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1  |  INTRODUC TION

Aging is a dynamic process that progresses with concomitant de-
terioration of organ function that leads to loss of quality of life. 
Immunity also declines during aging. This is highlighted by the in-
creased incidence of malignancy, loss of immunity to previously 
encountered pathogens, for example, varicella-zoster virus (VZV) 
causing shingles,1,2 decreased vaccine efficacy,3 and decreased abil-
ity to respond to new pathogens.4,5 As the aging of cells in organs 
and of those within the immune system occur simultaneously, de-
creased immunity in an older individual may not result from a de-
fect with a particular cell type instead, the problem may arise from 
altered interactions between aged immune and nonimmune cells 
in tissues.6 The term “cellular senescence” was established to de-
scribe aging of cell types and this process results in growth arrest 

that prevents the proliferation of cells harboring DNA damage and 
is therefore considered to be an anticancer mechanism.7 Senescent 
cells can be recognized by phenotypic and functional characteris-
tics,7,8 and these cells accumulate within both leukocytes (especially 
T cells) and nonimmune-cell populations during aging.9,10 Although 
senescent cells share many functional and phenotypic features, 
there are also cell-specific differences.11,12

One shared feature of different senescent cell types is their se-
cretion of multiple cytokines, chemokines, enzymes, etc. (so-called 
senescence-associated secretory phenotype; SASP).7,8,10,13 This may 
be a mechanism for altered communication between immune and 
nonimmune cells during aging.8 In this review, we focus on the de-
velopment of senescent T cells and their phenotypic and functional 
features. We will also summarize recent information on how these 
cells may interact within an aged tissue environment. An emerging 
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Summary
As the thymus involutes during aging, the T-cell pool has to be maintained by the 
periodic expansion of preexisting T cells during adulthood. A conundrum is that re-
peated episodes of activation and proliferation drive the differentiation of T cells 
toward replicative senescence, due to telomere erosion. This review discusses mech-
anisms that regulate the end-stage differentiation (senescence) of T cells. Although 
these cells, within both CD4 and CD8 compartments, lose proliferative activity after 
antigen-specific challenge, they acquire innate-like immune function. While this 
may confer broad immune protection during aging, these senescent T cells may also 
cause immunopathology, especially in the context of excessive inflammation in tissue 
microenvironments.
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concept is that instead of being dysfunctional, senescent T cells begin 
to express the molecular machinery enabling them to behave more 
like natural killer (NK) cells.6 While this may confer them with broad 
nonantigen-specific protection especially during aging, this may also 
result in immunopathology, where NK ligands are expressed by non-
lymphoid cells within inflamed tissue microenvironments.

2  |  T CELL DIFFERENTIATION AND THE 
IDENTIFIC ATION OF SENESCENT T CELL S

A big advance in identifying T cells at early and end stages of differ-
entiation was the combination of technology to identify telomeres 
together with cell surface in T-cell subsets by multi-parameter flow 
cytometry.14–16 This coordinate analysis enabled a pathway of dif-
ferentiation of human T cells to be defined (Figure 1). Hence, while 
naïve T cells in both CD4+ and CD8+ compartments express the 
co-stimulatory receptors CD28 and CD27 and have long telomeres, 
end-stage T cells lose expression of these molecules and shorten 
their telomeres considerably.17,18 Furthermore, some effector 
memory (EM) T cells that are CD27−CD28− re-express cell surface 
CD45RA and are known as the EMRA subset.19,20 Once the defini-
tion of the differentiation states of T cells was made, it enabled early 
and end-stage cells to be isolated and their functional characteristics 
to be assessed. Thus naïve, central memory and effector cells have 
different functions and homing potential and tissue localization.21 
In human peripheral blood, CD27−CD28− T cells within both CD4+ 
and CD8+ compartments express multiple cell surface markers of 
T cells senescence including KLRG1 and CD57 and also intracellu-
lar molecules associated with cell cycle arrest and senescence (p16 
and p21)20,22,23 (Figure 1). This was confirmed by single-cell RNAseq 
analyses of human CD8+ T cells.24 We henceforth will refer to the 
CD27−CD28− T-cell population as senescent T cells. Of note, murine 

CD4+ and CD8+ T-cell populations do not lose the expression of 
CD28 as they undergo repeated rounds of proliferation indicating 
that there are key differences in differentiation-related phenotypic 
changes between humans and mice.25 It is recognized widely that 
while the proportion of naïve T cells decreases during aging, the 
proportion of senescent cells increases, due in part to activation by 
persistent viruses such as cytomegalovirus (CMV) in vivo.26–28

3  |  THE PROLIFER ATIVE POTENTIAL OF T 
CELL S

The loss of thymic activity in early life results in a considerable 
reduction in the production of new naïve T cells.29 Thus, in matu-
rity, the T cell repertoire is fairly rigid as there is decreased pro-
duction of T cells with novel specificities.30 This may explain why 
older subjects become very susceptible to pathogens that have not 
been encountered previously. However, this also raises a concep-
tual problem, that is, how are T cell numbers maintained throughout 
life without any new input of thymically derived naïve cells? The 
repeated rechallenge by antigen can maintain the high precursor 
frequency of antigen-specific T cells in vivo.31 In addition, the ho-
meostatic proliferation driven by cytokines such as IL-7 (for CD4+ 
T cells) and IL-15 (for CD8+ T cells) can expand T cell populations 
irrespective of their antigen specificity.32–35 However, the continu-
ous proliferation of T cells through life may lead to loss of prolifera-
tive potential called replicative senescence that is due to telomere 
erosion36 raising the question of whether this could lead to a loss of 
immune memory to frequently encountered antigens.37,38 However, 
the loss of telomeric DNA can be mitigated if cells are able to up-
regulate the enzyme telomerase, which can replenish telomeres.39 
Nevertheless, T cells lose the capacity to upregulate this enzyme 
after repeated rounds of proliferation.25 This raises the question of 

F I G U R E  1  Schematic model for T cell differentiation during aging. Upon activation, naive T cells differentiate into several stages of 
memory and effector cells. The proliferative potential, telomere length, and telomerase activity are reduced upon differentiation across the 
lifetime. As age increase, the number of terminally differentiated cell TEMRA accumulates compared with other subsets. T cells lose the 
expression of costimulatory receptors CD27, CD28, and CD45RA as they differentiate from naïve to terminally differentiated cell. However, 
they regain expression of CD45RA when they reach an end-stage and these (senescent) cells have limit replicative capacity but are highly 
cytotoxic and acquire NK-related function.
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whether the loss of telomerase activity and the reduced capacity to 
divide after activation is a fixed feature of end-stage differentiation 
(senescence) of T cells or if this process is actively controlled by 
cell-signaling pathways and may be reversed, with implications for 
enhancing immunity during aging.

A novel mechanism for telomere maintenance that is indepen-
dent of telomerase was described recently when antigen-presenting 
cells donate telomeres to T cells, enabling them to maintain their rep-
licative capacity and responsiveness to antigen stimulation.40 This 
telomere elongation mechanism occurred in humans and mice and 
involved the transfer of the telomeres together with DNA recombi-
nant factor Rad51 via extracellular vesicles from antigen-presenting 
cells, enabling the donated telomeres to recombine with the ends of 
T-cell chromosomes. This resulted in the elongation of recipient T 
cell telomeres by ~3000 base pairs. Interestingly, this transfer mainly 
occurred in naïve and central memory T cells and to a considerably 
reduced extent in effector T-cell populations.40 This indicates the 
existence of different cell fates after activation, whereby telomer-
ase activation and telomere transfer may preserve the proliferative 
potential of some cells, whereas others are destined to reach an end 
stage (senescence) and lose their ability to proliferate.20,37

End-stage (senescent) T cells that have shorter telomeres in 
the steady-state accumulate in vivo in healthy individuals during 
aging18 and in patients with genetic defects that induce an exuber-
ant T-cell proliferative response after stimulation, for example, X-
linked lymphoproliferative syndrome.41 In addition, many diseases 
are associated with the accumulation of end-stage T cells, and it is 
not clear if these cells are causative or arise as a consequence of 
the disease state (Table 1). T cells that are specific for certain per-
sistent infections such as that induced by cytomegalovirus, exhibit 
disproportionate telomere erosion compared with T cells that are 
specific for other persistent viruses (Epstein–Barr virus, varicella-
zoster virus, herpes simplex virus).42 Thus, after a single episode of 
immune stimulation, a dichotomy of T cell fates may be induced with 
a proportion of cells retain replicative potential, whereas others dif-
ferentiate toward senescence and lose their replicative capacity but 
are able to persist in vivo. Both types of T cells may be important 
for immune protection, and they coexist in healthy individuals and 
patients with various diseases.

In a recent study, T cell proliferation was determined in mice that 
were primed and boosted twice in vivo, then these cells were isolated 
from spleens and transferred to new mice; this sequential process of 
priming and boosting was repeated 51 times over 10 years.43 Despite 
the tremendous expansion that the antigen-specific T cells occurred 
as a result of this repeated challenge, they retained their capacity to 
respond to the original antigen.43 Therefore, previous models of the 
constrained replicative life span of T cells after repeated challenge 
considerably underestimated their true capacity for expansion.44–46 
T cells required periods of rest (~30 days) between restimulations to 
maintain this replicative capacity, and shorter periods of time be-
tween rechallenge (7 days) led to the loss of replicative potential. In 
these experiments, the antigen-specific T cells maintained their telo-
mere length despite the substantial expansion in vivo.43

Mice have 10-fold longer chromosomal telomeres than humans.47 
This indicates that the impact of telomere erosion on the expansion 
of T cells over a mouse life span will be less than that observed in 
humans.47 The maintenance of long-term proliferative capacity of T 
cells43 may therefore be due to long initial telomeres, the novel telo-
mere transfer mechanism in vivo40 and possibly continued activation 
of telomerase after activation (not assessed in the study of Soerens 
et al.43) or a combination of all three. While the T-cell transfer experi-
ments showed the impressive ability of these cells to expand beyond 
the life span of an individual mouse, the generation of end-stage like 
T cells after each round of stimulation was not assessed.43 As the 
T cells were repeatedly transferred to young mice, the impact of an 
aged tissue environment on T cell fate after activation was not de-
termined. Therefore, the maintenance of replicative capacity of T 
cells in these experiments does not reflect T cell expansion in vivo 
during aging. In humans and mice, end-stage effector cells are gener-
ated during an immune response, and the majority of these cells are 
cleared upon immune resolution.48 Nevertheless, T cells with pheno-
typic and end-stage characteristics (discussed below) accumulate in 
both humans and mice during aging.9,49 A precise molecular identifi-
cation of end-stage human T cells and their functional attributes has 
not been made and the consequences of the accumulation of these 
cells during healthy aging and in a range of diseases is not known.

4  |  HOW IS THE FUNC TION OF 
SENESCENT T CELL S REGUL ATED?

Senescent T cells within both CD4 and CD8 compartments exhibit low 
proliferative activity and telomerase induction after T-cell receptor 
activation.18,22 However, these cells are highly secretory, expressing 
high constitutive levels of inflammatory cytokines including IFN-ɣ and 
TNF-𝝰 and also the cytotoxic proteins perforin and granzyme.34,50,51 
This is reminiscent of the senescence-associated secretory pheno-
type (SASP) that is exhibited by nonsenescent lymphoid cells although 
with shared but also distinct secreted mediators.7 In healthy humans, 
these senescent cells coexist with naïve and central memory T-cell 
populations that retain their proliferative potential.38,43

It is unclear if the reduced proliferative capacity and telomerase 
activity of senescent cells were a permanent or a reversible func-
tional feature of human T cells. The proliferative activity of senes-
cent CD8+ T cells could be enhanced after T-cell stimulation either 
by blocking the PD-1 exhaustion-related inhibitory receptor signal-
ing pathway, using antibodies against the ligand (PDL-1/PDL-2) that 
is found on antigen-presenting cells or by blocking p38 MAP kinase 
signaling using a small-molecule inhibitor.22,52 However, only p38 
MAP kinase but not PD-1 inhibition could reconstitute telomerase 
activity.52 This indicated that key functional changes in senescent 
T cells were mediated by active cell-signaling processes rather than 
a passive loss of function and this loss of activity was reversible. 
Senescent CD4+ and CD8+ T cells showed constitutive expression 
of p38 MAP kinase and this was induced by a novel mechanism in-
volving AMP kinase and TAB1.54 Furthermore, this non-canonical 
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pathway was activated by either DNA damage-induced senescence 
or glucose deprivation. This showed a convergence of senescence 
signaling and nutrient sensing pathways in inducing the inhibition of 
the function of senescent T cells.54

5  |  THE IDENTIFIC ATION OF A NOVEL 
MULTI- PROTEIN INHIBITORY COMPLE X IN 
SENESCENT CD4 + T  CELL S

In addition to p38, there are two other subgroups of MAPKs namely 
Erk and Jnk.55,56 Collectively, these signal-transducing enzymes are 
involved in a wide range of mammalian physiology, including senes-
cence, aging, and metabolism.57 It was considered that each MAPK 
was regulated independently in different cell types.58–60 Since p38 
MAPkinase could regulate the function of senescent T cells, it raised 
the question of whether Erk and Jnk also had a role in regulating the 
function of this population. It was therefore of considerable inter-
est that the p38, Erk, and Jnk MAPK subgroups were colocalized 
within an individual inhibitory signaling complex in senescent CD4+ 
T cell-containing AMPK, that also contained the stress proteins 
known as sestrins.56 Sestrins are the mammalian products of the 
Sesn1, Sesn2, and Sesn3 genes.61 Sestrin expression is induced up-
stream of AMPK activation in senescent CD4+ T cells.56 This novel 
sestrin-activated MAPkinase activation complex (called an sMAC) 
was identical in senescent humans and in old (20 months) murine 
CD4+ T cells.56 Furthermore, this complex operated independently 
of mTOR activity.56 The expression of sestrins was increased in both 
older humans and mice and the blocking of this complex enhanced 
antigen-specific proliferation of senescent CD4+ T cells in humans 
in vitro and in CD4+ T cells mice in vivo.54,56 Although this sestrin 
complex coordinates the simultaneous activation of all 3 MAP ki-
nases in senescent T cells, each MAPkinase, once activated, con-
trolled a distinct functional response. However, the disruption of 

global sMAC signaling restored antigen-specific proliferation and 
cytokine production in CD4+ T cells from old humans and enhanced 
responsiveness to influenza vaccination in old mice.56 This raises the 
question of whether the sestrins also regulated the function of se-
nescent CD8+ T cells.

6  |  THE REGUL ATION OF SENESCENT 
CD8+ T  CELL FUNC TION BY SESTRINS

Single-cell RNAseq analyses of human CD8+ T cells confirm that 
loss of costimulatory molecules (CD27 and CD28) and acquisition 
of KLRG1 and CD57 receptors are found in the same cells that 
express senescence characteristics.24 Furthermore, the senescent 
CD8 population also expresses high levels of sestrins compared 
with the nonsenescent population.24 Thus, senescent T cells in 
both CD4 and CD8 compartments can be identified by the same 
phenotypic characteristics. A significant increase in senescent-like 
CD8+ compared with CD4+ T cells has consistently been observed 
in healthy old subjects.53,62,63 Single-cell analyses also showed 
that senescent CD8+ T cells express a wide range of activating 
and inhibitory NK receptors and their adaptor molecules,24 con-
firming previous reports.64 Human senescent CD8+ T cells can kill 
NK target cells in vitro and whole CD8+ T cells from old mice, that 
also express NK receptors can kill NK target cells in vivo.24

Natural killer-like senescent CD8+ T cells also lose TCR 
signaling-related molecules and reduced TCR signaling-induced 
proliferative activity. A key observation was that the transition 
from TCR to NKR-related function is reversible by blocking the ses-
trins.24 Therefore, senescent CD8+ T cells do not lose functionality, 
instead, they have altered functional capabilities that may enable 
them to provide broad rather than antigen-specific immune pro-
tection, for example, against tumors or infected cells. In this con-
text, the accumulation of these cells in older individuals, perhaps 

TA B L E  1  List of putative beneficial roles of senescent T cell and their senescence-associated marker expression.

Roles
Identification of senescent cells 
within T cell compartment Mechanism and impact on protective immunity Species References

Tumor immunity (disease)

Advanced 
melanoma

CD4+ CTLs 
(CD4+CRTAM+CX3CR1+)

Cytotoxic activity mediated by CD4+ T cells against 
human melanoma cell line

Human [86,169,170]

Bladder cancer CD4+CCR7−CD45RA+ Cytotoxic activity mediated by EMRA CD4+ T cells Human

CD8+CD39+ CD4+ T cells mediate autologous tumors killing in an MHC 
class II-dependent fashion

Human

Antiviral immunity

Dengue virus CD4+CX3CR1+CCR7−CD45RA+ Direct ex vivo DENV-specific cytolytic activity Human [92,94]

Influenza virus CD4+ CTLs (CD4+GrzB+) CD4+ cells acquire perforin-mediated cytotoxicity in the 
lung that may enhance recovery from lethal infection

Mouse

Antiparasitic immunity

Malaria CD4+ CTLs Transfer of CD4+ Cytolytic T cell conferred
Protection

Mouse [93,171]

CD4+CD38+ Reduced plasmodium parasite burden associates with 
cytolytic CD4 cells

Human
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resulting from a persistent viral infectious challenge, may be bene-
ficial for the host although this point has not been directly proven 
(Table 1).

7  |  INTER AC TION BET WEEN SENESCENT 
STROMAL VERSUS IMMUNE CELL S

Senescent nonlymphoid cells in tissues can be recognized and elimi-
nated by the immune system.65–67 Different immune cell types in-
cluding macrophages, neutrophils, natural killer (NK) cells, and CD4+ 
T cells may be involved in this surveillance of senescent cells, depend-
ing on the pathophysiological context.68–72 Senescent stromal cells 
express stimulatory ligands like MICA/B that bind to NKG2D which 
induce their killing by NK cells.69,73 Moreover, through the secretion 
of SASP-related products such as chemokines and cytokines, senes-
cent cells can recruit immune cells into tissues to facilitate senescent 
tissue cell clearance.70,74 Through this senescence–associated secre-
tory process, a low-level chronic inflammatory state may develop 
that underlies many age-related diseases.75,76 Despite the evidence 
for senescent cell clearance by the immune system, it is not known 
why senescent cells accumulate during aging and persist at sites of 
age-related pathologies.77 An overall decline in innate and adaptive 
immune responses during aging may contribute to the incomplete 
elimination of senescent cells.9,78 Alternatively, changes in major 
histocompatibility complex (MHC) expression can lead to evasion 
by senescent cells from recognition by the immune system as previ-
ously described in cancer and in virally infected cells in vivo.79–81

Aging is associated with the accumulation of senescent structural 
cells within tissues that secrete a wide range of pro-inflammatory 
mediators. Therefore, immune responses that take place in the tis-
sue environments of older individuals will involve the interaction 
between old (senescent) leukocytes and old tissue cells that will be 
considerably different from immune responses in tissues of younger 

individuals. Senescent fibroblasts express MHC class I chain-related 
proteins A and B (MICA/B) which is a ligand for NKG2D, an interac-
tion that activates NK cytotoxic function.69,73 These senescent stro-
mal cells also express a nonclassical MHC class Ib molecule HLA-E 
that binds to the inhibitory NK receptor NKG2A that inhibits NK kill-
ing.6 It has been shown that inhibitory NK receptor signaling over-
rides the function of activating NK receptors82,83 and activating and 
inhibitory NK ligands are expressed simultaneously by senescent fi-
broblasts both in vitro and in vivo.6 These fibroblasts could be killed 
by both NK cells and CD8+ T cells via NKG2D–MICA/B interactions, 
however, the inhibition of interaction between the inhibitory NK-
receptor NKG2A with HLA-E could enhance this killing activity.6 
There is increased expression of the inhibitory NK-ligand HLA-E in 
the skin during aging and this has been suggested to be one reason 
that senescent cells accumulate in the tissues of older individuals.6

8  |  IS THE ACCUMUL ATION OF 
SENESCENT T CELL S DURING AGING OF 
BENEFIT TO THE HOST?

Both NK cells and CD8+ T cells have been shown to kill autologous 
senescent fibroblasts in vitro.6 As the accumulation of senescent tis-
sue cells has a detrimental impact on organ function and removal of 
senescent cells in vivo reverses age-associated pathology, the ac-
cumulation of senescent T cells during aging may be beneficial as 
they can eliminate senescent nonlymphoid tissue cells. Therefore, in 
addition to the broad nonantigen-specific protection against malig-
nancy and infection that senescent CD8+ T cells may provide, they 
may also reduce organ-specific dysfunction in older individuals by 
clearing senescent cells from tissues84,85 (Figure 2).

Senescent-like CD8+ T cells can kill tumor targets in vivo.24 A liter-
ature search has identified a wide range of diseases where senescent T 
cells accumulate (Table 1). It has been suggested that senescent CD8+ 

F I G U R E  2  Beneficial and detrimental roles of senescent T cells. (A) Senescent CD8+ T cells express NK cell receptors (NKR) such as NKG2C 
and NKG2D that recognize their ligands (NKR-L) such as MICA/B that is expressed by on the senescent stromal cells, tumor cells, and and 
virally infected cells, that contributes to their clearance. (B) Overwhelming inflammatory cytokine production drives the ability of senescent T 
cells to recognize healthy tissue cells (e.g., epithelial, endothelial, muscle and immune cells) that are induced to express stimulatory NK ligands. 
This interaction may promote the aberrant killing in a nonspecific fashion and contribute to off-target tissue pathology.
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T cells play an essential role in the immunosurveillance of malignant 
cells.24 Cytotoxic CD8+ T cells are the majority of tumor-infiltrating 
lymphocytes (TILs)84 and these cells express a CCR7−CD45RA+ (or 
TEMRA) phenotype in nonsmall-cell lung cancer (Table 1). Interestingly, 
TILs with a TEMRA phenotype have transcriptional differences from 
their peripheral blood counterparts. Similarly, senescent-like CD4+ 
T cells with cytotoxic activity (CD4+ CTL) have been implicated in 
protection against malignancy.86 These cells can also secrete IFN-γ 
and TNF-α, granzyme B87,88 that may support the tumor clearance. 
Senescent-like CD4+ cytotoxic T cells in cancer patients downregulate 
CD27 and CD28 and upregulate the expression of CD57 and NK cell 
receptors such as NKG2C, NKG2D, and KIR.89,90 This indicates that 
they may be very similar to NKR-expressing senescent CD8+ T cells in 
humans but are found in much lower numbers.6 The expression of NK 
receptors would allow senescent-like CD4+ cytotoxic T cells to kill in an 
antigen nonspecific manner, however, they may also be triggered in an 
antigen-specific manner by activation via TCR-MHC class II.91

Senescent-like CD4+ CTL also expands following infections, sug-
gesting their involvement in both antiviral and antiparasitic immu-
nity92–94 (Table  1). The expansion of this subpopulation correlates 
with the viral load control observed in patients with HIV95,96 and in-
fluenza virus infection.97 A direct protective role for these cells was 
shown in murine models, where CD4+-CTL populations were associ-
ated with protection against lethal influenza virus challenge.98 In ad-
dition, they contribute to B-cell maturation and antibody production 
and perforin-mediated cytolytic activity, which was associated with 
antiviral protective immunity.98 The expansion of CMV-specific CD4 
T cells with an effector memory phenotype and increased inflam-
matory capacity as well as GrzB have been associated with better 
clinical outcome for patients.99 An interesting observation is that fol-
lowing the reduction of viral load in primary CMV infection, a pop-
ulation of CD28−CD27− CD4 T cells expressing perforin and GrzB 
emerged in the circulation of infected individuals concomitantly with 
senescent CD28−CD27− CD8+ T cells.100 In addition, both CD4+ and 
CD8+ T cells that are CD27−CD28− subsets are associated with viral 
latency. Thus, senescent T cells with broad NK-like functions may be 
beneficial for broad antiviral and antitumor protection and also for 
the clearance of senescent nonlymphoid cells in tissues.

9  |  A PUTATIVE ROLE FOR SENESCENT 
T CELL S IN INDUCING PATHOLOGY

There is a wide range of diseases where senescent T cells accumu-
late (Table 2). These cells may directly or indirectly contribute to the 
disease process.

9.1  |  The impact of CMV infection on driving  
T-cell senescence

Memory T cells that are specific for persistent antigens that are 
encountered frequently are driven to differentiate continuously 

toward an end stage. Despite this, certain viruses have a dispro-
portionate impact on driving T cells toward an end stage or senes-
cence. One such virus is cytomegalovirus (CMV) which induces 
the preferential expansion of specific CD4+ and CD8+ T bearing 
CD27−CD28− and/or TEMRA phenotype even compared with T cells 
that are specific for other persistent viruses such As Epstein–Barr 
Virus (EBV) and varicella-zoster virus (VZV) antigens like in the same 
individuals.42,101 While there are some studies that suggest that per-
sistent CMV infection is associated with decreased 2- and 4-year 
survival of subjects over 80 years of age,102 did not show an asso-
ciation with CMV and all-cause mortality.103 Nevertheless, persis-
tent CMV infection may impair immunity to other viruses such as 
EBV104 and may also contribute to “inflammaging” and greater frailty 
during aging.105 Therefore, while persistent CMV infection may not 
affect the life span of older subjects, it may have either a direct or 
indirect impact on their health. In contrast to observation in older 
subjects, CMV infection may actually have a beneficial effect on 
boosting influenza vaccination responses in younger individuals.106 
The question is whether the expanded CMV-specific effector CD8+ 
T cells that are found in older subjects28,101 have an impact on health 
span. Since aging and increased low-grade systemic inflammation 
are linked,76,107 the expanded population of end-stage (senescent) 
CMV-specific CD8+ T cells as well as CD4+ CTL that may express 
NK receptors can target healthy tissues expressing NK ligands as a 
result of inflammageing; this process may trigger chronic nonspecific 
tissue damage.

9.2  |  The accumulation of senescent CD8+ T cells 
in patients with cutaneous leishmaniasis

Cutaneous leishmaniasis (CL) is considered a severely neglected 
parasite infection, causing immune-mediated skin pathology char-
acterized by the development of destructive cutaneous lesions.108 
The skin lesions emerge at the parasite inoculation site usually after 
2–4 weeks and may become chronic. Previous studies have hypoth-
esized that the elevated parasite load and antigenic abundance fuel 
the inflammatory response, leading to ulcer development109 Thus, 
the development of the classical ulcer occurs concomitantly with 
the production of both gamma interferon (IFN-γ) and tumor necrosis 
factor-alpha (TNF-α), and both positively correlate with lesions size 
and severity of the disease observed in the patients.110,111

Substantial evidence has also linked the role of cytotoxic cells 
in mediating the skin pathology of human infection caused by 
Leishmania.112 CD8+ T cell activity increases as the infection pro-
gresses.113–115 In addition, the severity of the disease and the number 
of CD8+ T cells present in the lesions are linked significantly,113,116 
and this is independent of the parasite burden within the lesions.117 
This raises the question about the cause of the lesions in the skin, 
suggesting the possibility that chronic inflammation and nonspecific 
cytotoxic responses may lead to nonspecific tissue destruction.

Individuals infected with L. braziliensis have elevated numbers 
of circulating CD4+ and CD8+ T cells that have characteristics of 
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senescence, including short telomeres, decreased expression of the 
catalytic component of the enzyme telomerase (hTERT), reduced 
proliferative activity, and increased expression of the nuclear DNA 
damage response protein H2AX.118 Furthermore, T cells in the in-
fected patients secrete SASP-like cytokines in response to L. brazil-
iensis antigen (LbAg) or anti-CD3 stimulation compared with controls 
in vitro. Although senescent CD8+ T cells accumulate in patients,118 
the robust proliferative response to LbAg stimulation indicates that 
not all the L. braziliensis-specific T cells are senescent111 supports the 
contention that senescent and nonsenescent T cells coexist in vivo.

The positive association between the frequency of circulating 
senescent T cells within both CD4+ and CD8+ compartments and 
cutaneous lesion size suggests that these cells may be recruited into 
the lesions and contribute to skin ulceration.118,119 This is further 
supported by the fact of elderly patients, who have more circulating 
senescent T cells have larger cutaneous lesions and longer duration 
of illness than young patients. Moreover, they are more likely to de-
velop mucocutaneous leishmaniasis, the most inflammatory and se-
vere clinical form of the disease.120–122

Senescent T cells from CL patients but not healthy controls sig-
nificantly upregulate the skin-homing receptor CLA in response to 
L. braziliensis antigens recall that facilitates their homing into the 
skin.118 Transcriptomic analyses demonstrate a strong co-induction 
of senescence and pro-inflammatory gene signatures in cutaneous 
leishmaniasis (CL) lesions,123 which has been linked to CD8+ effector 
memory, TEMRAs, and senescent NK cells,124 thus supporting a role 
for senescent cells in the immunopathology of LC. CD4+ T cells with 
senescence characteristics also accumulate in lesions and express 
NKR such NKG2C and NKG2D (L. P. Covre, R. G. de Moura, C. H. 
Fantecelle, P. de Oliveira Lopes, A. Falqueto, A. N. Akbar, & D. C. O. 
Gomes, unpublished). Interestingly, this population showed a con-
spicuous cytotoxic capacity and ability to mediate the lysis of target 
cells in an antigen-independent manner (L. P. Covre, R. G. de Moura, 
C. H. Fantecelle, P. de Oliveira Lopes, A. Falqueto, A. N. Akbar, & D. 
C. O. Gomes, unpublished). Therefore, we propose for the first time 
that senescent CD4-CLT may be associated with CL immunopathol-
ogy. The mechanism involved in the tissue damage within the cuta-
neous lesions of infected individuals comprises cytokine production 
and direct cytotoxicity.

The initial inflammatory response after parasite infection is im-
portant to trigger the leishmanicidal mechanisms,125 but it also can 
induce the expression of stress ligands by the surrounding stroma, 
including those that bind to NK receptors.126–128 The induction of 
stress ligands may lead to nonspecific NK-related cytotoxic killing 
and tissue damage that exacerbates inflammation further in a pos-
itive feedback loop, promoting a progressive increase in the size of 
the skin lesions.129,130 At this advanced stage, infiltrating senescent 
CD8+ T cells do not have to be specific for L. braziliensis but may be 
able to recognize other antigens (e.g., CMV) that can drive T-cell se-
nescence and, therefore, the acquisition of NK characteristics. The 
mechanism that induces the tissue pathology in CL is unclear, how-
ever, the wide expression of NK receptors on both senescent CD4+ 
and CD8+ T cells in the lesions may be involved and it is essential to 

determine the presence of different NK ligands for senescent T cells 
within the tissue that may drive nonspecific pathology. Moreover, 
identifying the source of inflammation is also pivotal in addressing 
immuno-based therapies to improve the patients healing.

9.3  |  The possible role of senescent T cells in 
different human diseases

The persistent antigenic availability found in autoimmune diseases, 
organ transplants, and other diseases fosters the continuous acti-
vation of antigen-specific T cells, which leads to the secretion of 
cytokines and other inflammatory mediators into the tissue environ-
ment. The maintenance of the persistent inflammatory environment 
during nonpathogenic processes has been associated with the ac-
cumulation of senescent cells.131,132 Furthermore, the proliferative 
response in the T cell compartment in response to tissues antigens 
in certain diseases may induce the accumulation of T cells at in late 
stages of differentiation with senescent characteristics as seen in 
rheumatoid arthritis,133 type 2 diabetes,134 multiple sclerosis,135,136 
and intestinal colitis.137 Interestingly, the accumulation of senescent 
T cells has been associated with the severity observed in patients, 
suggesting that they may act on the clinical outcome of many dis-
eases such as Amyotrophic lateral sclerosis (ALS), Lupus nephritis, 
multiple sclerosis, Rheumatoid arthritis Psoriatic arthritis.

There is also evidence that suggests the direct participation of 
senescent-like CD4+ cytotoxic T cells in promoting pathology. For 
example, these cells have been linked to the immunopathology den-
gue hemorrhagic fever (DHF), a severe clinical form of the disease 
that develops after secondary infection with different dengue viral 
serotypes from the primary infection.94 In this context, senescent-
like CD4+-CTL cross-reactive to different dengue serotypes are 
found in patients and demonstrate an increased capacity to medi-
ate the killing of target cells through Fas/FasL recognition or per-
forin release.138–140 Identification of two epitopes on the dengue 4 
virus capsid protein recognized by a serotype-specific and a panel 
of serotype-cross-reactive human CD4+ cytotoxic T-lymphocyte 
clones. Similar findings have been reported in hepatitis virus infec-
tion, where senescent-like CD4+ T cells and CD8+ T cells expressing 
perforin that target liver hepatocytes and cause immunopathol-
ogy are significantly increased in patients compared with healthy 
controls. Moreover, hepatocytes from HAV-infected liver overex-
pressed NKG2D ligands, which was associated with an increased 
innate-like cytotoxic function through bystander activation of 
NKG2D dependent-manner.

Completely, the hypothetical positive feedback loop described 
here that involves senescent T cells and excessive inflammation that 
induces nonspecific tissue damage may also be in operation in other 
nonresolving inflammatory diseases where these cells accumulate, 
for example, Chagas disease141 and malaria,142 cervical cancer,143 
and Sjogren's syndrome. The accumulation of senescent T cells 
that have increased pro-inflammatory potential has also been im-
plicated in age-related diseases such as rheumatoid arthritis,144,145 
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Alzheimer's,146 and cardiovascular diseases.147,148 Furthermore, a 
direct immunopathological role of senescent cells has also been re-
ported in patients with acute hepatitis A infection and this is also 
associated with the co-localization of CD8-NKR-expressing cells 
and NKG2D-ligand-expressing hepatocytes. However, the NKR-
expressing CD8+ T cells required a preactivation step with IL-15, 
which was produced by HAV-infected cells, to induce their killing 
capacity and liver injury.149 Therefore, two signals may be required 
for tissue damage induced by senescent CD8+ T cells, first a pre-
activation step for the T cells themselves that are induced by cy-
tokines like IL-15 and second, an inflammatory environment where 
additional mediators that are present induce NKR-ligand expression 
by surrounding tissue.150 This mechanism for immunopathology may 
also occur in other viral infections, such as HIV, COVID, EBV, and re-
spiratory infections, where both the frequencies of terminally differ-
entiated T cells (EMRAs) and systemic inflammation are increased. 
For example, during SARS-CoV-2,151,152 Influenza B,152 or Seasonal 
coronavirus,152 the frequency of T cells within CD4+ and CD8+ com-
partments that express CD57 and KIR or EMRA and inflammation in-
crease significantly in the lungs compared to uninfected individuals.

10  |  HOW C AN SENESCENT STROMAL 
AND SENESCENT T CELL S BE TARGETED?

The observations that senescent T cells may develop in parallel with 
senescent tissue cells raises whether the activity of either of the 
populations can be inhibited to alleviate tissue damage. Preclinical 
studies of targeting senescent nonlymphoid cells have established 
that as proof of principle, in animal models, removing senescent cells 
in tissues cells reduces age-related deterioration.152 In mouse mod-
els, senescent cells are identified by expression of the cyclin inhibitor 
p16Ink4a. Ablation of p16-expressing cells has been shown to im-
prove metabolic dysfunction in obesity mice and other age-related 
disorders, even then applied in late life.152–155 Moreover, clearance 
of p16-expressing brain myeloid cells also changed the immune land-
scape in the brain and restored cognitive function.156 This and other 
evidence indicate the beneficial role of removing senescent cells to 
reestablish tissue homeostasis. The impact of removing senescent T 
cells was not investigated in these experiments. Unfortunately, p16 
and other cell cycle inhibitor proteins such as p21 that are markedly 
upregulated in senescent cells of different types are not druggable.

The establishment of pharmacotherapeutic approaches that 
abolish senescent cells selectively introduced using “senolytic” drugs. 
The discovery of senolytic drugs has a long history and involved the 
testing of many strategies to target senescent cells in many differ-
ent tissues.158,159 Successful drug candidates targeted antiapoptotic 
pathways, specifically in senescent cells. The activity was demon-
strated in mice when a short-term administrate combination of da-
satinib and quercetin reduced a significant number of senescent 
cells and improved survival rate, therefore extending old mice life 
span.154 Long-term treatment up to 23 months of a combination be-
tween dasatinib (D) and quercetin (Q) has shown therapeutic effect 

in reducing intervertebral disc degeneration by alleviating senescent 
cell burden in elderly wild-type C57BL/6 mice.160 Interestingly, mice 
infected with Leishmania major and treated with quercetin orally for 
28 consecutive days had increased lesional wound-healing potential 
compared with control mice. Moreover, they reduced the systemic 
levels of tumor necrosis factor-α, interleukin-6, and adiponectin, as 
well as superoxide dismutase and glutathione peroxidase activities, 
suggesting that target senescence cells may be contribute toward 
reducing Leishmania pathology. Once again, the impact of senolytic 
drugs on senescent T cells was not determined in these experiments, 
but the results that emerged suggest the participation of the pop-
ulation in the aggravation of many diseases. Another example of 
using senolytic drugs was in a β-cell senescent-induced metabolic 
disease type 2 diabetes model, using ABT263 (Navitoclax) that re-
duced SASP release from senescent β-cell and improved glucose tol-
erance in mice.161 Together, these data signify therapeutic potential 
for health benefits during aging by using senolytic drugs with well-
tolerated toxicity at least in preclinical models.

A caveat with the use of senolytic drugs is that it is currently un-
clear what impact they will have on the persistence and function of 
senescent T cells. If these cells have a beneficial role then removing 
them may have detrimental consequences (Figure 2A). However, if 
these cells contribute to immunopathology in certain diseases, then 
their removal, even temporarily, may allow the destructive inflam-
matory and tissue damage loop to be broken (Figure 2B). With se-
nolytic therapy in general, it is not clear how long it will take before 
senescent cells of different types reappear after their initial removal. 
There are more than 300 clinical trials worldwide for senolytic drugs, 
especially D + Q, navitoclax, and fisetin (clini​caltr​ials.gov).159 These 
studies are mostly focusing on age-related disorders in older sub-
jects aged over 65 years, such as Alzheimer's disease, inflammation-
driven disease, skeletal, and joint disease with the aim to improve 
quality of life in patients and to reduce frailty.

The first trial in humans was performed in idiopathic pulmonary 
fibrosis patients, by intermittent dosing of D + Q for 3 weeks.162 The 
result showed improvement in physical and pulmonary function. The 
SASP measurement for IL6, MMP7, and TIMP2 after treatment ex-
hibits a slightly reduce but is not statistically significant. However, 
the level was correlated with the patient physical activity. This might 
be due to short-term administration and a low number of preexisting 
senescent cells.162 Interestingly, out of numerous clinical trials that 
were registered in clini​caltr​ials.gov, only a few studies have men-
tioned measurements of immune senescent cells (as defined by p16 
expression).

Reducing the number of senescent T cells to an optimal level 
that would give benefit over harm is the most challenging aspect of 
this therapy. Excessive elimination of the senescent T-cell burden 
might disturb tissue homeostasis. The effect of senolytic therapy 
on circulating senescent T cells is unclear. The drug distributes to 
blood and any tissues.162 Depletion of the cytotoxic population of 
terminally differentiated cells will possibly interfere with immune 
responses in older adults, where these populations accumulate.163 
In addition, interfering with cross talk between senescent stromal 

http://clinicaltrials.gov
http://clinicaltrials.gov
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and immune cells by senolytic therapy may have an impact on the 
immune-mediated clearance of these cells in tissues. Of interest, it 
was shown that the use of the senolytic drug Quercetin in patients 
with Leishmania reduced the immunopathology in the skin but it was 
not clear if senescent cells in both lymphoid and nonlymphoid com-
partments were affected by the treatment.164

It was shown recently that inhibiting baseline inflammation in the 
skin of healthy older humans using an oral p38 MAP kinase inhibitor 
(Losmapimod from GSK) enhanced the ability of these individuals 
to respond to an antigen-specific immune challenge in the skin.165 
The high level of inflammation was due in part to the secretion of 
chemokines by senescent fibroblasts, which recruited inflammatory 
monocytes that then inhibited resident memory T cells in the tis-
sue.166 The short-term p38 inhibition was shown to reduce the SASP 
secreted by fibroblasts but did not change the number of senescent 
cells that were present.166 Therefore, the impact that senescent 
stromal cells have on altered immunity in tissues can be reduced by 
blocking the mediators they secrete without actually removing the 
cells that are responsible.

Recently, the possibility of using chimeric antigen receptor 
(CAR)-T-cell therapy for targeting senescent cells has raised inter-
est.168 CAR-T is approved to be used in the clinical setting for var-
ious immunogenic cancers, for example, multiple myeloma, large 
B-cell lymphoma, mantle cell lymphoma, etc. Utilizing its selectiv-
ity and efficacy, CAR-T cells could possibly be exploited to kill se-
nescent cells (or senescent immune cells) more potently with fewer 
off-target effects than senolytic drugs. By using urokinase-type 
plasminogen activator receptor (uPAR) as an antigen, uPAR CAR-T 
cells efficiently kill senescent cells in mice with distinctive condition 
including chemotherapy-induced senescence of adenocarcinoma-
bearing mice, and chemically induced liver fibrosis mice.168 The data 
suggest a potential to use CAR-T in many other age-related diseases. 
Identifying new surface antigens that are specific to stromal or im-
mune cells requires further study.168

Finally, if senescent T cells in inflamed tissue environments can 
cause non-specific immunopathology (Figure  2B) then reducing 
their NK-like activity may alleviate this process. In this situation, 
the inhibition of sestrins in senescent CD8+ T cells can switch their 
function from NK-like to T-cell-like activity.24 Sestrin inhibitors may 
therefore be useful to reduce immunopathology in various diseases. 
However, inhibiting the sestrins reconstitutes the proliferative activ-
ity of senescent T cells, which harbor DNA damage and this may be 
associated with some risk of malignancy. Nevertheless, the tempo-
rary blockade of sestrins may break the positive feedback loop that 
leads to immunopathology, and this would be of benefit.

11  |  CONCLUDING REMARKS

We live in a world where older individuals are increasing in numbers 
disproportionately to younger subjects. The increase in life span 
is not commensurate with an increase in health span. Senescent 

cells both in tissues and in the immune system accumulate during 
aging and may have a role in decreased health. Therefore, a bet-
ter understanding of the biology that underpins their interactive 
function is essential to determine how the immune system and tis-
sue environments can be targeted individually or together for the 
benefit of health during aging and in patients with various inflam-
matory diseases.

ACKNOWLEDG MENTS
ANA is supported by grants MR/T015853/1, MR/T030534/1, and 
MR/P00184X/1 from the Medical Research Council (UK). DOG is 
supported by Fundação de Amparo a Pesquisa do Espírito Santo-
FAPES (Grant 1006/2022).

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest to disclose.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable—no new data generated.

ORCID
Phatthamon Laphanuwat   https://orcid.
org/0000-0001-7778-0031 

R E FE R E N C E S
	 1.	 Cunningham AL, Heineman TC, Lal H, et al. Immune responses 

to a recombinant glycoprotein E herpes zoster vaccine in adults 
aged 50 years or older. J Infect Dis. 2018;217(11):1750-1760. 
doi:10.1093/infdis/jiy095

	 2.	 Vukmanovic-Stejic M, Sandhu D, Seidel JA, et al. The characteriza-
tion of varicella zoster virus-specific T cells in skin and blood during 
aging. J Invest Dermatol. 2015;135(7):1752-1762. doi:10.1038/
jid.2015.63

	 3.	 Pereira B, Xu XN, Akbar AN. Targeting inflammation and immu-
nosenescence to improve vaccine responses in the elderly. Front 
Immunol. 2020;11:583019. doi:10.3389/fimmu.2020.583019

	 4.	 Heath PT, Galiza EP, Baxter DN, et al. Safety and efficacy of NVX-
CoV2373 Covid-19 vaccine. N Engl J Med. 2021;385:1172-1183. 
doi:10.1056/NEJMoa2107659

	 5.	 Akbar AN, Gilroy DW. Aging immunity may exacerbate COVID-19. 
Science. 2020;369(6501):256-257. doi:10.1126/science.abb0762

	 6.	 Pereira BI, Devine OP, Vukmanovic-Stejic M, et al. Senescent 
cells evade immune clearance via HLA-E-mediated NK and CD8+ 
T cell inhibition. Nat Commun. 2019;10(1):2387. doi:10.1038/
s41467-019-10335-5

	 7.	 Kumari R, Jat P. Mechanisms of cellular senescence: cell cycle ar-
rest and senescence associated secretory phenotype. Front Cell 
Dev Biol. 2021;9(29):645593. doi:10.3389/fcell.2021.645593

	 8.	 Kuilman T, Peeper DS. Senescence-messaging secretome: SMS-
ing cellular stress. Nat Rev Cancer. 2009;9(2):81-94. doi:10.1038/
nrc2560

	 9.	 Akbar AN, Henson SM, Lanna A. Senescence of T lymphocytes: 
implications for enhancing human immunity. Trends Immunol. 
2016;37(12):866-876. doi:10.1016/j.it.2016.09.002

	 10.	 Coppé JP, Desprez PY, Krtolica A, Campisi J. The senescence-
associated secretory phenotype: the dark side of tumor sup-
pression. Annu Rev Pathol. 2010;5:99-118. doi:10.1146/
annurev-pathol-121808-102144

https://orcid.org/0000-0001-7778-0031
https://orcid.org/0000-0001-7778-0031
https://orcid.org/0000-0001-7778-0031
https://doi.org//10.1093/infdis/jiy095
https://doi.org//10.1038/jid.2015.63
https://doi.org//10.1038/jid.2015.63
https://doi.org//10.3389/fimmu.2020.583019
https://doi.org//10.1056/NEJMoa2107659
https://doi.org//10.1126/science.abb0762
https://doi.org//10.1038/s41467-019-10335-5
https://doi.org//10.1038/s41467-019-10335-5
https://doi.org//10.3389/fcell.2021.645593
https://doi.org//10.1038/nrc2560
https://doi.org//10.1038/nrc2560
https://doi.org//10.1016/j.it.2016.09.002
https://doi.org//10.1146/annurev-pathol-121808-102144
https://doi.org//10.1146/annurev-pathol-121808-102144


    |  171LAPHANUWAT et al.

	 11.	 Tripathi U, Misra A, Tchkonia T, Kirkland JL. Impact of senes-
cent cell subtypes on tissue dysfunction and repair: importance 
and research questions. Mech Ageing Dev. 2021;198:111548. 
doi:10.1016/j.mad.2021.111548

	 12.	 Xu P, Wang M, Song WM, et al. The landscape of human tis-
sue and cell type specific expression and co-regulation of se-
nescence genes. Mol Neurodegener. 2022;17(1):5. doi:10.1186/
s13024-021-00507-7

	 13.	 Lopes-Paciencia S, Saint-Germain E, Rowell MC, Ruiz AF, Kalegari 
P, Ferbeyre G. The senescence-associated secretory pheno-
type and its regulation. Cytokine. 2019;117:15-22. doi:10.1016/j.
cyto.2019.01.013

	 14.	 Plunkett FJ, Soares MV, Annels N, et al. The flow cytometric anal-
ysis of telomere length in antigen-specific CD8+ T cells during 
acute Epstein-Barr virus infection. Blood. 2001;97(3):700-707. 
doi:10.1182/blood.v97.3.700

	 15.	 Riddell NE, Griffiths SJ, Rivino L, et al. Multifunctional cyto-
megalovirus (CMV)-specific CD8+ T cells are not restricted by 
telomere-related senescence in young or old adults. Immunology. 
2015;144(4):549-560. doi:10.1111/imm.12409

	 16.	 Akbar AN, Fletcher JM. Memory T cell homeostasis and senes-
cence during aging. Curr Opin Immunol. 2005;17(5):480-485. 
doi:10.1016/j.coi.2005.07.019

	 17.	 Weng NP. Regulation of telomerase expression in human lym-
phocytes. Springer Semin Immunopathol. 2002;24(1):23-33. 
doi:10.1007/s00281-001-0093-4

	 18.	 Plunkett FJ, Franzese O, Finney HM, et al. The loss of telomerase 
activity in highly differentiated CD8+CD28−CD27− T cells is asso-
ciated with decreased Akt (Ser473) phosphorylation. J Immunol. 
2007;178(12):7710-7719. doi:10.4049/jimmunol.178.12.7710

	 19.	 Appay V, van Lier RAW, Sallusto F, Roederer M. Phenotype and 
function of human T lymphocyte subsets: consensus and issues. 
Cytometry A. 2008;73A(11):975-983. doi:10.1002/cyto.a.20643

	 20.	 Henson SM, Riddell NE, Akbar AN. Properties of end-stage human 
T cells defined by CD45RA re-expression. Curr Opin Immunol. 
2012;24(4):476-481. doi:10.1016/j.coi.2012.04.001

	 21.	 Sallusto F, Lanzavecchia A. Heterogeneity of CD4+ memory T 
cells: functional modules for tailored immunity. Eur J Immunol. 
2009;39(8):2076-2082. doi:10.1002/eji.200939722

	 22.	 Henson SM, Lanna A, Riddell NE, et al. p38 signaling inhibits 
mTORC1-independent autophagy in senescent human CD8+ T 
cells. J Clin Invest. 2014;124(9):4004-4016. doi:10.1172/JCI75051

	 23.	 Lanna A, Henson SM, Akbar A. The regulation of T cell senes-
cence and metabolism by p38 MAPKinase signaling. Innov Aging. 
2017;1(suppl_1):1254. doi:10.1093/geroni/igx004.4558

	 24.	 Pereira BI, De Maeyer RPH, Covre LP, et al. Sestrins induce nat-
ural killer function in senescent-like CD8+ T cells. Nat Immunol. 
2020;21(6):684-694. doi:10.1038/s41590-020-0643-3

	 25.	 Akbar AN, Soares MV, Plunkett FJ, Salmon M. Differential regula-
tion of CD8+ T cell senescence in mice and men. Mech Ageing Dev. 
2000;121(1-3):69-76. doi:10.1016/s0047-6374(00)00198-6

	 26.	 Pawelec G. Immunosenenescence: role of cytomegalovirus. Exp 
Gerontol. 2014;54:1-5. doi:10.1016/j.exger.2013.11.010

	 27.	 Moss P, Khan N. CD8+ T-cell immunity to cytomegalovi-
rus. Hum Immunol. 2004;65(5):456-464. doi:10.1016/j.
humimm.2004.02.014

	 28.	 van de Berg PJ, Heutinck KM, Raabe R, et al. Human cytomeg-
alovirus induces systemic immune activation characterized by 
a type 1 cytokine signature. J Infect Dis. 2010;202(5):690-699. 
doi:10.1086/655472

	 29.	 Linton PJ, Dorshkind K. Age-related changes in lymphocyte 
development and function. Nat Immunol. 2004;5(2):133-139. 
doi:10.1038/ni1033

	 30.	 Zhang H, Weyand CM, Goronzy JJ. Hallmarks of the aging T-cell 
system. FEBS J. 2021;288(24):7123-7142. doi:10.1111/febs.15770

	 31.	 Ahmed R, Gray D. Immunological memory and protective immu-
nity: understanding their relation. Science. 1996;272(5258):54-60. 
doi:10.1126/science.272.5258.54

	 32.	 Paiva RA, Ramos CV, Leiria G, Martins VC. IL-7 receptor drives early 
T lineage progenitor expansion. J Immunol. 2022;209(10):1942-
1949. doi:10.4049/jimmunol.2101046

	 33.	 Xia CS, Long Y, Liu Y, Alifu A, Zeng X, Liu C. IL-7 promotes the ex-
pansion of circulating CD28- cytotoxic T lymphocytes in patients 
with IgG4-related disease via the JAK signaling. Front Immunol. 
2022;13:922307. doi:10.3389/fimmu.2022.922307

	 34.	 Younes SA, Freeman ML, Mudd JC, et al. IL-15 promotes activa-
tion and expansion of CD8+ T cells in HIV-1 infection. J Clin Invest. 
2016;126(7):2745-2756. doi:10.1172/JCI85996

	 35.	 Zhang T, Liu X, Zhao Y, Xu X, Liu Y, Wu X. Excessive IL-15 pro-
motes cytotoxic CD4+CD28− T cell-mediated renal injury in 
lupus nephritis. Immun Ageing. 2022;19(1):50. doi:10.1186/
s12979-022-00305-9

	 36.	 Martens UM, Chavez EA, Poon SS, Schmoor C, Lansdorp PM. 
Accumulation of short telomeres in human fibroblasts prior 
to replicative senescence. Exp Cell Res. 2000;256(1):291-299. 
doi:10.1006/excr.2000.4823

	 37.	 Akbar AN, Henson SM. Are senescence and exhaustion inter-
twined or unrelated processes that compromise immunity? Nat 
Rev Immunol. 2011;11(4):289-295. doi:10.1038/nri2959

	 38.	 Henson SM, Akbar AN. Memory T-cell homeostasis and se-
nescence during aging. Adv Exp Med Biol. 2010;684:189-197. 
doi:10.1007/978-1-4419-6451-9_15

	 39.	 Hahn WC, Meyerson M. Telomerase activation, cellular im-
mortalization and cancer. Ann Med. 2001;33(2):123-129. 
doi:10.3109/07853890109002067

	 40.	 Lanna A, Vaz B, D'Ambra C, et al. An intercellular transfer of telo-
meres rescues T cells from senescence and promotes long-term 
immunological memory. Nat Cell Biol. 2022;24(10):1461-1474. 
doi:10.1038/s41556-022-00991-z

	 41.	 Plunkett FJ, Franzese O, Belaramani LL, et al. The impact of telo-
mere erosion on memory CD8+ T cells in patients with X-linked 
lymphoproliferative syndrome. Mech Ageing Dev. 2005;126(8):855-
865. doi:10.1016/j.mad.2005.03.006

	 42.	 Fletcher JM, Vukmanovic-Stejic M, Dunne PJ, et al. Cytomegalovirus-
specific CD4+ T cells in healthy carriers are continuously driven 
to replicative exhaustion. J Immunol. 2005;175(12):8218-8225. 
doi:10.4049/jimmunol.175.12.8218

	 43.	 Soerens AG, Künzli M, Quarnstrom CF, et al. Functional T cells 
are capable of supernumerary cell division and longevity. Nature. 
2023;614:762-766. doi:10.1038/s41586-022-05626-9

	 44.	 Masopust D, Ha SJ, Vezys V, Ahmed R. Stimulation history dic-
tates memory CD8 T cell phenotype: implications for prime-
boost vaccination. J Immunol. 2006;177(2):831-839. doi:10.4049/
jimmunol.177.2.831

	 45.	 Wirth TC, Xue HH, Rai D, et al. Repetitive antigen stimulation 
induces stepwise transcriptome diversification but preserves a 
core signature of memory CD8+ T cell differentiation. Immunity. 
2010;33(1):128-140. doi:10.1016/j.immuni.2010.06.014

	 46.	 Rai D, Martin MD, Badovinac VP. The longevity of memory CD8 
T cell responses after repetitive antigen stimulations. J Immunol. 
2014;192(12):5652-5659. doi:10.4049/jimmunol.1301063

	 47.	 Kipling D. Telomere structure and telomerase expression 
during mouse development and tumorigenesis. Eur J Cancer. 
1997;33(5):792-800. doi:10.1016/S0959-8049(97)00060-9

	 48.	 Youngblood B, Hale JS, Ahmed R. Memory CD8 T cell transcrip-
tional plasticity. F1000Prime Rep. 2015;7:38. doi:10.12703/
P7-38

	 49.	 Weyand CM, Fulbright JW, Goronzy JJ. Immunosenescence, auto-
immunity, and rheumatoid arthritis. Exp Gerontol. 2003;38(8):833-
841. doi:10.1016/S0531-5565(03)00090-1

https://doi.org//10.1016/j.mad.2021.111548
https://doi.org//10.1186/s13024-021-00507-7
https://doi.org//10.1186/s13024-021-00507-7
https://doi.org//10.1016/j.cyto.2019.01.013
https://doi.org//10.1016/j.cyto.2019.01.013
https://doi.org//10.1182/blood.v97.3.700
https://doi.org//10.1111/imm.12409
https://doi.org//10.1016/j.coi.2005.07.019
https://doi.org//10.1007/s00281-001-0093-4
https://doi.org//10.4049/jimmunol.178.12.7710
https://doi.org//10.1002/cyto.a.20643
https://doi.org//10.1016/j.coi.2012.04.001
https://doi.org//10.1002/eji.200939722
https://doi.org//10.1172/JCI75051
https://doi.org//10.1093/geroni/igx004.4558
https://doi.org//10.1038/s41590-020-0643-3
https://doi.org//10.1016/s0047-6374(00)00198-6
https://doi.org//10.1016/j.exger.2013.11.010
https://doi.org//10.1016/j.humimm.2004.02.014
https://doi.org//10.1016/j.humimm.2004.02.014
https://doi.org//10.1086/655472
https://doi.org//10.1038/ni1033
https://doi.org//10.1111/febs.15770
https://doi.org//10.1126/science.272.5258.54
https://doi.org//10.4049/jimmunol.2101046
https://doi.org//10.3389/fimmu.2022.922307
https://doi.org//10.1172/JCI85996
https://doi.org//10.1186/s12979-022-00305-9
https://doi.org//10.1186/s12979-022-00305-9
https://doi.org//10.1006/excr.2000.4823
https://doi.org//10.1038/nri2959
https://doi.org//10.1007/978-1-4419-6451-9_15
https://doi.org//10.3109/07853890109002067
https://doi.org//10.1038/s41556-022-00991-z
https://doi.org//10.1016/j.mad.2005.03.006
https://doi.org//10.4049/jimmunol.175.12.8218
https://doi.org//10.1038/s41586-022-05626-9
https://doi.org//10.4049/jimmunol.177.2.831
https://doi.org//10.4049/jimmunol.177.2.831
https://doi.org//10.1016/j.immuni.2010.06.014
https://doi.org//10.4049/jimmunol.1301063
https://doi.org//10.1016/S0959-8049(97)00060-9
https://doi.org//10.12703/P7-38
https://doi.org//10.12703/P7-38
https://doi.org//10.1016/S0531-5565(03)00090-1


172  |    LAPHANUWAT et al.

	 50.	 Ramello MC, Núñez NG, Tosello Boari J, et al. Polyfunctional 
KLRG-1+CD57+ senescent CD4+ T cells infiltrate tumors and are 
expanded in peripheral blood from breast cancer patients. Front 
Immunol. 2021;12:713132. doi:10.3389/fimmu.2021.713132

	 51.	 Huang B, Liu R, Wang P, et al. CD8+CD57+ T cells exhibit distinct 
features in human non-small cell lung cancer. J Immunother Cancer. 
2020;8(1):e000639. doi:10.1136/jitc-2020-000639

	 52.	 Henson SM, Macaulay R, Riddell NE, Nunn CJ, Akbar AN. Blockade 
of PD-1 or p38 MAP kinase signaling enhances senescent human 
CD8+ T-cell proliferation by distinct pathways. Eur J Immunol. 
2015;45(5):1441-1451. doi:10.1002/eji.201445312

	 53.	 Di Mitri D, Azevedo RI, Henson SM, et al. Reversible senescence 
in human CD4+CD45RA+CD27− memory T cells. J Immunol. 
2011;187(5):2093-2100. doi:10.4049/jimmunol.1100978

	 54.	 Lanna A, Henson SM, Escors D, Akbar AN. The kinase p38 acti-
vated by the metabolic regulator AMPK and scaffold TAB1 drives 
the senescence of human T cells. Nat Immunol. 2014;15(10):965-
972. doi:10.1038/ni.2981

	 55.	 Comandini A, Naro C, Adamo R, et al. Molecular mechanisms in-
volved in HIV-1-Tat mediated inhibition of telomerase activity in 
human CD4+ T lymphocytes. Mol Immunol. 2013;54(2):181-192. 
doi:10.1016/j.molimm.2012.12.003

	 56.	 Lanna A, Gomes DCO, Muller-Durovic B, et al. A sestrin-dependent 
Erk-Jnk-p38 MAPK activation complex inhibits immunity during 
aging. Nat Immunol. 2017;18(3):354-363. doi:10.1038/ni.3665

	 57.	 Chang L, Karin M. Mammalian MAP kinase signalling cascades. 
Nature. 2001;410(6824):37-40. doi:10.1038/35065000

	 58.	 Johnson GL, Lapadat R. Mitogen-activated protein kinase path-
ways mediated by ERK, JNK, and p38 protein kinases. Science. 
2002;298(5600):1911-1912. doi:10.1126/science.1072682

	 59.	 Liu Y, Shepherd EG, Nelin LD. MAPK phosphatases—regulating 
the immune response. Nat Rev Immunol. 2007;7(3):202-212. 
doi:10.1038/nri2035

	 60.	 Chen RE, Thorner J. Function and regulation in MAPK signaling 
pathways: lessons learned from the yeast Saccharomyces cerevi-
siae. Biochim Biophys Acta. 2007;1773(8):1311-1340. doi:10.1016/j.
bbamcr.2007.05.003

	 61.	 Budanov AV, Shoshani T, Faerman A, et al. Identification of a 
novel stress-responsive gene Hi95 involved in regulation of 
cell viability. Oncogene. 2002;21(39):6017-6031. doi:10.1038/
sj.onc.1205877

	 62.	 Goronzy JJ, Fang F, Cavanagh MM, Qi Q, Weyand CM. Naive 
T cell maintenance and function in human aging. J Immunol. 
2015;194(9):4073-4080. doi:10.4049/jimmunol.1500046

	 63.	 Hu B, Jadhav RR, Gustafson CE, et al. Distinct age-related epi-
genetic signatures in CD4 and CD8 T cells. Front Immunol. 
2020;11:585168. doi:10.3389/fimmu.2020.585168

	 64.	 Michel JJ, Griffin P, Vallejo AN. Functionally diverse NK-like T cells 
are effectors and predictors of successful aging. Front Immunol. 
2016;7:530. doi:10.3389/fimmu.2016.00530

	 65.	 Hoenicke L, Zender L. Immune surveillance of senescent cells—
biological significance in cancer- and non-cancer pathologies. 
Carcinogenesis. 2012;33(6):1123-1126. doi:10.1093/carcin/bgs124

	 66.	 Burton DGA, Stolzing A. Cellular senescence: immunosurveil-
lance and future immunotherapy. Ageing Res Rev. 2018;43:17-25. 
doi:10.1016/j.arr.2018.02.001

	 67.	 Prata LGPL, Ovsyannikova IG, Tchkonia T, Kirkland JL. Senescent 
cell clearance by the immune system: emerging therapeutic op-
portunities. Semin Immunol. 2018;40:101275. doi:10.1016/j.smim.​
2019.04.003

	 68.	 Xue W, Zender L, Miething C, et al. Senescence and tumour clear-
ance is triggered by p53 restoration in murine liver carcinomas. 
Nature. 2007;445(7128):656-660. doi:10.1038/nature05529

	 69.	 Krizhanovsky V, Yon M, Dickins RA, et al. Senescence of acti-
vated stellate cells limits liver fibrosis. Cell. 2008;134(4):657-667. 
doi:10.1016/j.cell.2008.06.049

	 70.	 Kang TW, Yevsa T, Woller N, et al. Senescence surveillance of pre-
malignant hepatocytes limits liver cancer development. Nature. 
2011;479(7374):547-551. doi:10.1038/nature10599

	 71.	 Eggert T, Wolter K, Ji J, et al. Distinct functions of senescence-
associated immune responses in liver tumor surveillance and 
tumor progression. Cancer Cell. 2016;30(4):533-547. doi:10.1016/j.
ccell.2016.09.003

	 72.	 Soriani A, Zingoni A, Cerboni C, et al. ATM-ATR-dependent up-
regulation of DNAM-1 and NKG2D ligands on multiple myeloma 
cells by therapeutic agents results in enhanced NK-cell suscep-
tibility and is associated with a senescent phenotype. Blood. 
2009;113(15):3503-3511. doi:10.1182/blood-2008-08-173914

	 73.	 Sagiv A, Burton DGA, Moshayev Z, et al. NKG2D ligands mediate 
immunosurveillance of senescent cells. Aging. 2016;8(2):328-344. 
doi:10.18632/aging.100897

	 74.	 Iannello A, Thompson TW, Ardolino M, Lowe SW, Raulet DH. p53-
dependent chemokine production by senescent tumor cells sup-
ports NKG2D-dependent tumor elimination by natural killer cells. 
J Exp Med. 2013;210(10):2057-2069. doi:10.1084/jem.20130783

	 75.	 van Deursen JM. The role of senescent cells in ageing. Nature. 
2014;509(7501):439-446. doi:10.1038/nature13193

	 76.	 Franceschi C, Campisi J. Chronic inflammation (inflammaging) and 
its potential contribution to age-associated diseases. J Gerontol 
A Biol Sci Med Sci. 2014;69(Suppl 1):S4-S9. doi:10.1093/gerona/
glu057

	 77.	 Sharpless NE, Sherr CJ. Forging a signature of in vivo senescence. 
Nat Rev Cancer. 2015;15(7):397-408. doi:10.1038/nrc3960

	 78.	 Hazeldine J, Lord JM. The impact of ageing on natural killer 
cell function and potential consequences for health in older 
adults. Ageing Res Rev. 2013;12(4):1069-1078. doi:10.1016/j.
arr.2013.04.003

	 79.	 Ploegh HL. Viral strategies of immune evasion. Science. 
1998;280(5361):248-253. doi:10.1126/science.280.5361.248

	 80.	 Kochan G, Escors D, Breckpot K, Guerrero-Setas D. Role of non-
classical MHC class I molecules in cancer immunosuppression. 
Onco Targets Ther. 2013;2(11):e26491. doi:10.4161/onci.26491

	 81.	 Morandi F, Pistoia V. Interactions between HLA-G and HLA-E 
in physiological and pathological conditions. Front Immunol. 
2014;5:394. doi:10.3389/fimmu.2014.00394

	 82.	 Nash WT, Teoh J, Wei H, Gamache A, Brown MG. Know thy-
self: NK-cell inhibitory receptors prompt self-tolerance, educa-
tion, and viral control. Front Immunol. 2014;5:175. doi:10.3389/
fimmu.2014.00175

	 83.	 Pegram HJ, Andrews DM, Smyth MJ, Darcy PK, Kershaw MH. 
Activating and inhibitory receptors of natural killer cells. Immunol 
Cell Biol. 2011;89(2):216-224. doi:10.1038/icb.2010.78

	 84.	 Tedeschi V, Paldino G, Kunkl M, et al. CD8+ T cell senescence: 
lights and shadows in viral infections, autoimmune disorders and 
cancer. Int J Mol Sci. 2022;23(6):3374. doi:10.3390/ijms23063374

	 85.	 Casado JG, Soto R, DelaRosa O, et al. CD8 T cells expressing 
NK associated receptors are increased in melanoma patients 
and display an effector phenotype. Cancer Immunol Immunother. 
2005;54(12):1162-1171. doi:10.1007/s00262-005-0682-5

	 86.	 Cachot A, Bilous M, Liu YC, et al. Tumor-specific cytolytic 
CD4 T cells mediate immunity against human cancer. Sci Adv. 
2021;7(9):eabe3348. doi:10.1126/sciadv.abe3348

	 87.	 Brown DM, Kamperschroer C, Dilzer AM, Roberts DM, Swain SL. 
IL-2 and antigen dose differentially regulate perforin- and FasL-
mediated cytolytic activity in antigen specific CD4+ T cells. Cell 
Immunol. 2009;257(1-2):69-79. doi:10.1016/j.cellimm.2009.03.002

	 88.	 Takeuchi A, Badr MESG, Miyauchi K, et al. CRTAM determines the 
CD4+ cytotoxic T lymphocyte lineage. J Exp Med. 2016;213(1):123-
138. doi:10.1084/jem.20150519

	 89.	 Juno JA, van Bockel D, Kent SJ, Kelleher AD, Zaunders JJ, Munier 
CML. Cytotoxic CD4 T cells—friend or foe during viral infection? 
Front Immunol. 2017;8:19. doi:10.3389/fimmu.2017.00019

https://doi.org//10.3389/fimmu.2021.713132
https://doi.org//10.1136/jitc-2020-000639
https://doi.org//10.1002/eji.201445312
https://doi.org//10.4049/jimmunol.1100978
https://doi.org//10.1038/ni.2981
https://doi.org//10.1016/j.molimm.2012.12.003
https://doi.org//10.1038/ni.3665
https://doi.org//10.1038/35065000
https://doi.org//10.1126/science.1072682
https://doi.org//10.1038/nri2035
https://doi.org//10.1016/j.bbamcr.2007.05.003
https://doi.org//10.1016/j.bbamcr.2007.05.003
https://doi.org//10.1038/sj.onc.1205877
https://doi.org//10.1038/sj.onc.1205877
https://doi.org//10.4049/jimmunol.1500046
https://doi.org//10.3389/fimmu.2020.585168
https://doi.org//10.3389/fimmu.2016.00530
https://doi.org//10.1093/carcin/bgs124
https://doi.org//10.1016/j.arr.2018.02.001
https://doi.org//10.1016/j.smim.2019.04.003
https://doi.org//10.1016/j.smim.2019.04.003
https://doi.org//10.1038/nature05529
https://doi.org//10.1016/j.cell.2008.06.049
https://doi.org//10.1038/nature10599
https://doi.org//10.1016/j.ccell.2016.09.003
https://doi.org//10.1016/j.ccell.2016.09.003
https://doi.org//10.1182/blood-2008-08-173914
https://doi.org//10.18632/aging.100897
https://doi.org//10.1084/jem.20130783
https://doi.org//10.1038/nature13193
https://doi.org//10.1093/gerona/glu057
https://doi.org//10.1093/gerona/glu057
https://doi.org//10.1038/nrc3960
https://doi.org//10.1016/j.arr.2013.04.003
https://doi.org//10.1016/j.arr.2013.04.003
https://doi.org//10.1126/science.280.5361.248
https://doi.org//10.4161/onci.26491
https://doi.org//10.3389/fimmu.2014.00394
https://doi.org//10.3389/fimmu.2014.00175
https://doi.org//10.3389/fimmu.2014.00175
https://doi.org//10.1038/icb.2010.78
https://doi.org//10.3390/ijms23063374
https://doi.org//10.1007/s00262-005-0682-5
https://doi.org//10.1126/sciadv.abe3348
https://doi.org//10.1016/j.cellimm.2009.03.002
https://doi.org//10.1084/jem.20150519
https://doi.org//10.3389/fimmu.2017.00019


    |  173LAPHANUWAT et al.

	 90.	 Sáez-Borderías A, Gumá M, Angulo A, Bellosillo B, Pende D, 
López-Botet M. Expression and function of NKG2D in CD4+ 
T cells specific for human cytomegalovirus. Eur J Immunol. 
2006;36(12):3198-3206. doi:10.1002/eji.200636682

	 91.	 Xie Y, Akpinarli A, Maris C, et al. Naive tumor-specific CD4+ T cells 
differentiated in vivo eradicate established melanoma. J Exp Med. 
2010;207(3):651-667. doi:10.1084/jem.20091921

	 92.	 Brown DM, Lee S, Garcia-Hernandez ML, Swain SL. Multifunctional 
CD4 cells expressing gamma interferon and Perforin medi-
ate protection against lethal influenza virus infection. J Virol. 
2012;86(12):6792-6803. doi:10.1128/JVI.07172-11

	 93.	 Burel JG, Apte SH, Groves PL, Klein K, McCarthy JS, Doolan DL. 
Reduced plasmodium parasite burden associates with CD38+ 
CD4+ T cells displaying cytolytic potential and impaired IFN-γ pro-
duction. PLoS Pathog. 2016;12(9):e1005839. doi:10.1371/journal.
ppat.1005839

	 94.	 Weiskopf D, Bangs DJ, Sidney J, et al. Dengue virus infection elic-
its highly polarized CX3CR1+ cytotoxic CD4+ T cells associated 
with protective immunity. Proc Natl Acad Sci USA. 2015;112(31):E4
256-E4263. doi:10.1073/pnas.1505956112

	 95.	 Appay V, Zaunders JJ, Papagno L, et al. Characterization of CD4+ 
CTLs ex vivo. J Immunol. 2002;168(11):5954-5958. doi:10.4049/
jimmunol.168.11.5954

	 96.	 Johnson S, Eller M, Teigler JE, et al. Cooperativity of HIV-specific 
Cytolytic CD4 T cells and CD8 T cells in control of HIV viremia. J 
Virol. 2015;89(15):7494-7505. doi:10.1128/JVI.00438-15

	 97.	 Kai McKinstry K, Dutton RW, Swain SL, Strutt TM. Memory CD4 
T cell-mediated immunity against influenza a virus: more than a 
little helpful. Arch Immunol Ther Exp (Warsz). 2013;61(5):341-353. 
doi:10.1007/s00005-013-0236-z

	 98.	 Brown DM, Dilzer AM, Meents DL, Swain SL. CD4 T cell-mediated 
protection from lethal influenza: perforin and antibody-mediated 
mechanisms give a one-two punch. J Immunol. 2006;177(5):2888-
2898. doi:10.4049/jimmunol.177.5.2888

	 99.	 Hsu DC, Kerr SJ, Iampornsin T, et al. Restoration of CMV-
specific-CD4 T cells with ART occurs early and is greater 
in those with more advanced immunodeficiency. PLoS One. 
2013;8(10):e77479. doi:10.1371/journal.pone.0077479

	100.	 van Leeuwen EMM, Remmerswaal EBM, Heemskerk MHM, ten 
Berge IJM, van Lier RAW. Strong selection of virus-specific cy-
totoxic CD4+ T-cell clones during primary human cytomega-
lovirus infection. Blood. 2006;108(9):3121-3127. doi:10.1182/
blood-2006-03-006809

	101.	 Appay V, Dunbar PR, Callan M, et al. Memory CD8+ T cells vary in 
differentiation phenotype in different persistent virus infections. 
Nat Med. 2002;8(4):379-385. doi:10.1038/nm0402-379

	102.	 Pawelec G, Derhovanessian E, Larbi A, Strindhall J, Wikby A. 
Cytomegalovirus and human immunosenescence. Rev Med Virol. 
2009;19(1):47-56. doi:10.1002/rmv.598

	103.	 Chen S, Pawelec G, Trompet S, et al. Associations of cytomega-
lovirus infection with all-cause and cardiovascular mortality in 
multiple observational cohort studies of older adults. J Infect Dis. 
2021;223(2):238-246. doi:10.1093/infdis/jiaa480

	104.	 Khan N, Hislop A, Gudgeon N, et al. Herpesvirus-specific CD8 T 
cell immunity in old age: cytomegalovirus impairs the response to 
a coresident EBV infection. J Immunol. 2004;173(12):7481-7489. 
doi:10.4049/jimmunol.173.12.7481

	105.	 Wang GC, Kao WHL, Murakami P, et al. Cytomegalovirus infection 
and the risk of mortality and frailty in older women: a prospective 
observational cohort study. Am J Epidemiol. 2010;171(10):1144-
1152. doi:10.1093/aje/kwq062

	106.	 Furman D, Jojic V, Sharma S, et al. Cytomegalovirus infection 
enhances the immune response to influenza. Sci Transl Med. 
2015;7(281):281ra43. doi:10.1126/scitranslmed.aaa2293

	107.	 Colombini B, Dinu M, Murgo E, et al. Ageing and low-level chronic 
inflammation: the role of the biological clock. Antioxidants. 
2022;11(11):2228. doi:10.3390/antiox11112228

	108.	 Burza S, Croft SL, Boelaert M. Leishmaniasis. Lancet. 
2018;392(10151):951-970. doi:10.1016/S0140-6736(18)31204-2

	109.	 Saldanha MG, Queiroz A, Machado PRL, et al. Characterization of 
the histopathologic features in patients in the early and late phases 
of cutaneous leishmaniasis. Am J Trop Med Hyg. 2017;96(3):645-
652. doi:10.4269/ajtmh.16-0539

	110.	 Unger A, O'Neal S, Machado PRL, et al. Association of treatment 
of American cutaneous leishmaniasis prior to ulcer development 
with high rate of failure in northeastern Brazil. Am J Trop Med Hyg. 
2009;80(4):574-579.

	111.	 Bacellar O, Lessa H, Schriefer A, et al. Up-regulation of Th1-
type responses in mucosal leishmaniasis patients. Infect Immun. 
2002;70(12):6734-6740. doi:10.1128/IAI.70.12.6734-6740.2002

	112.	 Novais FO, Scott P. CD8+ T cells in cutaneous leishmaniasis: the 
good, the bad, and the ugly. Semin Immunopathol. 2015;37(3):251-
259. doi:10.1007/s00281-015-0475-7

	113.	 Faria DR, Souza PEA, Durães FV, et al. Recruitment of CD8+ T cells 
expressing granzyme a is associated with lesion progression in 
human cutaneous leishmaniasis. Parasite Immunol. 2009;31(8):432-
439. doi:10.1111/j.1365-3024.2009.01125.x

	114.	 Novais FO, Carvalho LP, Graff JW, et al. Cytotoxic T cells mediate 
pathology and metastasis in cutaneous leishmaniasis. PLoS Pathog. 
2013;9(7):e1003504. doi:10.1371/journal.ppat.1003504

	115.	 Novais FO, Carvalho AM, Clark ML, et al. CD8+ T cell cytotoxicity 
mediates pathology in the skin by inflammasome activation and 
IL-1β production. PLoS Pathog. 2017;13(2):e1006196. doi:10.1371/
journal.ppat.1006196

	116.	 Santos CS, Boaventura V, Ribeiro Cardoso C, et al. CD8+ gran-
zyme B+-mediated tissue injury vs. CD4+IFNγ+-mediated para-
site killing in human cutaneous leishmaniasis. J Invest Dermatol. 
2013;133(6):1533-1540. doi:10.1038/jid.2013.4

	117.	 Giudice A, Camada I, Leopoldo PTG, et al. Resistance of Leishmania 
(Leishmania) amazonensis and Leishmania (Viannia) braziliensis to 
nitric oxide correlates with disease severity in tegumentary leish-
maniasis. BMC Infect Dis. 2007;7:7. doi:10.1186/1471-2334-7-7

	118.	 Covre LP, Martins RF, Devine OP, et al. Circulating senescent T 
cells are linked to systemic inflammation and lesion size during 
human cutaneous leishmaniasis. Front Immunol. 2018;9:3001. 
doi:10.3389/fimmu.2018.03001

	119.	 Covre LP, Devine OP, Garcia de Moura R, et al. Compartmentalized 
cytotoxic immune response leads to distinct pathogenic roles of 
natural killer and senescent CD8+ T cells in human cutaneous 
leishmaniasis. Immunology. 2020;159(4):429-440. doi:10.1111/
imm.13173

	120.	 Cincurá C, de Lima CMF, Machado PRL, et al. Mucosal leish-
maniasis: a retrospective study of 327 cases from an endemic 
area of Leishmania (Viannia) braziliensis. Am J Trop Med Hyg. 
2017;97(3):761-766. doi:10.4269/ajtmh.16-0349

	121.	 Araujo-Melo MH, Meneses AM, Schubach AO, et al. Risk factors as-
sociated with dizziness during treatment of mucosal leishmaniasis 
with meglumine antimoniate: 16-year retrospective study of cases 
from Rio de Janeiro, Brazil. J Laryngol Otol. 2010;124(10):1056-
1060. doi:10.1017/S0022215110001325

	122.	 Diniz DS, Costa ASV, Escalda PMF. The effect of age on the fre-
quency of adverse reactions caused by antimony in the treat-
ment of American tegumentary leishmaniasis in Governador 
Valadares, State of Minas Gerais, Brazil. Rev Soc Bras Med Trop. 
2012;45(5):597-600. doi:10.1590/s0037-86822012000500011

	123.	 Fantecelle CH, Covre LP, Garcia de Moura R, et al. Transcriptomic 
landscape of skin lesions in cutaneous leishmaniasis reveals a 
strong CD8+ T cell immunosenescence signature linked to im-
munopathology. Immunology. 2021;164(4):754-765. doi:10.1111/
imm.13410

	124.	 Garcia de Moura R, Covre LP, Fantecelle CH, et al. PD-1 blockade 
modulates functional activities of exhausted-like T cell in patients 
with cutaneous leishmaniasis. Front Immunol. 2021;12:632667. 
doi:10.3389/fimmu.2021.632667

https://doi.org//10.1002/eji.200636682
https://doi.org//10.1084/jem.20091921
https://doi.org//10.1128/JVI.07172-11
https://doi.org//10.1371/journal.ppat.1005839
https://doi.org//10.1371/journal.ppat.1005839
https://doi.org//10.1073/pnas.1505956112
https://doi.org//10.4049/jimmunol.168.11.5954
https://doi.org//10.4049/jimmunol.168.11.5954
https://doi.org//10.1128/JVI.00438-15
https://doi.org//10.1007/s00005-013-0236-z
https://doi.org//10.4049/jimmunol.177.5.2888
https://doi.org//10.1371/journal.pone.0077479
https://doi.org//10.1182/blood-2006-03-006809
https://doi.org//10.1182/blood-2006-03-006809
https://doi.org//10.1038/nm0402-379
https://doi.org//10.1002/rmv.598
https://doi.org//10.1093/infdis/jiaa480
https://doi.org//10.4049/jimmunol.173.12.7481
https://doi.org//10.1093/aje/kwq062
https://doi.org//10.1126/scitranslmed.aaa2293
https://doi.org//10.3390/antiox11112228
https://doi.org//10.1016/S0140-6736(18)31204-2
https://doi.org//10.4269/ajtmh.16-0539
https://doi.org//10.1128/IAI.70.12.6734-6740.2002
https://doi.org//10.1007/s00281-015-0475-7
https://doi.org//10.1111/j.1365-3024.2009.01125.x
https://doi.org//10.1371/journal.ppat.1003504
https://doi.org//10.1371/journal.ppat.1006196
https://doi.org//10.1371/journal.ppat.1006196
https://doi.org//10.1038/jid.2013.4
https://doi.org//10.1186/1471-2334-7-7
https://doi.org//10.3389/fimmu.2018.03001
https://doi.org//10.1111/imm.13173
https://doi.org//10.1111/imm.13173
https://doi.org//10.4269/ajtmh.16-0349
https://doi.org//10.1017/S0022215110001325
https://doi.org//10.1590/s0037-86822012000500011
https://doi.org//10.1111/imm.13410
https://doi.org//10.1111/imm.13410
https://doi.org//10.3389/fimmu.2021.632667


174  |    LAPHANUWAT et al.

	125.	 Rossi M, Fasel N. How to master the host immune sys-
tem? Leishmania parasites have the solutions! Int Immunol. 
2018;30(3):103-111. doi:10.1093/intimm/dxx075

	126.	 Gasser S, Orsulic S, Brown EJ, Raulet DH. The DNA damage 
pathway regulates innate immune system ligands of the NKG2D 
receptor. Nature. 2005;436(7054):1186-1190. doi:10.1038/
nature03884

	127.	 Groh V, Rhinehart R, Randolph-Habecker J, Topp MS, Riddell SR, 
Spies T. Costimulation of CD8alphabeta T cells by NKG2D via en-
gagement by MIC induced on virus-infected cells. Nat Immunol. 
2001;2(3):255-260. doi:10.1038/85321

	128.	 Molinero LL, Fuertes MB, Girart MV, et al. NF-kappa B regulates 
expression of the MHC class I-related chain a gene in activated 
T lymphocytes. J Immunol. 2004;173(9):5583-5590. doi:10.4049/
jimmunol.173.9.5583

	129.	 Crosby EJ, Goldschmidt MH, Wherry EJ, Scott P. Engagement 
of NKG2D on bystander memory CD8 T cells promotes in-
creased immunopathology following Leishmania major infec-
tion. PLoS Pathog. 2014;10(2):e1003970. doi:10.1371/journal.
ppat.1003970

	130.	 Crosby EJ, Clark M, Novais FO, Wherry EJ, Scott P. Lymphocytic 
choriomeningitis virus expands a population of NKG2D+CD8+ T 
cells that exacerbates disease in mice Coinfected with Leishmania 
major. J Immunol. 2015;195(7):3301-3310. doi:10.4049/
jimmunol.1500855

	131.	 Budamagunta V, Foster TC, Zhou D. Cellular senescence in lym-
phoid organs and immunosenescence. Aging. 2021;13(15):19920-
19941. doi:10.18632/aging.203405

	132.	 Stojanović SD, Fiedler J, Bauersachs J, Thum T, Sedding 
DG. Senescence-induced inflammation: an important player 
and key therapeutic target in atherosclerosis. Eur Heart J. 
2020;41(31):2983-2996. doi:10.1093/eurheartj/ehz919

	133.	 Broadley I, Pera A, Morrow G, Davies KA, Kern F. Expansions of 
cytotoxic CD4+CD28− T cells drive excess cardiovascular mortality 
in rheumatoid arthritis and other chronic inflammatory conditions 
and are triggered by CMV infection. Front Immunol. 2017;8:195. 
doi:10.3389/fimmu.2017.00195

	134.	 Lau EYM, Carroll EC, Callender LA, et al. Type 2 diabetes is associ-
ated with the accumulation of senescent T cells. Clin Exp Immunol. 
2019;197(2):205-213. doi:10.1111/cei.13344

	135.	 Zuroff L, Rezk A, Shinoda K, et al. Immune aging in multiple scle-
rosis is characterized by abnormal CD4 T cell activation and in-
creased frequencies of cytotoxic CD4 T cells with advancing age. 
EBioMedicine. 2022;82:104179. doi:10.1016/j.ebiom.2022.104179

	136.	 Broux B, Mizee MR, Vanheusden M, et al. IL-15 amplifies the 
pathogenic properties of CD4+CD28− T cells in multiple sclerosis. J 
Immunol. 2015;194(5):2099-2109. doi:10.4049/jimmunol.1401547

	137.	 Totsuka T, Kanai T, Nemoto Y, et al. Immunosenescent colitogenic 
CD4+ T cells convert to regulatory cells and suppress colitis. Eur J 
Immunol. 2008;38(5):1275-1286. doi:10.1002/eji.200737914

	138.	 Zeng L, Kurane I, Okamoto Y, Ennis FA, Brinton MA. Identification 
of amino acids involved in recognition by dengue virus NS3-
specific, HLA-DR15-restricted cytotoxic CD4+ T-cell clones. J Virol. 
1996;70(5):3108-3117. doi:10.1128/JVI.70.5.3108-3117.1996

	139.	 Kurane I, Meager A, Ennis FA. Dengue virus-specific human T cell 
clones. Serotype crossreactive proliferation, interferon gamma 
production, and cytotoxic activity. J Exp Med. 1989;170(3):763-
775. doi:10.1084/jem.170.3.763

	140.	 Gagnon SJ, Zeng W, Kurane I, Ennis FA. Identification of two 
epitopes on the dengue 4 virus capsid protein recognized by a 
serotype-specific and a panel of serotype-cross-reactive human 
CD4+ cytotoxic T-lymphocyte clones. J Virol. 1996;70(1):141-147. 
doi:10.1128/JVI.70.1.141-147.1996

	141.	 Molina HA, Kierszenbaum F. Interaction of human eosinophils or 
neutrophils with Trypanosoma cruzi in vitro causes bystander car-
diac cell damage. Immunology. 1989;66(2):289-295.

	142.	 Cockburn IA, Tse SW, Zavala F. CD8+ T cells eliminate liver-stage 
Plasmodium berghei parasites without detectable bystander effect. 
Infect Immun. 2014;82(4):1460-1464. doi:10.1128/IAI.01500-13

	143.	 Garcia-Chagollan M, Jave-Suarez LF, Haramati J, et al. An approach 
to the immunophenotypic features of circulating CD4+NKG2D+ 
T cells in invasive cervical carcinoma. J Biomed Sci. 2015;22:91. 
doi:10.1186/s12929-015-0190-7

	144.	 Weyand CM, Goronzy JJ. Immunometabolism in early and late 
stages of rheumatoid arthritis. Nat Rev Rheumatol. 2017;13(5):291-
301. doi:10.1038/nrrheum.2017.49

	145.	 Goronzy JJ, Li G, Yang Z, Weyand CM. The janus head of T cell 
aging—autoimmunity and immunodeficiency. Front Immunol. 
2013;4:131. doi:10.3389/fimmu.2013.00131

	146.	 Gate D, Saligrama N, Leventhal O, et al. Clonally expanded CD8 T 
cells patrol the cerebrospinal fluid in Alzheimer's disease. Nature. 
2020;577(7790):399-404. doi:10.1038/s41586-019-1895-7

	147.	 Youn JC, Jung MK, Yu HT, et al. Increased frequency of CD4+CD57+ 
senescent T cells in patients with newly diagnosed acute heart fail-
ure: exploring new pathogenic mechanisms with clinical relevance. 
Sci Rep. 2019;9(1):12887. doi:10.1038/s41598-019-49332-5

	148.	 Yu HT, Park S, Shin EC, Lee WW. T cell senescence and cardio-
vascular diseases. Clin Exp Med. 2016;16(3):257-263. doi:10.1007/
s10238-015-0376-z

	149.	 Kim J, Chang DY, Lee HW, et al. Innate-like cytotoxic function of 
bystander-activated CD8+ T cells is associated with liver injury in 
acute hepatitis A. Immunity. 2018;48(1):161-173.e5. doi:10.1016/j.
immuni.2017.11.025

	150.	 Covre LP, De Maeyer RPH, Gomes DCO, Akbar AN. The 
role of senescent T cells in immunopathology. Aging Cell. 
2020;19(12):e13272. doi:10.1111/acel.13272

	151.	 Mathew D, Giles JR, Baxter AE, et al. Deep immune profiling of 
COVID-19 patients reveals distinct immunotypes with therapeutic 
implications. Science. 2020;369(6508):eabc8511. doi:10.1126/sci-
ence.abc8511

	152.	 Pieren DKJ, Smits NAM, Hoeboer J, et al. Regulatory KIR+ RA+ 
T cells accumulate with age and are highly activated during viral 
respiratory disease. Aging Cell. 2021;20(6):e13372. doi:10.1111/
acel.13372

	153.	 Baker DJ, Wijshake T, Tchkonia T, et al. Clearance of p16Ink4a-
positive senescent cells delays ageing-associated disorders. 
Nature. 2011;479(7372):232-236. doi:10.1038/nature10600

	154.	 Xu M, Pirtskhalava T, Farr JN, et al. Senolytics improve physical 
function and increase lifespan in old age. Nat Med. 2018;24(8):1246-
1256. doi:10.1038/s41591-018-0092-9

	155.	 Palmer AK, Xu M, Zhu Y, et al. Targeting senescent cells al-
leviates obesity-induced metabolic dysfunction. Aging Cell. 
2019;18(3):e12950. doi:10.1111/acel.12950

	156.	 Guzman SD, Judge J, Shigdar SM, et al. Removal of p16 INK4 ex-
pressing cells in late life has moderate beneficial effects on skel-
etal muscle function in male mice. Front Aging. 2021;2:821904. 
doi:10.3389/fragi.2021.821904

	157.	 Zhang X, Pearsall VM, Carver CM, et al. Rejuvenation of the aged 
brain immune cell landscape in mice through p16-positive senes-
cent cell clearance. Nat Commun. 2022;13(1):5671. doi:10.1038/
s41467-022-33226-8

	158.	 Kirkland JL, Tchkonia T. Senolytic drugs: from discovery to transla-
tion. J Intern Med. 2020;288(5):518-536. doi:10.1111/joim.13141

	159.	 Chaib S, Tchkonia T, Kirkland JL. Cellular senescence and seno-
lytics: the path to the clinic. Nat Med. 2022;28(8):1556-1568. 
doi:10.1038/s41591-022-01923-y

	160.	 Novais EJ, Tran VA, Johnston SN, et al. Long-term treatment 
with senolytic drugs Dasatinib and Quercetin ameliorates age-
dependent intervertebral disc degeneration in mice. Nat Commun. 
2021;12(1):5213. doi:10.1038/s41467-021-25453-2

	161.	 Aguayo-Mazzucato C, Andle J, Lee TB, et al. Acceleration of β-
cell aging determines diabetes and senolysis improves disease 

https://doi.org//10.1093/intimm/dxx075
https://doi.org//10.1038/nature03884
https://doi.org//10.1038/nature03884
https://doi.org//10.1038/85321
https://doi.org//10.4049/jimmunol.173.9.5583
https://doi.org//10.4049/jimmunol.173.9.5583
https://doi.org//10.1371/journal.ppat.1003970
https://doi.org//10.1371/journal.ppat.1003970
https://doi.org//10.4049/jimmunol.1500855
https://doi.org//10.4049/jimmunol.1500855
https://doi.org//10.18632/aging.203405
https://doi.org//10.1093/eurheartj/ehz919
https://doi.org//10.3389/fimmu.2017.00195
https://doi.org//10.1111/cei.13344
https://doi.org//10.1016/j.ebiom.2022.104179
https://doi.org//10.4049/jimmunol.1401547
https://doi.org//10.1002/eji.200737914
https://doi.org//10.1128/JVI.70.5.3108-3117.1996
https://doi.org//10.1084/jem.170.3.763
https://doi.org//10.1128/JVI.70.1.141-147.1996
https://doi.org//10.1128/IAI.01500-13
https://doi.org//10.1186/s12929-015-0190-7
https://doi.org//10.1038/nrrheum.2017.49
https://doi.org//10.3389/fimmu.2013.00131
https://doi.org//10.1038/s41586-019-1895-7
https://doi.org//10.1038/s41598-019-49332-5
https://doi.org//10.1007/s10238-015-0376-z
https://doi.org//10.1007/s10238-015-0376-z
https://doi.org//10.1016/j.immuni.2017.11.025
https://doi.org//10.1016/j.immuni.2017.11.025
https://doi.org//10.1111/acel.13272
https://doi.org//10.1126/science.abc8511
https://doi.org//10.1126/science.abc8511
https://doi.org//10.1111/acel.13372
https://doi.org//10.1111/acel.13372
https://doi.org//10.1038/nature10600
https://doi.org//10.1038/s41591-018-0092-9
https://doi.org//10.1111/acel.12950
https://doi.org//10.3389/fragi.2021.821904
https://doi.org//10.1038/s41467-022-33226-8
https://doi.org//10.1038/s41467-022-33226-8
https://doi.org//10.1111/joim.13141
https://doi.org//10.1038/s41591-022-01923-y
https://doi.org//10.1038/s41467-021-25453-2


    |  175LAPHANUWAT et al.

outcomes. Cell Metab. 2019;30(1):129-142.e4. doi:10.1016/j.cmet.​
2019.05.006

	162.	 Justice JN, Nambiar AM, Tchkonia T, et al. Senolytics in idio-
pathic pulmonary fibrosis: results from a first-in-human, open-
label, pilot study. EBioMedicine. 2019;40:554-563. doi:10.1016/j.
ebiom.2018.12.052

	163.	 Robbins PD, Jurk D, Khosla S, et al. Senolytic drugs: reducing se-
nescent cell viability to extend health span. Annu Rev Pharmacol 
Toxicol. 2021;61:779-803. doi:10.1146/annurev-pharmtox-05​
0120-105018

	164.	 Quinn KM, Fox A, Harland KL, et al. Age-related decline in primary 
CD8+ T cell responses is associated with the development of senes-
cence in virtual memory CD8+ T cells. Cell Rep. 2018;23(12):3512-
3524. doi:10.1016/j.celrep.2018.05.057

	165.	 Oryan A, Bemani E, Bahrami S. Anti-leishmanial, immunomodu-
latory and anti-oxidative activity of quercetin against cutaneous 
leishmaniasis caused by Leishmania major. Asian Pac J Trop Biomed. 
2023;13(1):26. doi:10.4103/2221-1691.367689

	166.	 Vukmanovic-Stejic M, Chambers ES, Suárez-Fariñas M, et al. 
Enhancement of cutaneous immunity during aging by blocking 
p38 mitogen-activated protein (MAP) kinase–induced inflamma-
tion. J Allergy Clin Immunol. 2018;142(3):844-856. doi:10.1016/j.
jaci.2017.10.032

	167.	 Chambers ES, Vukmanovic-Stejic M, Shih BB, et al. Recruitment 
of inflammatory monocytes by senescent fibroblasts inhibits 
antigen-specific tissue immunity during human aging. Nat Aging. 
2021;1(1):101-113. doi:10.1038/s43587-020-00010-6

	168.	 Amor C, Feucht J, Leibold J, et al. Senolytic CAR T cells reverse 
senescence-associated pathologies. Nature. 2020;583(7814):127-
132. doi:10.1038/s41586-020-2403-9

	169.	 Zhu W, Zhao Z, Feng B, et al. CD8+CD39+ T cells mediate 
anti-tumor cytotoxicity in bladder cancer. Onco Targets Ther. 
2021;14:2149-2161. doi:10.2147/OTT.S297272

	170.	 Oh DY, Kwek SS, Raju SS, et al. Intratumoral CD4+ T cells me-
diate anti-tumor cytotoxicity in human bladder cancer. Cell. 
2020;181(7):1612-1625.e13. doi:10.1016/j.cell.2020.05.017

	171.	 Tsuji M, Romero P, Nussenzweig RS, Zavala F. CD4+ cytolytic T 
cell clone confers protection against murine malaria. J Exp Med. 
1990;172(5):1353-1357. doi:10.1084/jem.172.5.1353

	172.	 Campisi L, Chizari S, Ho JSY, et al. Clonally expanded CD8 
T cells characterize amyotrophic lateral sclerosis-4. Nature. 
2022;606(7916):945-952. doi:10.1038/s41586-022-04844-5

	173.	 Wang Y, Chen Z, Wang T, et al. A novel CD4+ CTL subtype 
characterized by chemotaxis and inflammation is involved in 
the pathogenesis of Graves' orbitopathy. Cell Mol Immunol. 
2021;18(3):735-745. doi:10.1038/s41423-020-00615-2

	174.	 Żabińska M, Krajewska M, Kościelska-Kasprzak K, Klinger M. 
CD3+CD8+CD28− T lymphocytes in patients with lupus nephritis. 
J Immunol Res. 2016;2016:1058165. doi:10.1155/2016/1058165

	175.	 Broux B, Pannemans K, Zhang X, et al. CX3CR1 drives cyto-
toxic CD4+CD28− T cells into the brain of multiple sclerosis pa-
tients. J Autoimmun. 2012;38(1):10-19. doi:10.1016/j.jaut.2011.​
11.006

	176.	 Diani M, Casciano F, Marongiu L, et al. Increased frequency of ac-
tivated CD8+ T cell effectors in patients with psoriatic arthritis. Sci 
Rep. 2019;9:10870. doi:10.1038/s41598-019-47310-5

	177.	 Gerli R, Schillaci G, Giordano A, et al. CD4+CD28− T lymphocytes 
contribute to early atherosclerotic damage in rheumatoid arthritis 
patients. Circulation. 2004;109(22):2744-2748. doi:10.1161/01.
CIR.0000131450.66017.B3

	178.	 Namekawa T, Wagner UG, Goronzy JJ, Weyand CM. 
Functional subsets of CD4 T cells in rheumatoid synovitis. 
Arthritis Rheum. 1998;41(12):2108-2116. doi:10.1002/1529-
0131(199812)41:12%3C2108::AID-ART5%3E3.0.CO;2-Q

	179.	 Kaneko N, Chen H, Perugino CA, et al. Cytotoxic CD8+ T cells may 
be drivers of tissue destruction in Sjögren's syndrome. Sci Rep. 
2022;12(1):15427. doi:10.1038/s41598-022-19397-w

	180.	 Maehara T, Kaneko N, Perugino CA, et al. Cytotoxic CD4+ T lym-
phocytes may induce endothelial cell apoptosis in systemic sclero-
sis. J Clin Invest. 2020;130(5):2451-2464. doi:10.1172/JCI131700

	181.	 Bullenkamp J, Mengoni V, Kaur S, et al. Interleukin-7 and inter-
leukin-15 drive CD4+CD28null T lymphocyte expansion and func-
tion in patients with acute coronary syndrome. Cardiovasc Res. 
2020;117(8):1935-1948. doi:10.1093/cvr/cvaa202

	182.	 Doan Ngoc TM, Tilly G, Danger R, et al. Effector memory–
expressing CD45RA (TEMRA) CD8+ T cells from kidney transplant 
recipients exhibit enhanced purinergic P2X4 receptor–dependent 
proinflammatory and migratory responses. J Am Soc Nephrol. 
2022;33(12):2211-2231. doi:10.1681/ASN.2022030286

	183.	 Jacquemont L, Tilly G, Yap M, et al. Terminally differentiated ef-
fector memory CD8+ T cells identify kidney transplant recipients 
at high risk of graft failure. J Am Soc Nephrol. 2020;31(4):876-891. 
doi:10.1681/ASN.2019080847

	184.	 Tilly G, Doan-Ngoc TM, Yap M, et al. IL-15 harnesses pro-
inflammatory function of TEMRA CD8 in kidney-transplant recipi-
ents. Front Immunol. 2017;8:778. doi:10.3389/fimmu.2017.00778

	185.	 Pangrazzi L, Naismith E, Meryk A, et al. Increased IL-15 production 
and accumulation of highly differentiated CD8+ effector/memory 
T cells in the bone marrow of persons with cytomegalovirus. Front 
Immunol. 2017;8(778):715. doi:10.3389/fimmu.2017.00715

	186.	 van Leeuwen EMM, Remmerswaal EBM, Vossen MTM, 
et al. Emergence of a CD4+CD28− granzyme B+, cytomegalovirus-
specific T cell subset after recovery of primary cytomegalovi-
rus infection. J Immunol. 2004;173(3):1834-1841. doi:10.4049/
jimmunol.173.3.1834

	187.	 Shabir S, Smith H, Kaul B, et al. Cytomegalovirus-associated CD4+ 
CD28null cells in NKG2D-dependent glomerular endothelial injury 
and kidney allograft dysfunction. Am J Transplant. 2016;16(4):1113-
1128. doi:10.1111/ajt.13614

	188.	 Gagnon SJ, Ennis FA, Rothman AL. Bystander target cell lysis 
and cytokine production by dengue virus-specific human CD4+ 
cytotoxic T-lymphocyte clones. J Virol. 1999;73(5):3623-3629. 
doi:10.1128/JVI.73.5.3623-3629.1999

How to cite this article: Laphanuwat P, Gomes DCO, Akbar 
AN. Senescent T cells: Beneficial and detrimental roles. 
Immunol Rev. 2023;316:160-175. doi:10.1111/imr.13206

https://doi.org//10.1016/j.cmet.2019.05.006
https://doi.org//10.1016/j.cmet.2019.05.006
https://doi.org//10.1016/j.ebiom.2018.12.052
https://doi.org//10.1016/j.ebiom.2018.12.052
https://doi.org//10.1146/annurev-pharmtox-050120-105018
https://doi.org//10.1146/annurev-pharmtox-050120-105018
https://doi.org//10.1016/j.celrep.2018.05.057
https://doi.org//10.4103/2221-1691.367689
https://doi.org//10.1016/j.jaci.2017.10.032
https://doi.org//10.1016/j.jaci.2017.10.032
https://doi.org//10.1038/s43587-020-00010-6
https://doi.org//10.1038/s41586-020-2403-9
https://doi.org//10.2147/OTT.S297272
https://doi.org//10.1016/j.cell.2020.05.017
https://doi.org//10.1084/jem.172.5.1353
https://doi.org//10.1038/s41586-022-04844-5
https://doi.org//10.1038/s41423-020-00615-2
https://doi.org//10.1155/2016/1058165
https://doi.org//10.1016/j.jaut.2011.11.006
https://doi.org//10.1016/j.jaut.2011.11.006
https://doi.org//10.1038/s41598-019-47310-5
https://doi.org//10.1161/01.CIR.0000131450.66017.B3
https://doi.org//10.1161/01.CIR.0000131450.66017.B3
https://doi.org//10.1002/1529-0131(199812)41:12%3C2108::AID-ART5%3E3.0.CO;2-Q
https://doi.org//10.1002/1529-0131(199812)41:12%3C2108::AID-ART5%3E3.0.CO;2-Q
https://doi.org//10.1038/s41598-022-19397-w
https://doi.org//10.1172/JCI131700
https://doi.org//10.1093/cvr/cvaa202
https://doi.org//10.1681/ASN.2022030286
https://doi.org//10.1681/ASN.2019080847
https://doi.org//10.3389/fimmu.2017.00778
https://doi.org//10.3389/fimmu.2017.00715
https://doi.org//10.4049/jimmunol.173.3.1834
https://doi.org//10.4049/jimmunol.173.3.1834
https://doi.org//10.1111/ajt.13614
https://doi.org//10.1128/JVI.73.5.3623-3629.1999
https://doi.org/10.1111/imr.13206

	Senescent T cells: Beneficial and detrimental roles
	Summary
	1|INTRODUCTION
	2|T CELL DIFFERENTIATION AND THE IDENTIFICATION OF SENESCENT T CELLS
	3|THE PROLIFERATIVE POTENTIAL OF T CELLS
	4|HOW IS THE FUNCTION OF SENESCENT T CELLS REGULATED?
	5|THE IDENTIFICATION OF A NOVEL MULTI-­PROTEIN INHIBITORY COMPLEX IN SENESCENT CD4+ T CELLS
	6|THE REGULATION OF SENESCENT CD8+ T CELL FUNCTION BY SESTRINS
	7|INTERACTION BETWEEN SENESCENT STROMAL VERSUS IMMUNE CELLS
	8|IS THE ACCUMULATION OF SENESCENT T CELLS DURING AGING OF BENEFIT TO THE HOST?
	9|A PUTATIVE ROLE FOR SENESCENT T CELLS IN INDUCING PATHOLOGY
	9.1|The impact of CMV infection on driving T-­cell senescence
	9.2|The accumulation of senescent CD8+ T cells in patients with cutaneous leishmaniasis
	9.3|The possible role of senescent T cells in different human diseases

	10|HOW CAN SENESCENT STROMAL AND SENESCENT T CELLS BE TARGETED?
	11|CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


