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Immune memory is a requisite and remarkable property of the immune system

and is the biological foundation of the success of vaccinations in reducing

morbidity from infectious diseases. Some vaccines and infections induce long-

lasting protection, but immunity to other vaccines and particularly in older adults

rarely persists over long time periods. Failed induction of an immune response

and accelerated waning of immune memory both contribute to the immuno-

compromised state of the older population. Here we review how T cell memory

is influenced by age. T cell memory is maintained by a dynamic population of T

cells that are heterogeneous in their kinetic parameters under homeostatic

condition and their function. Durability of T cell memory can be influenced not

only by the loss of a clonal progeny, but also by broader changes in the

composition of functional states and transition of T cells to a dysfunctional

state. Genome-wide single cell studies on total T cells have started to provide

insights on the influence of age on cell heterogeneity over time. The most

striking findings were a trend to progressive effector differentiation and the

activation of pro-inflammatory pathways, including the emergence of CD4+ and

CD8+ cytotoxic subsets. Genome-wide data on antigen-specific memory T cells

are currently limited but can be expected to provide insights on how changes

in T cell subset heterogeneity and transcriptome relate to durability of

immune protection.
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Introduction

The adaptive immune system is able to remember previous antigen encounters due

to expansion and differentiation of antigen-specific cells. This immune memory is the

scientific basis for one of the most successful interventions in modern medicine, the

induction of a protective immune state by vaccinations. However, immune memory is

compromised in the older population. Older adults are more susceptible to infections that

they have encountered earlier in life, such as rotavirus or respiratory syncytial virus. With

increasing age, latent infection with the varicella zoster virus (VZV) can no longer be
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1250916/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1250916/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1250916&domain=pdf&date_stamp=2023-08-18
mailto:Goronzy.Jorg@mayo.edu
https://doi.org/10.3389/fimmu.2023.1250916
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1250916
https://www.frontiersin.org/journals/immunology


Jain et al. 10.3389/fimmu.2023.1250916
controlled, leading to viral reactivation presenting as shingles. By

the age of 80 years, about 50% of the population has experienced at

least one single episode of shingles. Moreover, vaccinations in older

adults are less efficacious, with influenza being a prime example (1,

2). The mechanisms underlying lower efficacy in older individuals

are incompletely understood. Defective primary responses, in part

due to the reduced frequencies of naïve T cells, may explain the high

morbidity and mortality with certain infections that have not been

encountered at younger age such as SARS-CoV-2 or West Nile

virus. However, booster vaccinations are also less effective. For

example, the VZV vaccine Varivax is protective in children, while

the same viral strain given in higher doses as Zostavax only provides

short-term protection in older adults. The reduced efficacy may be

in part due to reduced activation and expansion of antigen-specific

T cells. However, this is not always the case; we have shown that the

initial expansion of antigen-specific T cells after Zostavax

vaccination is independent of age, while the contraction in

frequencies after peak responses is more severe in older adults,

likely due to increasing DNA damage and replicative stress

responses (3, 4). We have recently reviewed the mechanisms

underlying this impaired generation of long-lived memory T cells

in older adults (5). Equally important is the question how long

memory T cells live and how well their functionality is maintained

into older age. Here, we review whether and how memory T cells

change with increasing age, focusing primarily on data from

human studies.
Durability of T cell memory

Clinical data on immune protection document that immunity

can be remarkably long-lived. Longitudinal studies after vaccination

are especially informative. A single dose of the yellow fever vaccine

(YFV) that causes a short infection lasting about one week confers

life-long immunity (6). Similarly, an influenza strain circulating

shortly after 1918 induced immunity that protected the very elderly

from the 2009 H1N1 swine flu influenza epidemic (7, 8). These

examples demonstrate the power of immune memory over lifetime

when the virus was first encountered in children or young adults.

However, this degree of memory durability is certainly not

generalizable to immune memory generation in older adults. A

typical example of vaccines with age-dependent protection span is

the live-attenuated vaccine against VZV. Protection against VZV is

thought the be predominantly conferred by T cells (9, 10). The

childhood vaccine, Varivax, and the adulthood vaccine for 50+

year-olds, Zostavax, are based on the same vaccine formulation,

albeit Zostavax containing ~14 times higher particle titers. Despite

that the vaccine is virtually identical, the protection rates differ

drastically. Vaccination of children allows for long-lasting

protection from VZV infection of 10+ years (11–13). In contrast,

vaccination of older adults aged 50-70 years prompts a short-term

immune memory with shingles protection rates waning within four

years post-vaccination in most elderly (14, 15). Age-related changes,

including T cell-intrinsic molecular maladaptations that may skew

T cell protection to wane faster, are incompletely understood. Still,

targeted design of vaccines to the older population is feasible and
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clinically highly relevant, as demonstrated by the adjuvanted VZV

subunit vaccine, Shingrix. Shingrix vaccination confers high

protection rates against shingles in 50+ year-old adults that, based

on prediction models, is expected to last up to 19 years (16).
Immune memory is maintained by a
dynamic population

In a simplified model, longer protection may just reflect the

higher survival of individual antigen-specific memory cells. Indeed,

individual T cell progenies can be very long-lived. In studying the T

cell receptor repertoire of older individuals, we have identified T

cells with identical amino acid sequences in identical twins but not

in unrelated adults (17). These sequences were more frequently

identical than expected at the nucleotide sequence, indicating that

they derived from the same progenitor cell that must have been

seeded in utero at a time when the fetal circulations were connected.

However, it is important to note that long-term memory is

maintained by a dynamic population that is in constant turn-

over. T cell memory is conferred by a population of cells that

individually are more short-lived, certainly considerably shorter

than the duration of immunological memory (18). The lifespan of a

human memory T cell is 30-160 days (19–22), in contrast to the

typical half-life of human T cell memory of 8-15 years (6, 23).

Akondy et al. directly determined the turnover rate of YFV-specific

CD8+ T cells around day 42 and day 365 after vaccination (24).

Assuming constant rates for both the loss in cell numbers and the

turnover of these cells, the estimated average rates for cell loss and

rate of division of YFV-specific cells during this period were 0.57 ±

0.08% per day (half-life of about 122 days) and 0.15 ± 0.09% per day

(cells divide on average once every 462 days), respectively.

Zarnitsyna et al. modelled these and additional frequency data

from Fuertes Marraco et al. (25) and concluded that the kinetics

followed a power law rather than an exponential or bi-exponential

model (26). Decay rates declined over time, while division rates

did not asymptote to zero supporting the notion that long-term

memory in humans is maintained by a population undergoing

turnover. Longevity is therefore determined by the division rate as

well as the rate of loss and cell death. Memory reflects population

averaging of a very diverse set of cells, rather than uniformity at the

single cell level. Whether and how these kinetic parameters change

with age is currently unknown. In addition to division and death

rates, transition rates between different functional states contribute

to change in diversity and memory. Taken together, loss of a clonal

progeny, change in the composition of functional states or

transition to a dysfunctional state such as senescence or

exhaustion could all result in a decline of immune memory with

older age (Figure 1).
Increased vulnerability of CD8+ T cells to
age-associated changes

Early flow cytometric studies on the influence of age on T cell

heterogeneity documented that CD8+ T cells are much more
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susceptible to undergo phenotypic transitions than CD4+ T cells.

While both naïve CD4+ and CD8+ T cells decline with age, the

magnitude of this decline is strikingly higher for CD8+ T cells (27).

In fact, in a large population study, loss of naïve CD8+ T cells was

the strongest immunological correlate of age while loss of naïve

CD4+ T cells was less significant (28). The lineage-associated

difference extends to central memory and effector memory T

cells. The CD8+ compartment of central memory T cells is small

and further declines with age. Most stem-like memory CD8+ T cells

are included in the phenotypically defined naïve CD8+ T cell

compartment (25, 29), while stem-like memory CD4+ T cells are

part of the central memory compartment (30) that is more stable

over lifetime. Expansion of effector memory and particularly

terminally differentiated effector (TEMRA) cells is common for

CD8+ T cells and driven by age and chronic infection. High

frequencies of CD4+ TEMRA are less common but are found in

supercentenarians making up 15-35% of total CD4+ T cells (31).

These data suggest that expansion of both CD4+ and CD8+

cytotoxic T cells with age is a common age-related signature.

However, CD4+ T cells are protected from end-differentiation

for many years. One underlying mechanism for CD4+ T cells to

eventually lose this state of youthfulness and convert to TEMRA

with older age is the loss of homeostatic quiescence involving the

lineage-determining transcription factors ThPOK and RUNX3 that

regulate the expression of TRIB2 (32). A subset of CD4+ T cells lose

ThPOK and TRIB2, while gaining RUNX3 expression with age.

This allows for increased AKT signaling, expression of low CD8

levels in CD4+ T cells and acquisition of a TEMRA phenotype,

suggesting a tendency of both memory T cell lineages to converge

with age while acquiring cytotoxic and NK-like features.
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Age-associated epigenetic signatures
resemble progressive differentiation

Age-associated phenotypic changes on a population level are

more apparent in flow cytometry studies for CD8+ memory T cells,

frequently due to the emergence of clonally expanded populations

that express CD57 or produce granzyme B. The emergence of

genome-wide technologies enabled more granular studies. An

initial analysis of age- and cis-gene expression-associated

methylation sites (age-eMS), integrating genome-wide CpG

methylation and gene expression profiles collected from circulating

CD4+ T cells identified 227 sites, none of which were shared with

monocytes (33). Age-eMS tended to be hypomethylated with older

age, located in predicted enhancers. However, this study examined

global CD4+ T cells without accounting for differentiation stages.

Subsequent epigenetic studies mapping chromatin accessibility in T

cells stratified for CD4+ and CD8+ naïve, central and effector memory

cells identified differentially accessible sites that included motifs for

transcription factors associated with effector cell differentiation (34).

CD8+ T cell subsets were more affected than CD4+ T cells (35, 36).

These changes were observed although TEMRAs were excluded in

these studies and study participants were selected to be heathy, non-

frail older adults who are generally less immunocompromised.

Consistent with the resilience of CD4+ T cells, transcriptional

profiling of circulating Tfh cells from young and older individuals

before and after influenza vaccination showed expected signatures for

functional Tfh cells (37). Expression of individual genes did not reveal

obvious age-related changes that could indicate dysfunction. Pathway

analysis, however, showed higher enrichment for IL-2/STAT5 and

TNF/NF-kB signaling in ICOS+CD38+ conventional Tfh from older
FIGURE 1

Age-associated changes in memory T cell composition with aging. Memory T cells are a heterogeneous and dynamic population that undergoes
several kinds of transitions, including loss or gains of subpopulations and changes in gene expression. Recent insights into these transitions come
from single cell studies that show shifts towards progressive differentiation and effector functions, including gain in cytotoxicity and exhaustion
states and loss of stem-like and central memory cells. TEMRA, Terminally Differentiated Effector Memory Cells with CD45RA expression.
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adults on day 7 after vaccination. Although not proven by the

authors, STAT5 signaling could induce BLIMP1 expression that

would render Tfh cells dysfunctional by inhibiting BCL6 (38). The

age-associated activation of these pathways appears to be a general

feature of T cell aging and not limited to Tfh cells. Bektas et al.

reported a low-level activation of the PI3K/NF-kB pathway in T cells

from older adults (39). Zhang et al. identified activation of STAT5

early in naïve CD4+ T cell responses from older adults as the major

cause of accelerated chromatin remodeling and effector cell

differentiation (40). Moreover, expression of CD39 is more rapidly

induced in memory T cells from older adults (41). CD39 is an ecto-

ATPase expressed on activated effector cells, including exhausted

CD8+ T cells, and has been implicated in cell death and

immunosuppression through the production of adenosine. Its

transcription is repressed by BCL6 while induced by BLIMP1 and

RUNX3, transcription factors involved in effector cell differentiation.

Taken together, the epigenetic landscape in T cells from older adults

is poised towards expression of effector cell genes that may contribute

to increased tissue invasion and the subtle systemic inflammation

characteristic of older adults. These traits are in line with the concept

of inflammaging, the age-related accumulation of stressors that result

in a sterile, chronic, low-level pro-inflammatory state in the organism

(42). This pro-inflammatory, epigenetic signature contrasts to that in

stem-like memory T cells and may therefore have a negative impact

on immune memory durability.
Influence of age on memory
cell heterogeneity

Single cell (sc) sequencing has revolutionized the field of

immunology making it exceptionally suited to distinguish the

heterogeneity of immune cell subsets at transcriptional, epigenetic,

translational, spatial, mutational, as well as TCR (T cell receptor), and

BCR (B cell receptor) levels. Integration of these modalities provides

in-depth information of the changes in immune cells with aging as

well as the identification of rare/novel cell types (43) (Figure 1). In

addition, one can identify the cellular and functional characteristics of

immune cell types and their variability between individuals and tissue

during aging. Currently, there are 11 published single cell (scRNA,

scATAC, scCITE, scTCR) studies focused on T cell aging including 4

on only CD4+ T cells, 2 on only CD8+ T cells and 5 on all T cells,

involving seven studies in humans, three in mice and one in humans

and mice (31, 40, 44–52). Overall, with aging, the transcriptome of

immune cells shifts towards the expression of inflammation-related

genes (48). The most common age-associated changes identified in

CD8+ T cells are shifts to more differentiated cells, i.e., effector,

TEMRA, and T cells expressing exhaustion markers. Also, there is

increased clonality of effector, cytotoxic, and exhausted CD8+ T cells

and decreased diversity and complexity of the TCR repertoire with

age (45, 47, 53). Interestingly, exhausted T cells have high expression

of the lncRNA NEAT1 and MALAT1. An infrequent population of

CD8+ T cells that increases with age are GZMK-expressing, age-

associated T cells (Taa) (51). These Taa cells express PD-1 and TOX

in the mouse indicating exhaustion, but not in humans, where they

express EOMES consistent with functional effector memory cells.
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They accumulate in multiple tissues and secrete GZMK that in turn

predisposes mesenchymal cells to become senescent. Using CD8+ T

cell single cell transcriptome data, Lu et al. developed a linear model

predicting the biological age that they correlated with the mutational

burden of each immune subset (naive, EM, CM, TEMRA). The

highest increase in mutational burden with age was in the TEMRA

population (45).

For CD4+ memory T cells, Elyahu et al. identified a gain in

cytotoxicity as the major age-associated change (49). The function of

cytotoxic CD4+ T cells is incompletely understood. These cells are also

generated against herpes viruses such as human herpes virus 6B

(HHV-6B) and have high polyfunctionality (54). Cytotoxic CD4+ T

cells can contribute to host defense against lethal influenza virus

infection in mice (55) and they can provide anti-tumor responses

(56). In a recent study, skin resident cytotoxic CD4+ T cells were shown

to also eliminate senescent cells that are implicated in driving many

aspects of aging (57). Senescent skin fibroblasts presented peptides of

CMV glycoprotein B via MHC class II making them sensitive to

cytotoxic CD4+ T cell-mediated killing. In humans, cytotoxic CD4+ T

cells are clonally expanded in supercentenarians, suggesting that they

are beneficial for healthy aging (31). Conversely, cytotoxicity of CD4+ T

cells in the context of MHC class II molecules which are mostly

expressed on antigen-presenting cells could also entail a detrimental

effect by regulating the frequencies of dendritic cells. Such an inhibitory

effect could manifest in peripheral tissue but also in lymph nodes.

Previous studies employing adoptive transfer of cytotoxic CD4+ T cells

have suggested that these cells can home not only to peripheral tissues

but also to lymph nodes (58). scRNA-seq studies of CD4+ T cells after

activation identified increased cell-to-cell variability in old mice

compared to the tight regulation in young mice (44).

So far, single cell studies have highlighted the heterogeneity of the

memory T cell compartment and gain in cytotoxic function, while

evidence for senescence or exhaustion is not definite and the

mechanisms causing dysfunction have remained elusive. However, it

should be noted that studies on antigen-specific T cells are needed to

interpret age-associated shifts. Global population studies such as the

ones referenced above do not allow drawing conclusion on the driving

forces, e.g., whether shifts truly reflect aging or whether they are the

result from latent infections. Interestingly, a recent mouse study

indicated that the memory T cell pool can avoid age-associated

dysfunction. Serial adoptive transfers of antigen-specific T cells

allowed the authors to monitor antigen-specific memory T cells far

beyond the normal lifespan of a mouse (59). The study suggested that

the memory T cell pool survives repeated antigen-stimulation without

displaying evidence of impaired clonal expansion or telomere erosion.

Moreover, these cells can avoid terminal exhaustion and cellular

senescence depending on the interval between stimulations. Human

studies controlling for antigen-specificity by comparing tetramer-

sorted T cells of young and older adults have not been published.
Negative regulatory receptors - not
necessarily a marker of exhaustion

The major transcriptional and epigenetic signature associated

with T cell aging in genome-wide studies is the activation of
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cytotoxic genes as described above. Single cell studies have linked

these signatures to inhibitory receptors that are expressed on

exhausted CD8+ T cells, such as PD-1, LAG-3, and TIM-3.

Whether these cytotoxic cells are terminally exhausted, i.e.,

whether transcriptional activation of effector genes is impaired in

addition to the signaling inhibition by these receptors (60), has

remained unclear. The finding of inhibitory receptors on memory T

cells due to progressive differentiation and older age is not limited to

exhaustion-associated molecules and their functional implications

has been a point of controversal discussion. Phenotypic studies

already two decades ago provided evidence that the subsets of CD8+

and CD4+ T cells that had gained cytotoxic properties expressed

inhibitory receptors (Figure 2) (61–64). Such receptors included

MHC class I-specific members of the killer immunoglobulin-like

receptor (KIR) and killer cell lectin-like receptor (KLR) families, in

particular KLRG1, and CD85j of the leukocyte immunoglobulin-

like receptor (LIR) family. The age-associated expression of these

receptors appeared to be related to a progressive promoter

demethylation due to reduced local DNMT1 activity as also seen

for cytotoxic genes, tying together the transcriptional activation of

these gene groups (65). T cells expressing these receptors are

oligoclonally expanded (66, 67) and include herpes virus-specific

T cells (61, 68). Similar to their function in NK cells, MHC class I-

specific inhibitory receptors were thought to limit the clonal

expansion and prevent memory cell inflation (69). However,

several studies have shown that this is not necessarily the case,

and these cells can remain functional effector cells. For example,

recruitment of the inhibitory receptor KIR2DL2 inhibited sustained

TCR signaling and reduced transcription of cytokines but did not

affect cytotoxicity (70). Also, virus-specific CD8+ T cells expressing

CD85j retained their full cytotoxic potential when CD85j was

blocked. Although their proliferative potential and cytokine
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production may be slightly heightened with CD85j blockade (68,

71), these studies demonstrate that cytotoxic T cells expressing

negative regulatory receptors are still highly functional and not

epigenetically or terminally dysfunctional. Moreover, cytotoxicity in

TEMRA or the previously described Taa cells is linked to the

expression of the transcription factor EOMES even if they express

PD-1 (51). Therefore, they are more similar to fully functional

precursor cells than terminally exhausted cells (72). It has been

proposed that the expression of PD-1 on TCF1-expressing

precursor exhausted cells in the presence of abundant antigen

prevents hyperstimulation and the epigenetic changes that confer

functional and terminal exhaustion (72). In that sense, the

expression of negative regulatory cell surface receptors on

cytotoxic cells could be protective and promote the longevity of

these memory T cells (Figure 2). This mechanism differs from stem-

like memory cells that gain longevity by reverting to a quiescent

state with high TCF1 expression (73). High longevity of cytotoxic T

cells would be consistent with the observation that they accumulate

in centenarians (31).
Concluding remarks

T cell memory is maintained by a dynamic cell population that

includes cells with very different kinetics such as relatively quiescent

stem-like memory cells and terminally differentiated TEMRA cells.

Data on whether and how the population kinetics is changing with

age would be important to understand and improve the durability

of immune memory after vaccination. Such data are lacking, at least

at the level of antigen-specific cells. Alternatively, studies of

memory T cell heterogeneity and its changes over lifetime can be

informative. Single cell transcriptome and epigenome studies have
FIGURE 2

Model proposing a beneficial effect of negative regulatory receptors for T memory cell longevity and function. Concomitant to gaining cytotoxic
function, CD4+ and CD8+ effector memory cells in older adults can express a multitude of negative regulatory receptors that are regularly expressed
on NK cells or exhausted CD8+ T cells. While these receptors attenuate proximal signaling, these cells are functional and poised to exhibit effector
functions. The current paradigm implicates these receptors as a means of controlling memory inflation. We propose that their major importance lies
in preventing chronic hyperstimulation and thereby improving immune memory durability and long-term maintenance of functional competence
including regulated cytokine production and cytotoxicity. This model is reminiscent to functional licensing by inhibitory KIR, KLR and LIR receptors in
NK cells, or to prevention of terminal exhaustion in Tex precursor cells. Consistent with this model, cytotoxic T cells accumulate in
supercentenarians.
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provided information on global population shifts but we still do not

know much on changes in population compositions of antigen-

specific T cells. For example, we assume that the reduced expression

of TCF1 with age may negatively impact the survival of stem-like

memory cells, but data are lacking. Conversely, we know that end-

differentiated effector cells accumulate with age, likely as a result of

frequent restimulation. While these cells express negative regulatory

receptors, they do not appear to be exhausted, and the inhibitory

receptors may actually be beneficial for maintaining their

functionality. Taken together, our knowledge on why immune

memory declines with age remains limited. Conversely, we have

strong evidence that aging is associated with progressive

differentiation of T cells towards effector phenotypes with

activation of inflammatory and cytotoxic pathways and gain in

tissue invasiveness. This age-associated differentiation is more

evident for CD8+ than CD4+ T cells due to the difference in

lineage-specific gene-regulatory factors. The pro-inflammatory

poised state appears to be gained due to activation of T cell-

inherent regular differentiation program rather than cellular

senescence, although the inflammatory mediators are overlapping.

Nonetheless, this propensity is likely an important contributor to

the subtle, systemic inflammatory statue of older adults.
Author contributions

AJ, IS, CW, and JG wrote and edited the review. All authors

contributed to the article and approved the submitted version.
Frontiers in Immunology 06
Funding

This work was supported by National Institutes of Health grants

R01AI108891, R01AG045779, R01AI129191 and U19AI057266 (to

J.J.G.), R01AR042527 and R01AI108906 (to C.M.W.), and

T32AG049672 (to I.S.). This research was conducted while I.S.

was a Glenn Foundation for Medical Research Postdoctoral Fellow.

The content is solely the responsibility of the authors and does not

necessarily represent the official views of the National Institutes

of Health.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Ciabattini A, Nardini C, Santoro F, Garagnani P, Franceschi C, Medaglini D.
Vaccination in the elderly: The challenge of immune changes with aging. Semin
Immunol (2018) 40:83–94. doi: 10.1016/j.smim.2018.10.010

2. Goronzy JJ, Weyand CM. Mechanisms underlying T cell ageing. Nat Rev
Immunol (2019) 19(9):573–83. doi: 10.1038/s41577-019-0180-1

3. Qi Q, Cavanagh MM, Le Saux S, NamKoong H, Kim C, Turgano E, et al.
Diversification of the antigen-specific T cell receptor repertoire after varicella zoster
vaccination. Sci Transl Med (2016) 8(332):332ra46. doi: 10.1126/scitranslmed.aaf1725

4. Qi Q, Cavanagh MM, Le Saux S, Wagar LE, Mackey S, Hu J, et al. Defective T
memory cell differentiation after Varicella zoster vaccination in older individuals. PloS
Pathog (2016) 12(10):e1005892. doi: 10.1371/journal.ppat.1005892

5. Sturmlechner I, Jain A, Mu Y, Weyand CM, Goronzy JJ. T cell fate decisions
during memory cell generation with aging. Semin Immunol (2023). 69:101800. doi:
10.1016/j.smim.2023.101800

6. Gotuzzo E, Yactayo S, Cordova E. Efficacy and duration of immunity after yellow
fever vaccination: systematic review on the need for a booster every 10 years. Am J Trop
Med Hyg (2013) 89(3):434–44. doi: 10.4269/ajtmh.13-0264

7. Fisman DN, Savage R, Gubbay J, Achonu C, Akwar H, Farrell DJ, et al. Older age
and a reduced likelihood of 2009 H1N1 virus infection. N Engl J Med (2009) 361
(20):2000–1. doi: 10.1056/NEJMc0907256

8. Xu R, Ekiert DC, Krause JC, Hai R, Crowe JE Jr., Wilson IA. Structural basis of
preexisting immunity to the 2009 H1N1 pandemic influenza virus. Science (2010) 328
(5976):357–60. doi: 10.1126/science.1186430

9. Berger R, Florent G, Just M. Decrease of the lymphoproliferative response to
varicella-zoster virus antigen in the aged. Infect Immun (1981) 32(1):24–7. doi: 10.1128/
iai.32.1.24-27.1981

10. Miller AE. Selective decline in cellular immune response to varicella-zoster in
the elderly. Neurology (1980) 30(6):582–7. doi: 10.1212/WNL.30.6.582

11. Chaves SS, Gargiullo P, Zhang JX, Civen R, Guris D, Mascola L, et al. Loss of
vaccine-induced immunity to varicella over time. N Engl J Med (2007) 356(11):1121–9.
doi: 10.1056/NEJMoa064040
12. Kuter B, Matthews H, Shinefield H, Black S, Dennehy P, Watson B, et al.
Ten year follow-up of healthy children who received one or two injections of
varicella vaccine. Pediatr Infect Dis J (2004) 23(2):132–7. doi: 10.1097/
01.inf.0000109287.97518.67

13. Thomas SL, Hall AJ. What does epidemiology tell us about risk factors for
herpes zoster? Lancet Infect Dis (2004) 4(1):26–33. doi: 10.1016/S1473-3099(03)00857-
0

14. Cunningham AL, Lal H, Kovac M, Chlibek R, Hwang SJ, Diez-Domingo J, et al.
Efficacy of the herpes zoster subunit vaccine in adults 70 years of age or older. N Engl J
Med (2016) 375(11):1019–32. doi: 10.1056/NEJMoa1603800

15. Tseng HF, Harpaz R, Luo Y, Hales CM, Sy LS, Tartof SY, et al. Declining
effectiveness of herpes zoster vaccine in adults aged >/=60 years. J Infect Dis (2016) 213
(12):1872–5. doi: 10.1093/infdis/jiw047

16. Dooling KL, Guo A, Patel M, Lee GM, Moore K, Belongia EA, et al.
Recommendations of the advisory committee on immunization practices for use of
herpes zoster vaccines. MMWR Morb Mortal Wkly Rep (2018) 67(3):103–8. doi:
10.15585/mmwr.mm6703a5

17. Tanno H, Gould TM, McDaniel JR, Cao W, Tanno Y, Durrett RE, et al.
Determinants governing T cell receptor alpha/beta-chain pairing in repertoire
formation of identical twins. Proc Natl Acad Sci U S A (2020) 117(1):532–40. doi:
10.1073/pnas.1915008117

18. Macallan DC, Borghans JA, Asquith B. Human T cell memory: a dynamic view.
Vaccines (Basel) (2017) 5(1):5. doi: 10.3390/vaccines5010005

19. Ahmed R, Westera L, Drylewicz J, Elemans M, Zhang Y, Kelly E, et al.
Reconciling estimates of cell proliferation from stable isotope labeling experiments.
PloS Comput Biol (2015) 11(10):e1004355. doi: 10.1371/journal.pcbi.1004355

20. Macallan DC, Asquith B, Irvine AJ, Wallace DL, Worth A, Ghattas H, et al.
Measurement and modeling of human T cell kinetics. Eur J Immunol (2003) 33
(8):2316–26. doi: 10.1002/eji.200323763

21. Macallan DC, Wallace D, Zhang Y, De Lara C, Worth AT, Ghattas H, et al.
Rapid turnover of effector-memory CD4(+) T cells in healthy humans. J Exp Med
(2004) 200(2):255–60. doi: 10.1084/jem.20040341
frontiersin.org

https://doi.org/10.1016/j.smim.2018.10.010
https://doi.org/10.1038/s41577-019-0180-1
https://doi.org/10.1126/scitranslmed.aaf1725
https://doi.org/10.1371/journal.ppat.1005892
https://doi.org/10.1016/j.smim.2023.101800
https://doi.org/10.4269/ajtmh.13-0264
https://doi.org/10.1056/NEJMc0907256
https://doi.org/10.1126/science.1186430
https://doi.org/10.1128/iai.32.1.24-27.1981
https://doi.org/10.1128/iai.32.1.24-27.1981
https://doi.org/10.1212/WNL.30.6.582
https://doi.org/10.1056/NEJMoa064040
https://doi.org/10.1097/01.inf.0000109287.97518.67
https://doi.org/10.1097/01.inf.0000109287.97518.67
https://doi.org/10.1016/S1473-3099(03)00857-0
https://doi.org/10.1016/S1473-3099(03)00857-0
https://doi.org/10.1056/NEJMoa1603800
https://doi.org/10.1093/infdis/jiw047
https://doi.org/10.15585/mmwr.mm6703a5
https://doi.org/10.1073/pnas.1915008117
https://doi.org/10.3390/vaccines5010005
https://doi.org/10.1371/journal.pcbi.1004355
https://doi.org/10.1002/eji.200323763
https://doi.org/10.1084/jem.20040341
https://doi.org/10.3389/fimmu.2023.1250916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jain et al. 10.3389/fimmu.2023.1250916
22. Westera L, Drylewicz J, den Braber I, Mugwagwa T, van der Maas I, Kwast L,
et al. Closing the gap between T-cell life span estimates from stable isotope-labeling
studies in mice and humans. Blood (2013) 122(13):2205–12. doi: 10.1182/blood-2013-
03-488411

23. Hammarlund E, Lewis MW, Hansen SG, Strelow LI, Nelson JA, Sexton GJ, et al.
Duration of antiviral immunity after smallpox vaccination. Nat Med (2003) 9(9):1131–
7. doi: 10.1038/nm917

24. Akondy RS, Monson ND, Miller JD, Edupuganti S, Teuwen D, Wu H, et al. The
yellow fever virus vaccine induces a broad and polyfunctional human memory CD8+ T
cell response. J Immunol (2009) 183(12):7919–30. doi: 10.4049/jimmunol.0803903

25. Fuertes Marraco SA, Soneson C, Cagnon L, Gannon PO, Allard M, Abed
Maillard S, et al. Long-lasting stem cell-like memory CD8+ T cells with a naive-like
profile upon yellow fever vaccination. Sci Transl Med (2015) 7(282):282ra48.
doi: 10.1126/scitranslmed.aaa3700

26. Zarnitsyna VI, Akondy RS, Ahmed H, McGuire DJ, Zarnitsyn VG, Moore M,
et al. Dynamics and turnover of memory CD8 T cell responses following yellow fever
vaccination. PloS Comput Biol (2021) 17(10):e1009468. doi: 10.1371/
journal.pcbi.1009468

27. Czesnikiewicz-Guzik M, Lee W-W, Cui D, Hiruma Y, Lamar DL, Yang Z-Z,
et al. T cell subset-specific susceptibility to aging. Clin Immunol (2008) 127(1):107–18.
doi: 10.1016/j.clim.2007.12.002

28. Whiting CC, Siebert J, Newman AM, Du H-w, Alizadeh AA, Goronzy J, et al.
Large-scale and comprehensive immune profiling and functional analysis of normal
human aging. PloS One (2015) 10(7):e0133627. doi: 10.1371/journal.pone.0133627

29. Akondy RS, Fitch M, Edupuganti S, Yang S, Kissick HT, Li KW, et al. Origin and
differentiation of human memory CD8 T cells after vaccination. Nature (2017) 552
(7685):362–7. doi: 10.1038/nature24633

30. Kim C, Hu B, Jadhav RR, Jin J, Zhang H, Cavanagh MM, et al. Activation of
miR-21-Regulated Pathways in Immune Aging Selects against Signatures Characteristic
of Memory T Cells. Cell Rep (2018) 25(8):2148–62 e5. doi: 10.1016/j.celrep.2018.10.074

31. Hashimoto K, Kouno T, Ikawa T, Hayatsu N, Miyajima Y, Yabukami H, et al.
Single-cell transcriptomics reveals expansion of cytotoxic CD4 T cells in
supercentenarians. Proc Natl Acad Sci U States A (2019) 116(48):24242–51. doi:
10.1073/pnas.1907883116

32. CaoW, Sturmlechner I, Zhang H, Jin J, Hu B, Jadhav RR, et al. TRIB2 safeguards
naive T cell homeostasis during aging. Cell Rep (2023) 42(3):112195. doi: 10.1016/
j.celrep.2023.112195

33. Reynolds LM, Taylor JR, Ding J, Lohman K, Johnson C, Siscovick D, et al. Age-
related variations in the methylome associated with gene expression in human
monocytes and T cells. Nat Commun (2014) 5:5366. doi: 10.1038/ncomms6366

34. Moskowitz DM, Zhang DW, Hu B, Le Saux S, Yanes RE, Ye Z, et al.
Epigenomics of human CD8 T cell differentiation and aging. Sci Immunol (2017) 2
(8). doi: 10.1126/sciimmunol.aag0192

35. Hu B, Jadhav RR, Gustafson CE, Le Saux S, Ye Z, Li X, et al. Distinct age-related
epigenetic signatures in CD4 and CD8 T cells. Front Immunol (2020) 11:585168. doi:
10.3389/fimmu.2020.585168

36. Ucar D, Marquez EJ, Chung CH, Marches R, Rossi RJ, Uyar A, et al. The
chromatin accessibility signature of human immune aging stems from CD8(+) T cells.
J Exp Med (2017) 214(10):3123–44. doi: 10.1084/jem.20170416

37. Herati RS, Silva LV, Vella LA, Muselman A, Alanio C, Bengsch B, et al. Vaccine-
induced ICOS(+)CD38(+) circulating Tfh are sensitive biosensors of age-related
changes in inflammatory pathways. Cell Rep Med (2021) 2(5):100262. doi: 10.1016/
j.xcrm.2021.100262

38. Nurieva RI, Podd A, Chen Y, Alekseev AM, Yu M, Qi X, et al. STAT5 protein
negatively regulates T follicular helper (Tfh) cell generation and function. J Biol Chem
(2012) 287(14):11234–9. doi: 10.1074/jbc.M111.324046

39. Bektas A, Zhang Y, Lehmann E, Wood WH 3rd, Becker KG, Madara K, et al.
Age-associated changes in basal NF-kappaB function in human CD4+ T lymphocytes
via dysregulation of PI3 kinase. Aging (2014) 6(11):957–74. doi: 10.18632/aging.100705

40. Zhang H, Jadhav RR, Cao W, Goronzy IN, Zhao TV, Jin J, et al. Aging-
associated HELIOS deficiency in naive CD4(+) T cells alters chromatin remodeling and
promotes effector cell responses. Nat Immunol (2022) 24(1):96–109. doi: 10.1038/
s41590-022-01369-x

41. Fang F, Yu M, Cavanagh MM, Hutter Saunders J, Qi Q, Ye Z, et al. Expression of
CD39 on activated T cells impairs their survival in older individuals. Cell Rep (2016) 14
(5):1218–31. doi: 10.1016/j.celrep.2016.01.002

42. Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et al.
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann N Y Acad Sci
(2000) 908:244–54. doi: 10.1111/j.1749-6632.2000.tb06651.x

43. Mogilenko DA, Shchukina I, Artyomov MN. Immune ageing at single-cell
resolution. Nat Rev Immunol (2022) 22(8):484–98. doi: 10.1038/s41577-021-00646-4

44. Martinez-Jimenez CP, Eling N, Chen HC, Vallejos CA, Kolodziejczyk AA,
Connor F, et al. Aging increases cell-to-cell transcriptional variability upon immune
stimulation. Science (2017) 355(6332):1433–6. doi: 10.1126/science.aah4115

45. Lu J, Ahmad R, Nguyen T, Cifello J, Hemani H, Li J, et al. Heterogeneity and
transcriptome changes of human CD8(+) T cells across nine decades of life. Nat
Commun (2022) 13(1):5128. doi: 10.1038/s41467-022-32869-x
Frontiers in Immunology 07
46. Huang Z, Chen B, Liu X, Li H, Xie L, Gao Y, et al. Effects of sex and aging on the
immune cell landscape as assessed by single-cell transcriptomic analysis. Proc Natl
Acad Sci U.S.A. (2021) 118(33). doi: 10.1073/pnas.2023216118

47. Luo OJ, Lei W, Zhu G, Ren Z, Xu Y, Xiao C, et al. Multidimensional single-cell
analysis of human peripheral blood reveals characteristic features of the immune
system landscape in aging and frailty. Nat Aging (2022) 2(4):348–64. doi: 10.1038/
s43587-022-00198-9

48. Zheng Y, Liu X, Le W, Xie L, Li H, Wen W, et al. A human circulating immune
cell landscape in aging and COVID-19. Protein Cell (2020) 11(10):740–70. doi: 10.1007/
s13238-020-00762-2

49. Elyahu Y, Hekselman I, Eizenberg-Magar I, Berner O, Strominger I, Schiller M,
et al. Aging promotes reorganization of the CD4 T cell landscape toward extreme
regulatory and effector phenotypes. Sci Adv (2019) 5(8):eaaw8330. doi: 10.1126/
sciadv.aaw8330

50. Karagiannis TT, Dowrey TW, Villacorta-Martin C, MontanoM, Reed E, Belkina
AC, et al. Multi-modal profiling of peripheral blood cells across the human lifespan
reveals distinct immune cell signatures of aging and longevity. EBioMedicine (2023)
90:104514. doi: 10.1016/j.ebiom.2023.104514

51. Mogilenko DA, Shpynov O, Andhey PS, Arthur L, Swain A, Esaulova E, et al.
Comprehensive profiling of an aging immune system reveals clonal GZMK(+) CD8(+)
T cells as conserved hallmark of inflammaging. Immunity (2021) 54(1):99–115 e12. doi:
10.1016/j.immuni.2020.11.005

52. Teo YV, Hinthorn SJ, Webb AE, Neretti N. Single-cell transcriptomics of
peripheral blood in the aging mouse. Aging (2023) 15(1):6–20. doi: 10.18632/
aging.204471

53. Soto-Heredero G, Gomez de Las Heras MM, Escrig-Larena JI, Mittelbrunn M.
Extremely differentiated T cell subsets contribute to tissue deterioration during aging.
Annu Rev Immunol (2023) 41:181–205. doi: 10.1146/annurev-immunol-101721-
064501

54. Becerra-Artiles A, Cruz J, Leszyk JD, Sidney J, Sette A, Shaffer SA, et al. Naturally
processed HLA-DR3-restricted HHV-6B peptides are recognized broadly with
polyfunctional and cytotoxic CD4 T-cell responses. Eur J Immunol (2019) 49
(8):1167–85. doi: 10.1002/eji.201948126

55. Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL. Multifunctional CD4
cells expressing gamma interferon and perforin mediate protection against lethal
influenza virus infection. J Virol (2012) 86(12):6792–803. doi: 10.1128/JVI.07172-11

56. Zhou Y, Zha J, Lin Z, Fang Z, Zeng H, Zhao J, et al. CD4+ T cell-mediated
cytotoxicity is associated with MHC class II expression on Malignant CD19+ B cells in
diffuse large B cell lymphoma. Exp Cell Res (2018) 362(2):287–92. doi: 10.1016/
j.yexcr.2017.11.029

57. Hasegawa T, Oka T, Son HG, Oliver-Garcia VS, Azin M, Eisenhaure TM, et al.
Cytotoxic CD4(+) T cells eliminate senescent cells by targeting cytomegalovirus
antigen. Cell (2023) 186(7):1417–31 e20. doi: 10.1016/j.cell.2023.02.033

58. Zhang X, Nakajima T, Goronzy JJ, Weyand CM. Tissue trafficking patterns of
effector memory CD4+ T cells in rheumatoid arthritis. Arthritis Rheumatol (2005) 52
(12):3839–49. doi: 10.1002/art.21482

59. Soerens AG, Kunzli M, Quarnstrom CF, Scott MC, Swanson L, Locquiao JJ, et al.
Functional T cells are capable of supernumerary cell division and longevity. Nature
(2023) 614(7949):762–6. doi: 10.1038/s41586-022-05626-9

60. Ford BR, Vignali PDA, Rittenhouse NL, Scharping NE, Peralta R, Lontos K, et al.
Tumor microenvironmental signals reshape chromatin landscapes to limit the
functional potential of exhausted T cells. Sci Immunol (2022) 7(74):eabj9123. doi:
10.1126/sciimmunol.abj9123

61. Ouyang Q, Wagner WM, Voehringer D, Wikby A, Klatt T, Walter S, et al. Age-
associated accumulation of CMV-specific CD8+ T cells expressing the inhibitory killer
cell lectin-like receptor G1 (KLRG1). Exp Gerontol (2003) 38(8):911–20. doi: 10.1016/
S0531-5565(03)00134-7

62. Anfossi N, Doisne JM, Peyrat MA, Ugolini S, Bonnaud O, Bossy D, et al.
Coordinated expression of Ig-like inhibitory MHC class I receptors and acquisition of
cytotoxic function in human CD8+ T cells. J Immunol (2004) 173(12):7223–9. doi:
10.4049/jimmunol.173.12.7223

63. Warrington KJ, Takemura S, Goronzy JJ, Weyand CM. CD4+,CD28- T cells in
rheumatoid arthritis patients combine features of the innate and adaptive immune
systems. Arthritis Rheumatol (2001) 44(1):13–20. doi: 10.1002/1529-0131(200101)
44:1<13::AID-ANR3>3.0.CO;2-6

64. Snyder MR, Muegge LO, Offord C, O'Fallon WM, Bajzer Z, Weyand CM, et al.
Formation of the killer Ig-like receptor repertoire on CD4+CD28null T cells. J Immunol
(2002) 168(8):3839–46. doi: 10.4049/jimmunol.168.8.3839

65. Li G, Yu M, Weyand CM, Goronzy JJ. Epigenetic regulation of killer
immunoglobulin-like receptor expression in T cells. Blood (2009) 114(16):3422–30.
doi: 10.1182/blood-2009-01-200170

66. Jabri B, Selby JM, Negulescu H, Lee L, Roberts AI, Beavis A, et al. TCR specificity
dictates CD94/NKG2A expression by human CTL. Immunity (2002) 17(4):487–99. doi:
10.1016/S1074-7613(02)00427-2

67. Mingari MC, Schiavetti F, Ponte M, Vitale C, Maggi E, Romagnani S, et al.
Human CD8+ T lymphocyte subsets that express HLA class I-specific inhibitory
receptors represent oligoclonally or monoclonally expanded cell populations. Proc Natl
Acad Sci U States A (1996) 93(22):12433–8. doi: 10.1073/pnas.93.22.12433
frontiersin.org

https://doi.org/10.1182/blood-2013-03-488411
https://doi.org/10.1182/blood-2013-03-488411
https://doi.org/10.1038/nm917
https://doi.org/10.4049/jimmunol.0803903
https://doi.org/10.1126/scitranslmed.aaa3700
https://doi.org/10.1371/journal.pcbi.1009468
https://doi.org/10.1371/journal.pcbi.1009468
https://doi.org/10.1016/j.clim.2007.12.002
https://doi.org/10.1371/journal.pone.0133627
https://doi.org/10.1038/nature24633
https://doi.org/10.1016/j.celrep.2018.10.074
https://doi.org/10.1073/pnas.1907883116
https://doi.org/10.1016/j.celrep.2023.112195
https://doi.org/10.1016/j.celrep.2023.112195
https://doi.org/10.1038/ncomms6366
https://doi.org/10.1126/sciimmunol.aag0192
https://doi.org/10.3389/fimmu.2020.585168
https://doi.org/10.1084/jem.20170416
https://doi.org/10.1016/j.xcrm.2021.100262
https://doi.org/10.1016/j.xcrm.2021.100262
https://doi.org/10.1074/jbc.M111.324046
https://doi.org/10.18632/aging.100705
https://doi.org/10.1038/s41590-022-01369-x
https://doi.org/10.1038/s41590-022-01369-x
https://doi.org/10.1016/j.celrep.2016.01.002
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1038/s41577-021-00646-4
https://doi.org/10.1126/science.aah4115
https://doi.org/10.1038/s41467-022-32869-x
https://doi.org/10.1073/pnas.2023216118
https://doi.org/10.1038/s43587-022-00198-9
https://doi.org/10.1038/s43587-022-00198-9
https://doi.org/10.1007/s13238-020-00762-2
https://doi.org/10.1007/s13238-020-00762-2
https://doi.org/10.1126/sciadv.aaw8330
https://doi.org/10.1126/sciadv.aaw8330
https://doi.org/10.1016/j.ebiom.2023.104514
https://doi.org/10.1016/j.immuni.2020.11.005
https://doi.org/10.18632/aging.204471
https://doi.org/10.18632/aging.204471
https://doi.org/10.1146/annurev-immunol-101721-064501
https://doi.org/10.1146/annurev-immunol-101721-064501
https://doi.org/10.1002/eji.201948126
https://doi.org/10.1128/JVI.07172-11
https://doi.org/10.1016/j.yexcr.2017.11.029
https://doi.org/10.1016/j.yexcr.2017.11.029
https://doi.org/10.1016/j.cell.2023.02.033
https://doi.org/10.1002/art.21482
https://doi.org/10.1038/s41586-022-05626-9
https://doi.org/10.1126/sciimmunol.abj9123
https://doi.org/10.1016/S0531-5565(03)00134-7
https://doi.org/10.1016/S0531-5565(03)00134-7
https://doi.org/10.4049/jimmunol.173.12.7223
https://doi.org/10.1002/1529-0131(200101)44:1%3C13::AID-ANR3%3E3.0.CO;2-6
https://doi.org/10.1002/1529-0131(200101)44:1%3C13::AID-ANR3%3E3.0.CO;2-6
https://doi.org/10.4049/jimmunol.168.8.3839
https://doi.org/10.1182/blood-2009-01-200170
https://doi.org/10.1016/S1074-7613(02)00427-2
https://doi.org/10.1073/pnas.93.22.12433
https://doi.org/10.3389/fimmu.2023.1250916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jain et al. 10.3389/fimmu.2023.1250916
68. Ince MN, Harnisch B, Xu Z, Lee SK, Lange C, Moretta L, et al. Increased
expression of the natural killer cell inhibitory receptor CD85j/ILT2 on antigen-specific
effector CD8 T cells and its impact on CD8 T-cell function. Immunology (2004) 112
(4):531–42. doi: 10.1046/j.1365-2567.2004.01907.x

69. Henson SM, Franzese O, Macaulay R, Libri V, Azevedo RI, Kiani-Alikhan S,
et al. KLRG1 signaling induces defective Akt (ser473) phosphorylation and proliferative
dysfunction of highly differentiated CD8+ T cells. Blood (2009) 113(26):6619–28. doi:
10.1182/blood-2009-01-199588

70. Henel G, Singh K, Cui D, Pryshchep S, Lee WW, Weyand CM, et al.
Uncoupling of T-cell effector functions by inhibitory killer immunoglobulin-
Frontiers in Immunology 08
like receptors. Blood (2006) 107(11):4449–57. doi: 10.1182/blood-2005-06-
2519

71. Gustafson CE, Qi Q, Hutter-Saunders J, Gupta S, Jadhav R, Newell E, et al.
Immune checkpoint function of CD85j in CD8 T cell differentiation and aging. Front
Immunol (2017) 8:692. doi: 10.3389/fimmu.2017.00692

72. Chen Z, Ji Z, Ngiow SF, Manne S, Cai Z, Huang AC, et al. TCF-1-centered
transcriptional network drives an effector versus exhausted CD8 T cell-fate decision.
Immunity (2019) 51(5):840–55 e5. doi: 10.1016/j.immuni.2019.09.013

73. Gattinoni L, Lugli E, Ji Y, Pos Z, Paulos CM, Quigley MF, et al. A human memory T
cell subset with stem cell-like properties.NatMed (2011) 17(10):1290–7. doi: 10.1038/nm.2446
frontiersin.org

https://doi.org/10.1046/j.1365-2567.2004.01907.x
https://doi.org/10.1182/blood-2009-01-199588
https://doi.org/10.1182/blood-2005-06-2519
https://doi.org/10.1182/blood-2005-06-2519
https://doi.org/10.3389/fimmu.2017.00692
https://doi.org/10.1016/j.immuni.2019.09.013
https://doi.org/10.1038/nm.2446
https://doi.org/10.3389/fimmu.2023.1250916
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Heterogeneity of memory T cells in aging
	Introduction
	Durability of T cell memory
	Immune memory is maintained by a dynamic population
	Increased vulnerability of CD8+ T cells to age-associated changes
	Age-associated epigenetic signatures resemble progressive differentiation
	Influence of age on memory cell heterogeneity
	Negative regulatory receptors - not necessarily a marker of exhaustion

	Concluding remarks
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


