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Immunosenescence describes dysregulation of the immune system with ageing

manifested in both the innate and adaptive immunity, including changes in T-cell

checkpoint signaling. Through complex and nuanced process, T-cells lose

excitatory signaling pathways and upregulate their inhibitory signaling, leading

to ineffective immune responses that contribute to the formation of the ageing

phenotype. Here we expand on the expression, function, and clinical potential of

targeting the T-cell checkpoint signaling in age and highlight interventions

offering the most benefits to older adults’ health. Notably, modifications in

vaccination such as with mTOR inhibitors show immediate clinical relevance

and good tolerability. Other proposed treatments, including therapies with

monoclonal antibodies fail to show clinical efficacy or tolerability needed for

implementation at present. Although T-cell co-signaling fits a valuable niche for

translational scientists to manage immunosenescence, future study would

benefit from the inclusion of older adults with multiple long-term conditions

and polypharmacy, ensuring better applicability to actual patients seen in

clinical settings.
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1 Introduction

A “silver bullet” targeting multiple facets of the ageing phenotype would revolutionize

the field of ageing medicine. Immune system dysregulation with age, known also as

immunosenescence, is one such target for universally treating the consequences of ageing

(1). Immunosenescence has been linked to worsened infection control, insufficient
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vaccination response, reduced tumor surveillance, and a

paradoxical increase in rates of autoimmunity in older adults

(2, 3). Links between immunosenescence and other aspects of the

ageing phenotype continue to be explored (4). Questions remain

whether targeted reversal of immune ageing at a cellular level can

produce clinically relevant effects.

This review aims to provide physician scientists with an

overview of translationally relevant research relating to T-cell co-

receptor signaling in age, including discussions around applicability

and feasibility of proposed treatments. A summary of normal

immune cell interactions will be described, as well as a brief

overview of general age-related changes in the immune system.

More detailed illustration of functions, changes with age, and

clinical relevance of four key co-receptors (CD28, ICOS, CTLA-4

and PD-1) will then be described, as opposed to a comprehensive

summary of all co-receptor changes with age.
2 Overview of age-related changes in
the immune system

Although describing all known aberrations in the ageing immune

system is unfortunately beyond the scope of this review, some

contextualization remains valuable. Breaking down of normal

intercellular signaling in the innate immune system occurs in a

complicated web of immune alterations including, non-exhaustively,

shifting T-lymphocyte subsets, B-cell dysfunction and dysregulated

cytokine production (3). T-cell co-receptor expression patterns and

signaling therefore serve as one of many interlinked changes in an

ageing immune system and should be considered as such.

Changes occur in both the innate and adaptive immune system

with age, though it is aberrations in the latter that will make up the

focus of this review. B-lymphocytes and T-lymphocytes are the key

cells in the adaptive immune system. Under normal circumstances,

a “first signal” is produced by an antigen presenting cells (APC)

presenting a novel antigen on its major histocompatibility complex

(MHC) to the T-cell receptor (TCR) on the T-lymphocyte.

Response to the antigen is dependent on the “second” signal or

“co-signal”, arising from receptor-ligand interactions between the

T-lymphocyte and the APC. Second signals can either encourage

response to the novel antigen, co-stimulation, or encourage

tolerance and prevent a response, co-inhibition. Balancing these

two opposing signals allows for a strong immune response to

threatening antigens, whilst allowing tolerance to self-antigens.

Figure 1 demonstrates in more detail how this sophisticated

process devolves with age.
3 Changes in ageing

3.1 Co-stimulatory molecules

3.1.1 CD28
CD28 is part of the wider B7-superfamily of receptors, serving

as a primary co-stimulatory signaling molecule on T-cells. When
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activated by its complementary ligands CD80 and CD86 on the

APC, CD28 enhances proliferation and promotes the production

pro-inflammatory cytokines in response to an antigen. Moreover,

CD28 employs autocrine signaling via IL-2 to sustain and enhance

its cell surface expression upon activation, thereby prolonging its

functional capacity (5).

CD28 is almost ubiquitously expressed on T-lymphocytes in

younger subjects, however a noticeable pattern of reduced

expression emerges with age (6, 7). This decline in CD28 cell

surface expression begins early in the ageing process, leading to a

reversible CD28null state, before progression to an irreversible loss,

forming a permanent CD28null state. Mechanistically, CD28 loss is

attributed to a direct translational blockade at the promoter region

of the CD28 gene, though deciphering the exact mechanistic cause

of this age-related translational blockade is challenging (8).

CD28null cells exhibit an “exhausted” phenotype, characterized

by terminally differentiated, anergic T-cells with shortened

telomeres (9–11). Cellular exhaustion occurs naturally as cells

approach their Hayflick limit (the maximum number of times a

cell can divide before reaching replicative senescence) during the

cellular ageing process. The process of exhaustion can be

accelerated when T-cells are required to be active over a

prolonged period of time, notably seen in T-cells involved in

preventing the reactivation of chronic viral infections such as

Cytomegalovirus (CMV) and varicella zoster (VZV) (12–16). The

immune system uses significant resources throughout life to prevent

reactivation, leading to an increased rate of immune cell

proliferation and subsequent exhaustion with loss of excitatory

checkpoint receptors (12–16).

Another potential contributing factor to CD28 decline is

increased exposure to inflammatory cytokines with ageing,

relating to the inflammageing phenomenon. These cytokines can

directly trigger a transcriptional blockade; TNF-a in particular

appears the most probable causative cytokine in this process

(17–20).

Additionally, cell surface expression alone fails to capture the

full scope of changes in CD28 function with age. Even in cells where

CD28 expression is maintained, functional deficits can arise from

an inability to relocate CD28 to the immune synapse, the crucial site

of antigen presentation (21). Ineffective cholesterol efflux

mechanisms in aged T-lymphocytes cause stiffening of the

phospholipid bilayer, hindering the migration of CD28 to the

immune synapse upon activation (22). Consequently, there is a

functional loss of CD28 co-stimulation despite retention of cell

surface expression. (22).

3.1.1.1 Modifying CD28 expression in ageing

Preventing CD28 loss could be the key strategy to combat

immunosenescence. Simple interventions may include vitamin E

supplementation, which could potentially increase IL-2 production

and thus cause CD28 upregulation (23). Another approach to

explore would be the dietary use of high-density lipoproteins

(HDL) which can improve membrane fluidity in T-cells.

Increased fluidity would allow for improved CD28 migration to

the immune synapse (22). While the available evidence for HDL
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treatment in older T-cells in vitro has been somewhat

underwhelming when compared to younger T-cells, it still

showed modest functional gains in both groups (22).

High intensity interval training (HIIT), which involves short

bursts of intense exercise followed by periods of rest, has shown

promise as an intervention. HIIT may selectively mobilize

CD28null cells from peripheral tissues and encouraging their

apoptosis, and hence clearing them from circulation and allowing

for the expansion of more functional CD28+ cells. Importantly,

HIIT offers a non-pharmacological or dietary-based intervention

for immune ageing (24).

Medical interventions aimed at targeting chronic viral exposure

are crucial towards the prevention or improved management of

infections in the later stages of life. Vaccination for VZV is available
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and clinically effective, however CMV, which is suspected to be the

larger contributor of T-cell exhaustion and CD28 loss, remains

without an approved vaccination. Promising CMV vaccines are

currently under investigation in trials, however (25). Where

prevention is not possible, management of chronic viral infections

continues to be a clinical challenge. Letermovir, a CMV antiviral

medication commonly used in a transplant setting, has good

tolerability and minimal few side effects (26). While the use of

antiviral medications for preventing immunosenescence has yet to

be formally explored, it presents an exciting avenue worthy

of investigation.

Interventions aimed at modifying cytokine pathways hold

potential, though are currently at an experimental stage. As an

example, upregulating IL-21 could promote direct upregulation of
FIGURE 1

Diagrams showing a simplified representation of normal co-signaling seen in the young (top) and the changes seen in ageing (bottom). “+” with the
dark green dotted line represents positive co-signaling and “-” with the dark red dotted line represents negative co-signaling. Abbreviations:
inducible T-cell co-stimulator (ICOS), cytotoxic T-lymphocyte associated protein 4 (CTLA-4), programmed death receptor-1 (PD-1), cluster of
differentiation 28 (CD28), T-cell receptor (TCR), cluster differentiation 3 (CD3), major histocompatibility molecule (MHC), cluster differentiation 80
(CD80), cluster differentiation 86 (CD86), inducible T-cell costimulatory ligand (ICOS-L), programmed death receptor ligand-1 (PD-1L). Created with
BioRender.com.
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CD28 at a transcriptional level (27). While drugs targeting the IL-21

pathway are coming into use in the management of certain

malignancies, there are no studies directly utilizing them to

manage immunosenescence (28).

Radical removal of CD28null cells allows offers an interesting

approach, as it would theoretically allow for creation of an

“immunological space” for naïve CD28+ cells to expand. Notably,

CD28null cells do not contain unique clonotypes, so in vitro studies

have suggested that their removal should not impact immunological

memory (16). However, no methods of CD28null removal in vivo

currently exist, so this work remains largely hypothetical.

3.1.2 Inducible co-stimulator
Inducible co-stimulator (ICOS), another member of the B7-

superfamily, serves as the second most important co-stimulation

molecule. Upon T-cell activation, ICOS expression is upregulated

and provides a positive co-signal by interacting with its ligand

ICOS-L (B7-H2) on APCs. Evidence surrounding ICOS expression

with age is mixed. While reduced ICOS expression in aged T-cells

compared to young T-cells has been demonstrated, other studies

show ICOS potentially compensates for CD28 loss in progressive

population doublings, becoming the predominant co-signaling

molecule in this context (29–35).

3.1.2.1 Modifying ICOS expression in ageing

ICOS remains relatively under-explored from a translation

perspective. However, a promising in vivo study in older adults

exposed to higher-dosage influenza vaccination showed enhanced

clinical protection, likely via increased ICOS expression in CD4+ T-

cells (36).

A further intriguing concept is targeting of the dual specific

phosphatase 4 (DUSP4). DUSP4 is a stress and activation-induced

phosphatase which acts to reduce expression of ICOS. Vaccination

counterintuitively reduces ICOS expression in older adults, which

appears to be related to an upregulation of DUSP4 (33). DUSPs are

a potential drug target emerging in the oncology field and hence

may open-up new ways to modify vaccination in older adults in the

future (37). However, a degree of caution may be required as global

phosphatase inhibitors that are non-specific to co-receptors may

cause changes, both positive and negative, to the ageing physiology.
3.2 Co-inhibitory molecules

3.2.1 Cytotoxic T-lymphocyte associated
protein 4

Cytotoxic T-lymphocyte associated protein 4 (CTLA-4) is an

important co-inhibitory signal in T-cells. As part of the

immunoglobulin superfamily, CTLA-4 competes with CD28 for its

co-ligands CD80/CD86 on APCs. Upon TCR activation, increased

CTLA-4 expression is stimulated, serving to dampen the immune

response. In general, CTLA-4 expression increases with age. CD28

loss with age correlates with a gain in CTLA-4, compounding the

negative effects on T-cell signaling (5, 20, 32, 34, 38–40). However,
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some studies disagree with this conclusion, indicating a loss of CTLA-

4 with age, although this effect was limited to the CD8+ T-cell subset

(30, 41).

3.2.1.1 Cytotoxic T-lymphocyte associated protein 4

At the present time, evidence is sparse for interventions

targeting CTLA-4 in the context of immunosenescence.

Horticultural therapy, the use of gardening for health and

rehabilitation, decreases CTLA-4 expression in older adults,

possibly via reduction of circulating IL-6 (42). However, this

conclusion has emerged only from a small pilot study (42). The

use of CTLA-4 monoclonal antibodies allows for a more direct

blockade of CTLA-4. Unfortunately, studies in older adults in

cancer trials reflect mixed results from the clinical use of this

approach. Various factors, including gut microbiome, are thought

to affect efficacy of the treatment, which complicates application to

wider patient groups (43). Further investigation at a pre-clinical and

clinical investigations level is required to explore CTLA-4’s

potential as a target for managing age-related immune dysfunction.

3.2.2 Programmed cell death protein 1
Programmed cell death protein-1 (PD-1) plays dual roles in T-

cell function, serving as both a co-inhibitory receptor and a

coordinator of apoptosis. Upregulation of PD-1 occurs with TCR

activation, providing a negative co-signal upon cross-linking with

PD-1 ligand (PD-1L) or PDL-2, both of which are members of the

extended CD28-superfamily.

PD-1 expression tends to increase with age. Similar to CD28,

there is ongoing debate surrounding whether increased PD-1

expression arises from an “exhausted” phenotype or if age itself

independently drives the upward trend in expression (44). Some

evidence suggests that PD-1 cell surface expression does increase

with age, even when accounting for factors such as CMV

seropositivity (5, 32, 45). Irrespective of the exact cause, increased

PD-1 expression significantly contributes to immunosenescence, as

demonstrated elegantly by in vitro experiments that showed

significantly improved proliferative response and antigen binding

in aged T-cells exposed to PD-1-blockade (46–48).

3.2.2.1 Programmed cell death protein 1

PD-1 has garnered substantial translational interest, this a

reflection of the successes of immune checkpoint therapies across

various clinical fields, most prominently oncology. Preventing PD-1

overexpression through interventions in earlier life offers a

conservative management option for promoting a robust immune

system in later life. Avoiding adiposity and a sedentary lifestyle in

middle age offsets immunosenescence in older age, notably by

reducing PD-1 (24). offsetting the adverse effects of chronic viral

infections such as CMV and VZV may help avoid the exhausted T-

cell phenotype that is functionally associated with immune decline

with ageing, similar to CD28 (48).

Pharmaceutical options for modifying PD-1 exist through

mTOR inhibitors, a very prominent drug class in the senescence

and ageing fields. A randomized controlled trial of an mTOR
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inhibitor (RAD001, also known as Everolimus) in influenza vaccine

response in older adults showed significantly improved antibody

titres in participants randomized to treatment group (49). This

correlated to lower PD-1 expression post-vaccination in the

treatment group compared to baseline. Moreover, adverse events

in the treatment group were limited and comparable to the control

group during the 6-week trial period, indicating a favorable safety

profile. More invasive pharmaceutical options exist through PD-1

monoclonal antibodies, such as Nivolumab (43). While these

antibodies are more targeted than mTOR inhibitors, they exhibit

worse efficacy and more significant adverse events in older adults

than younger counterparts (50). Postulated reasons for lack of

efficacy of Nivolumab in older adults includes lack of concurrent

CD28 expression, which evidence indicates needs to be maintained

for full benefit of the treatment.
4 Discussion

Co- receptor signaling in normal human ageing presents with

reduced expression and function of co-excitatory signals from

CD28 and ICOS, and a concurrent increase in co-inhibitory

signaling via CTLA-4 and PD-1. Treatments that recover co-

receptor signaling in age to alleviate the ageing phenotype

remains largely theoretical, with only some relating to vaccination

offering immediate clinical relevance.

Limited options exist that could immediately integrate into

clinical practice. Simple interventions in vaccination that improve

clinical protection, such as using higher dosage vaccinations, would

be easily implementable at a large scale (51). Use of mTOR

inhibitors in vaccination also has some of the best evidence of

clinical efficacy, tolerability and potential for imminent use (49).

Although the intervention was well tolerated, with few adverse

effects compared to control, older adults in a standard clinical

setting experience polypharmacy, putting them at higher risk of side

effects compared to the study population. The aforementioned

interventions, though encouraging, fail to fill the role as a “silver

bullet” succeeding only in improving vaccination response.

Other interventions, including horticultural therapy, HIIT and

maintaining a non-sedentary lifestyle, benefit from their non-

pharmacological nature and ease of application. However, these

interventions show only modest biochemical improvements in co-

signaling and lack evidence of clinical outcomes. Future studies

would benefit from combining biochemical outcomes with clinical

outcomes, for example vaccination response or rates of infections.

Novel treatments are travelling down the pipeline. Monoclonal

antibody therapies possess significant drawbacks, including adverse

events and reduced efficacy in old adults (43, 50). However, they are

highly targeted treatments and with optimization of dosages and

treatment regimens, they may prove to be the aforementioned

“silver bullet” for co-signaling in older adults. But much work

needs to be completed before this is the case.

Transferring findings of this review to clinical practice presents

limitations. Focusing only on healthy older adults limits its

applicability to a more typical older adult seen in a healthcare
Frontiers in Immunology 05
setting, who increasingly suffer from multiple long-term conditions

and polypharmacy. It may indeed be the case that the evidence

underestimates both the changes that occur in co-signaling with age

and the effectiveness of interventions, as patients included are more

immunologically competent due to their good health. Older adults

may struggle to practically engage in treatments including exercise

regimens or horticultural therapy due to underlying conditions, or

to regularly attend hospital appointments for monoclonal antibody

infusions. Therefore, the interventions offered in this review need

contextualizing to the patient cohort and the risk-benefit of treating

seriously considered.

Normal human ageing presents complex changes to T-cell co-

signaling and in the immune system as a whole and certainly further

characterizing of these changes is needed. Clinical relevance of T-

cell co-signaling changes are still being revealed.
5 Conclusion

Changes occurring within co-receptor signaling in normal

human ageing continues to be an under-researched area. Clinical

relevance of co-signaling changes also requires require further

exploration. Some treatments, notably mTOR inhibitors in

vaccination, show more immediate clinical relevance. Finally, all

further studies would benefit from the inclusion of older adults with

multiple long-term conditions and polypharmacy, ensuring better

applicability to how patients in this age group present in

clinical settings.
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5. Moro-Garcıá MA, Alonso-Arias R, López-Larrea C. Molecular mechanisms
involved in the aging of the T-cell immune response. Curr Genomics (2012) 13:589–
602. doi: 10.2174/138920212803759749

6. Kovaiou R, Weiskirchner L, Keller M, Pfister G, Cioca D, Grubeck- Loebenstein B.
Age-related persistent clonal expansions of CD28(-) cells: phenotypic and molecular tcr
analysis reveals both CD4(+) and CD4(+)CD8(+) cells with identical CDR3 sequences.
Clin Immunol Immunopathol (1998) 89:61–70. doi: 10.1006/clin.1998.4580

7. Vallejo A. CD28 extinction in human T cells: altered functions and the program of
T-cell senescence. Immunol Rev (2005) 205:158–69. doi: 10.1111/j.0105-
2896.2005.00256.x

8. Vallejo A, Nestel A, Shirmer M, Weyand C, Goronzy J. Aging-related deficiency
of CD28 expression in CD4+ T cells is associated with the loss of gene-specific
nuclear factor binding activity. J Biol Chem (1998) 273:8119–29. doi: 10.1074/
jbc.273.14.8119

9. Kovaiou R, Weiskirchner I, Keller M, Pfister G, Cioca D, Grubeck- Loebenstein B.
Age-related differences in phenotype and function of CD4+ T cells are due to a
phenotypic shift from naive to memory effector CD4+ T cells. Int Immunol (2005)
17:1359–66. doi: 10.1093/intimm/dxh314

10. Henson S, Franzese O, Macaulay R, Libri V, Azevedo R, Kiani-Alikhan S, et al.
Kirg1 signalling induces defective akt (Ser473) phosphorylation and proliferative
dysfunction of highly differentiated CD8+ T cells. Blood (2009) 113:6619–28. doi:
10.1182/blood-2009-01-199588

11. Henson S, Riddell N, Akbar A. Properties of end-stage human T-cells defined by
cd45ra re-expression. Curr Opin Immunol (2012) 24:476–81. doi: 10.1016/
j.coi.2012.04.001

12. Merino J, Martinez-Gonzalez M, Rubio M, Inoges S, Sanchez-Ibarrola A, Subira
M. Progressive decrease of CD8high+ CD28+ CD57- cells with ageing. Clin Exp
Immunol (1998) 112:48–51. doi: 10.1046/j.1365-2249.1998.00551.x

13. Looney R, Falsey A, Campbell D, Torres A, Kolassa J, Brower C, et al. Role of
cytomegalovirus in the T cell changes seen in elderly individuals. Clin Immunol (1999)
90:213–9. doi: 10.1006/clim.1998.4638

14. Olsson J, Wikby A, Johansson B, Lofgren S, Nilsson B, Ferguson F. Age-related
change in peripheral blood T-lymphocyte subpopulations and cytomegalovirus
infection in the very old: the Swedish longitudinal octo immune study. Mech Ageing
Dev (2000) 121:187–201. doi: 10.1016/S0047-6374(00)00210-4

15. Vescovini R, Telera A, Fagnoni F, Biasini C, Medici MC, Valcavi P, et al.
Different contribution of EBV and CMV infections in very long-term carriers to age-
related alterations of CD8+ T cells. Exp Gerontol (2004) 39:1233–43. doi: 10.1016/
j.exger.2004.04.004

16. Weinberger B, Welzl K, Herndler-Brandstetter D, Parson W, Grubeck-
Loebenstein B. CD28(-)CD8(+) T cells do not contain unique clonotypes and are
therefore dispensable. Immunol Lett (2009) 127:27–32. doi: 10.1016/j.imlet.2009.08.008

17. Lewis D, Merched-Sauvage M, Goronzy J, Weyand C, Vallejo A. Tumor necrosis
factor-alpha and CD80 modulate CD28 expression through a similar mechanism of T-
cell receptor-independent inhibition of transcription. J Biol Chem (2004) 279:29130–8.
doi: 10.1074/jbc.M402194200
18. Chiu WK, Fann M, Weng N-P. Generation and growth of cd28nullcd8+
Memory T cells mediated by il-15 and its induced cytokines. J Immunol (2006)
177:7802–10. doi: 10.4049/jimmunol.177.11.7802

19. Parish S,Wu J, Effros R. Modulation of T lymphocyte replicative senescence via TNF-a
inhibition: role of caspase-3. J Immunol (2009) 182:4237–43. doi: 10.4049/jimmunol.0803449

20. Parish S, Wu J, Effros R. Sustained CD28 expression delays multiple features of
replicative senescence in human cd8 T lymphocytes. J Clin Immunol (2010) 30:798–
805. doi: 10.1007/s10875-010-9449-7

21. Larbi A, Dupuis G, Khalil A, Douziech N, Fortin C, Fulop T. Differential role of
lipid rafts in the functions of cd4+ and cd8+ Human T lymphocytes with aging. Cell
Signal (2006) 18:1017–30. doi: 10.1016/j.cellsig.2005.08.016

22. Tomoiu A, Larbi A, Fortin C, Dupuis G, Fulop T. Do membrane rafts contribute
to human immunosenescence? Anna Ny Acad Sci (2007) 1100:98–110. doi: 10.1196/
annals.1395.008

23. Wu D, Meydani S. Age-associated changes in immune function: impact of
vitamin E intervention and the underlying mechanisms. Endocr Metab Immune Disord
Drug Targets (2014) 14:283–289. doi: 10.2174/1871530314666140922143950

24. Padilha C, Figueiredo C, Minuzzi L, Chimin P, Deminice R, Krüger K, et al.
Immunometabolic responses according to physical fitness status and lifelong exercise
during aging: new roads for exercise immunology. Ageing Res Rev (2021) 68:101341.
doi: 10.1016/j.arr.2021.101341

25. Plotkin S, Wang D, Oualim A, Diamond D, Kotton C, Mossman S, et al. The
status of vaccine development against the human cytomegalovirus. J Infect Dis (2020)
221:S113–22. doi: 10.1093/infdis/jiz447

26. Asari K, Ishii M, Yoshitsugu H, Wakana A, Fancourt C, Yoon E, et al.
Pharmacokmetics, safety, and tolerability of letermovir following single and multiple
dose administration in healthy Japanese subjects. Clin Pharmacol Drug Dev (2022)
11:938–48. doi: 10.1002/cpdd.1081

27. Nguyen H, Weng N-P. Il-21 preferentially enhances ii.-15-mediated homeostatic
proliferation of human CD28+ CDS memory T cells throughout the adult age span. J
Leukoc ̧ Bio (2010) 87:43–9. doi: 10.1189/jlb.0209086

28. Stolfi C, Pallone E, Macdonald T, Monteleone G. Interleukin-21 in cancer
immunotherapy: friend or foe? Oncoimmunol (2012) 1:351–4. doi: 10.4161/onci.19122

29. Pawelec G. Hypothesis: loss of telomerase inducibility and subsequent replicative
senescence in cultured human T cells is a result of altered costimulation. Mech Ageing
Dev (2001) 121:181–5. doi: 10.1016/S0047-6374(00)00209-8

30. Godlove J, Chiu WK, Weng N-P. Gene expression and generation of cD28-CD8
T cells mediated by interleukin 15. Exp Gerontol (2007) 42:412–5. doi: 10.1016/
j.exger.2006.11.015

31. Jylhävä J, Eklund C, Jylhä M, Hervonen A, Hurme M. Expression profiling of
immune-associated genes in peripheral blood mononuclear cells reveals baseline
differences in co-stimulatory signalling between nonagenarians and younger controls:
the vitality 90+ Study. Biogerontol (2010) 11:671–7. doi: 10.1007/s10522-010-9274-7

32. Lefebvre J, Haynes L. Aging of the cd4 T cell compartment. Open Longev Sci
(2012) 1:83–91. doi: 10.2174/1876326X01206010083

33. Yu M, Li G, Lee W, Yuan M, Cui D, Weyand C, et al. Signal inhibition by the
dual-specific phosphatase 4 impairs T cell-dependent B-cell responses with age. Proc
Natl Acad Sci USA (2012) 109:E879–88. doi: 10.1073/pnas.1109797109

34. Canaday D, Parker K, Aung H, Chen H, Nunez-Medina D, Burant C. Age-
dependent changes in the expression of regulatory cell surface ligands in activated
human T-cells. BMC Immunol (2013) 14:45. doi: 10.1186/1471-2172-14-45

35. Gardner J, Mamotte C, Jackaman C, Nelson D. Modulation of dendritic cell and
T cell cross-talk during aging: the potential role of checkpoint inhibitory molecules.
Ageing Res Rev (2017) 38:40–51. doi: 10.1016/j.arr.2017.07.002

36. Merani S, Pawelec G, Kuchel G, Mcelhaney J. Impact of aging and
cytomegalovirus on immunological response to influenza vaccination and infection.
Front Immunol (2017) 8:784. doi: 10.3389/fimmu.2017.00784
frontiersin.org

https://doi.org/10.1016/j.exger.2017.10.024
https://doi.org/10.1007/s00281-020-00806-z
https://doi.org/10.1038/s41392-023-01451-2
https://doi.org/10.1038/s41392-023-01451-2
https://doi.org/10.1038/npjamd.2015.5
https://doi.org/10.2174/138920212803759749
https://doi.org/10.1006/clin.1998.4580
https://doi.org/10.1111/j.0105-2896.2005.00256.x
https://doi.org/10.1111/j.0105-2896.2005.00256.x
https://doi.org/10.1074/jbc.273.14.8119
https://doi.org/10.1074/jbc.273.14.8119
https://doi.org/10.1093/intimm/dxh314
https://doi.org/10.1182/blood-2009-01-199588
https://doi.org/10.1016/j.coi.2012.04.001
https://doi.org/10.1016/j.coi.2012.04.001
https://doi.org/10.1046/j.1365-2249.1998.00551.x
https://doi.org/10.1006/clim.1998.4638
https://doi.org/10.1016/S0047-6374(00)00210-4
https://doi.org/10.1016/j.exger.2004.04.004
https://doi.org/10.1016/j.exger.2004.04.004
https://doi.org/10.1016/j.imlet.2009.08.008
https://doi.org/10.1074/jbc.M402194200
https://doi.org/10.4049/jimmunol.177.11.7802
https://doi.org/10.4049/jimmunol.0803449
https://doi.org/10.1007/s10875-010-9449-7
https://doi.org/10.1016/j.cellsig.2005.08.016
https://doi.org/10.1196/annals.1395.008
https://doi.org/10.1196/annals.1395.008
https://doi.org/10.2174/1871530314666140922143950
https://doi.org/10.1016/j.arr.2021.101341
https://doi.org/10.1093/infdis/jiz447
https://doi.org/10.1002/cpdd.1081
https://doi.org/10.1189/jlb.0209086
https://doi.org/10.4161/onci.19122
https://doi.org/10.1016/S0047-6374(00)00209-8
https://doi.org/10.1016/j.exger.2006.11.015
https://doi.org/10.1016/j.exger.2006.11.015
https://doi.org/10.1007/s10522-010-9274-7
https://doi.org/10.2174/1876326X01206010083
https://doi.org/10.1073/pnas.1109797109
https://doi.org/10.1186/1471-2172-14-45
https://doi.org/10.1016/j.arr.2017.07.002
https://doi.org/10.3389/fimmu.2017.00784
https://doi.org/10.3389/fimmu.2024.1360141
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rimmer et al. 10.3389/fimmu.2024.1360141
37. Jeon TJ, Park SY, Oh SM, Kim S-J, Ryu SE. Discovery of novel dusp4 inhibitors
through the virtual screening with docking simulations. Bull Korean Chem Soc (2014)
35:2655–9. doi: 10.5012/BKCS.2014.35.9.2655

38. Pawelec G, Effros R, Caruso C, Remarque E, Barnett Y, Solana R. T cells and
aging (Update February 1999). Front Biosci (1999) 1:D216–69. doi: 10.2741/pawelec

39. Pawelec G, Hirokawa K, Fulop T. Altered T cell signalling in ageing.Mech Ageing
Dev (2001) 122:1613–37. doi: 10.1016/S0047-6374(01)00290-1

40. Leng Q, Bentwich Z, Borkow G. Ctla-4 upregulation during aging. Mech Ageing
Dev (2002) 123:1419–21. doi: 10.1016/S0047-6374(02)00077-5

41. Trzonkowski P, Mysliwska J, Szmit E, Zak M, Foerster J, Mysliwski A. Lower
percentage of CD8(High+)CD152(+) but not cd8(High+)Cd28(+) T lymphocytes in
the elderly may be reverted by interleukin 2 in vitro.Mech Ageing Dev (2002) 123:1283–
93. doi: 10.1016/S0047-6374(02)00016-7

42. Wong GCL, Ng TKS, Lee JL, Lim PY, Chua SKJ, Tan C, et al. Horticultural
therapy reduces biomarkers of immunosenescence and inflammaging in community-
dwelling older adults: A feasibility pilot randomized controlled trial. J Gerontol A Biol
Sci Med Sci (2021) 76:307–17. doi: 10.1093/gerona/glaa271

43. Aiello A, Farzaneh F, Candore G, Caruso C, Davinelli S, Gambino C, et al.
Immunosenescence and its hallmarks: how to oppose aging strategically? A review of
potential options for therapeutic intervention. Front Immunol (2019) 10:2247. doi:
10.3389/fimmu.2019.02247

44. Wang D, Du J, Song Y, Wang B, Song R, Hao Y, et al. CD70 contributes to age-
associated T cell defects and overwhelming inflammatory responses. Aging (2020)
12:12032–50. doi: 10.18632/aging.103368
Frontiers in Immunology 07
45. Macaulay R, Riddell N, Griffiths S, Akbar A, Henson S. Differing HLA types
influence inhibitory receptor signalling in cmv-specific CD8+ T cells. Hum Immunol
(2013) 74:302–9. doi: 10.1016/j.humimm.2012.11.014

46. Henson S, Macaulay R, Franzese O, Akbar A. Reversal of functional defects in
highly differentiated young and old cd8 T cells by PDL blockade. Immunol (2012)
135:355–63. doi: 10.1111/j.1365-2567.2011.03550.x

47. Henson S, Macaulay R, Riddell N, Nunn C, Akbar A. Blockade of pd-1 or
P38 map kinase signalling enhances senescent human CD8(+) T-cell proliferation
by distinct pathways. Eur J Immunol (2015) 45:1441–51. doi: 10.1002/
eji.201445312

48. Weinberg A, Canniff J, Rouphael N, Mehta A, Mulligan M, Whitaker J, et al.
Varicella-zoster virus-specific cellular immune responses to the live attenuated zoster
vaccine in young and older adults. J Immunol (2017) 199:604–12. doi: 10.4049/
jimmunol.1700290

49. Mannick J, Del Giudice G, Lattanzi M, Valiante N, Praestgaard J, Huang B, et al.
mTOR inhibition improves immune function in the elderly. Sci Transl Med (2014)
6:268ra179. doi: 10.1126/scitranslmed.3009892

50. Huang X, Tian T, Zhang Y, Zhou S, Hu P, Zhang J. Age-associated changes in
adverse events arising from anti-PD-(L) 1 therapy. Front Oncol (2021) 11:619385. doi:
10.3389/fonc.2021.619385

51. Kennedy R, Ovsyannikova I, Haralambieva I, Oberg A, Zimmermann MT, Grill
D, et al. Immunosenescence-related transcriptomic and immunologic changes in older
individuals following influenza vaccination. Front Immunol (2016) 7:450. doi: 10.3389/
fimmu.2016.00450
frontiersin.org

https://doi.org/10.5012/BKCS.2014.35.9.2655
https://doi.org/10.2741/pawelec
https://doi.org/10.1016/S0047-6374(01)00290-1
https://doi.org/10.1016/S0047-6374(02)00077-5
https://doi.org/10.1016/S0047-6374(02)00016-7
https://doi.org/10.1093/gerona/glaa271
https://doi.org/10.3389/fimmu.2019.02247
https://doi.org/10.18632/aging.103368
https://doi.org/10.1016/j.humimm.2012.11.014
https://doi.org/10.1111/j.1365-2567.2011.03550.x
https://doi.org/10.1002/eji.201445312
https://doi.org/10.1002/eji.201445312
https://doi.org/10.4049/jimmunol.1700290
https://doi.org/10.4049/jimmunol.1700290
https://doi.org/10.1126/scitranslmed.3009892
https://doi.org/10.3389/fonc.2021.619385
https://doi.org/10.3389/fimmu.2016.00450
https://doi.org/10.3389/fimmu.2016.00450
https://doi.org/10.3389/fimmu.2024.1360141
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	A silver bullet for ageing medicine?: clinical relevance of T-cell checkpoint receptors in normal human ageing
	1 Introduction
	2 Overview of age-related changes in the immune system
	3 Changes in ageing
	3.1 Co-stimulatory molecules
	3.1.1 CD28
	3.1.1.1 Modifying CD28 expression in ageing

	3.1.2 Inducible co-stimulator
	3.1.2.1 Modifying ICOS expression in ageing


	3.2 Co-inhibitory molecules
	3.2.1 Cytotoxic T-lymphocyte associated protein 4
	3.2.1.1 Cytotoxic T-lymphocyte associated protein 4

	3.2.2 Programmed cell death protein 1
	3.2.2.1 Programmed cell death protein 1



	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



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

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




