non-specific inflammation. This fall back on evolutionarily more primitive 

systems is reminiscent of the antagonistic pleiotropy hypothesis. If these age-associated 

changes are useful adaptations, they should not universally be prevented, but their molecular 

characterization will allow the design of interventions that are tailored to the particular 

setting. For example, in the case of vaccination it can be useful to inhibit effector cell 

generation to favor memory cell generation.
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TCRT cell receptor

SLT secondary lymphoid tissue

FRC fibroblastic reticular cell

TEMRA terminally differentiated effector T cell

TRM tissue-resident memory T cell

CH clonal hematopoiesis

CHIP clonal hematopoiesis of indeterminate potential

NK natural killer

CAR chimeric antigen receptor

PPP pentose phosphate pathway

HSC hematopoietic stem cell
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mTOR mammalian target of rapamycin

TFH follicular helper T
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Figure 1. Naïve T cell homeostasis
A. Both, naïve CD4+ and naïve CD8+ T cells decrease in absolute numbers with age 

with the latter decreasing more drastically. B. Naïve T cell replenishment is maintained by 

thymic output and homeostatic proliferation in neonates. At age 20 years, thymic output has 

dropped to less than 20% with further decline to <1%; homeostatic proliferation accounts for 

the majority of naïve T cell generation throughout adulthood. C. The distribution of clonal 

sizes (illustrated by boxes) widens with age. Occurrences of larger clones in the naïve T 

cell compartment increase, associated with increased fitness selection over lifetime. D. The 

number of TCR in the T cell repertoire rapidly increases within the first decade of life and 

declines with older age. Computer simulations predict that the confidence interval of this 

decline is large.
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Figure 2. Fates of memory T cells with age
The antigen-specific memory T cells adopt several fates with age, including increase in 

NK cell-like TEMRA, short-lived effector memory T cells, exhausted T cells, decrease in 

stem-like memory T cells and decrease in tissue-residing T memory cells. Virtual memory T 

cells without prior experience of antigen encounter also increase with age.
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Figure 3. Molecular mechanisms underlying age-related naïve T cell functionality
Selected age-related changes at the cell surface and cytosolic level: TCR signaling is blunted 

with age through upregulation of DUSP6 due to loss of miR-181. Type I interferon response 

is weakened with age due to accumulation of SHP-1 at IFNα receptors (IFNAR). IL-2/

STAT5 signaling is augmented with age due to the upregulation of CD25 aka IL-2 receptor 

α subunit (IL2R α). AKT/mTOR signaling is increased with age due to downregulation of 

PTEN by miR-21. At the nuclear level: In old T cells, chromatin accessibility shifts towards 

more differentiated states (illustrated by more opened chromatin) coupled with alterations in 

DNA methylation patterns. Transcription factors (TFs) driving effector differentiation such 

as BLIMP-1 increase with age due to upregulation of AKT/mTOR signaling and STAT5 

signaling, whereas TFs driving memory and TFH differentiation such as TCF1 and BCL6 

decline.
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Figure 4. Skewed differentiation of naïve T cells after antigen encounter
Naïve CD4+ T cells in older individuals tend to differentiate into short-lived effector T 

cells after antigen stimulation coupled with an impaired development of memory and TFH 

cells. This results in a curtailed memory population after infection or vaccination in older 

individuals. Mechanistically, the skewed differentiation is partially due to an early shift in 

transcription networks including upregulation of BATF, IRF4 and BLIMP-1 and loss of 

TCF1, FOXO1 and BCL6.
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Table 1.

Hallmarks of human T cell aging

 Findings Mechanisms Functional Consequences Ref

Failure in T cell 
maintenance

Decline in T cell numbers
Reduced T cell generation

Reduced T cell responses (12, 13)
Loss in T cell niches

Decline in naïve T cell 
diversity

Thymic involution
Contracted antigen-specific TCR 
repertoire in a T cell response

(15, 16, 
36)Uneven homeostatic 

proliferation

Preferential loss in CD8+ 

naïve T cells
Unknown Reduced generation of cytotoxic T 

cells to new antigenic encounters (20)

Expansion of TEMRA 
(mostly CD8+ T cells)

Mostly chronic viral 
infection (CMV), 
autoreactive clonal 
expansion

Chronic inflammatory responses (19, 67)

Virtual memory cells Homeostatic proliferation Cellular dysfunction (62, 63)

Failure in DNA 
integrity

Impaired DNA repair Loss of ATM/MRE11, gain 
in DNA-PKcs

Increased inflammatory responses 
in rheumatoid arthritis (93, 95)

Telomeric erosion
History of replication Replicative stress, reduced T cell 

survival (94, 97)
Loss of MRE11

Dysregulated histone 
expression Increased SIRT1 expression Replicative stress, ATR activation, 

p21 expression (97)

Somatic mutations Clonal hematopoiesis (stem 
cells) Increase in TCR clonality (80)

Epigenetic changes

Chromatin accessibility 
patterns indicating 
differentiation

Failure to maintain 
quiescence Increased effector cell generation (29, 106)

DNA methylation patterns  Unknown

Altered gene expression

(112, 116)

Histone modification 
patterns  Unknown (120)

p16 expression (TEMRA) Cellular senescence Cell cycle block, inflammatory 
mediators (101)

Cell surface molecules

Reduced IL-7R
Reduced chromatin 
accessibility (CD8+ T cells)

Reduced survival (29)

Increased CD39 Reduced BCL6 activity, 
increased RUNX3

Increased adenosine signaling, 
reduced TFH generation (71, 72)

Loss of CD28 Gain in sestrins Reduced costimulation (135)

Expression of NK cell-
related receptors (KIR, ILT, 
etc), mostly on TEMRAs

Gain in sestrins
Upregulated negative regulatory 
signals on T cell proliferation and 
function

(136)

Signaling

Blunted TCR signaling Reduced miR-181a, 
increased DUSP6

Increased threshold of T cell 
activation (124, 125)

Sustained mTORC activity

Increased miR-21 
suppressing negative 
regulators, increased 
mTORC activation at 
expanded multivesicular 
bodies

Preferred effector and reduced 
TFH and memory cell 
differentiation

(127, 168)

Reduced type I IFN 
signaling

Increased recruitment of 
SHP-1 to receptor complex

Reduced T cell retention due to 
shorter CD69 expression (146)

Metabolism Increased ROS production Mitochondrial dysfunction, 
reduced autophagy

Increased production of IL-17 and 
NF-kB-dependent mediators (152)
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 Findings Mechanisms Functional Consequences Ref

Defective one-carbon 
metabolism (mice) Mitochondrial dysfunction Reduced proliferation (158)

Lysosome dysfunction, 
expansion of multivesicular 
bodies

Repressed FOXO1 activity, 
increased mTORC activity

Exosome secretion, generation of 
inflammatory effector cells (168)
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