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Abstract

T cell immunity undergoes a complex and continuous remodeling with aging. Understanding those 

dynamics is essential in refining immunosuppression.

Aging is linked to phenotypic and metabolic changes in T-cell immunity, many resulting into 

impaired function and compromised effectiveness. Those changes may impact clinical 

immunosuppression with evidences suggesting age-specific efficacies of some (CNI and mTORi) 

but not necessarily all immunosuppressants.

Metabolic changes of T cells with aging have only recently been appreciated and may provide 

novel ways of immunosuppression.

Here, we provide an update on changes of T-cell immunity in aging.

Introduction

Aging is linked to systemic changes, compromising physiological reserves and an 

augmented vulnerability to stressors impacting the immune response to pathogens, cancer, 

and alloantigen.1,2 Immunosenescence represents a complex and continuous remodeling of 

specific cellular subpopulations, rather than a uniform corrosion.3 Intriguingly, the impact of 

aging is more prominent in T-cell immunity while components of innate immunity appear 

relatively well preserved.4,5 While aging causes alterations in B cells, current reports suggest 

that these changes are less pronounced.6

T cell immunity plays a critical role in host defenses to pathogens and immune responses 

against neoplasm.7 During alloimmunity, T cells play a pivotal role for both, in tolerance and 
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rejection.5 In an aging population, dynamics of T-cell immunity have gained clinical 

relevance.

Effects of aging on T-cell immunity are broad and include T-cell intrinsic and systemic 

effects with a switch of T cell phenotypes (shifting the ratio of naïve and memory T-cells) 

and declining thymic outputs.

Here, we review age-specific changes of T cells in detail focusing on the link between T cell 

senescence and response to immunosuppressants in aging. We also introduce the concept of 

utilizing age-specific aspects of T cell metabolism to achieve immunosuppression.

Dynamics of T-cell compartments in Aging

Phenotypic changes

With aging, T cell populations shift from dominantly naïve to memory subsets.8 This 

phenomenon is attributed, at least in part, to an impaired regeneration of naïve T cells as a 

consequence of thymic involution.

In the thymus, T-cell progenitors develop into mature and functional T cells prior to joining 

the peripheral T cell pool.9 Clinically, thymic involution begins already by 1 year, with a 

reduction of naïve T cells by 50% for any 15 year life-time period, leading to a significant 

reduction in thymic output of naïve T cell in the 60+ populalation.10 Antigen exposure is 

playing an additional role. In neonates, less than 1% of T cells are antigen experienced; this 

ratio increases with age and approx. 65% of T cells have encountered antigens when 

reaching 50–70 years.11,12 Notably, memory T cells are long-lived13 and T cell memory 

responses show a half-life of 8–15 years.14 Longevity of memory T cell subsets is mainly 

attributed to self-renewal rather than the life-span of individually T cells.13 In a comparable 

fashion, naïve T cells may divide and generate daughter T cells with a naïve phenotype. 

Indeed, increased homeostatic proliferation may compensate, at least in part, for the reduced 

thymic output in aging.15 Notably, proliferation rates of naïve T cells appear slower than 

those of memory T cells.16,17

In aging a limited T cell receptor (TCR) repertoire is being observed with T-cell diversity 

dropping 1000-fold in individuals >70 years.18,19 Moreover, the homeostatic proliferation of 

naïve T cells may not compensate for the declining diversity of T cell receptors (TCR). 

Thus, the predominant role of memory T cell subsets, impaired generation of naïve T cells 

and reduction in T cell diversity shape T cell immunity in aging resulting into an overall 

compromised response to new antigens.

The repetitive exposure to antigens over a life-time has also been linked to the loss of CD28 

expression on T cells. CD28 is a key co-stimulatory surface receptor that plays a critical role 

in antigen-dependent activation, proliferation and survival of T cells.20 Virtually all human T 

cells express CD28 at the time of birth. In sharp contrast, by the age of 80, 10–15% of 

peripheral blood CD4+ T cells and 50–60% of CD8+ T cells lack the expression of CD28.21 

Chronic antigen stimulation through complete TCR/CD28 engagement has been shown to 

trigger the loss of CD28 on T cells, a process that can also be observed in-vitro.22 As an 
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alternative and compensatory pathway of the classical TCR/CD28 activation, senescent T 

cells increase the de-novo expression of cytotoxic NK cell receptors.23 Intriguingly, 

increased NK receptor expression has been linked to recurrent antigenic TCR stimulation.24 

Thus, T cells appear to switch from specific, adaptive receptor profiles to characteristics that 

are typically seen in innate immune cells. Indeed, CD28- CD4+ T cells have shown a 

compromised capacity to proliferate while gaining powerful cytotoxic capacities.25 

Similarly, old CD8+ T cells acquire activating killer cell lectin-like (KLR) and killer-cell 

immunoglobulin-like receptors (KIRs).26

In contrast, the augmented expression of inhibitory receptors including PD-1 and CTLA4 on 

old T-cells may down-regulate the stimulation of TCRs. Old CD-4 T cells demonstrated an 

increased expression of inhibitory receptors in old mice (20 mths). Of note, loss of CD28 is 

accompanied by an increased gene expression of its antagonist, the CTLA-4 receptor26 

facilitating a switch towards an overall inhibitory phenotype in old T-cells.

T-cell metabolism is impacted by Aging

The metabolism of immune cells is as a critical driver of an effective immune response. 

Upon classical TCR/CD28 stimulation, metabolic reprogramming towards aerobic 

glycolysis leads to anabolic growth and the accumulation of T-cell biosynthetic precursors.27 

Aerobic glycolysis, although less efficient while providing a faster way for energy 

generation, enables T cells to respond to high energy demands. In senescent T cells, 

diminished activities of glycolytic key enzyme 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase 3 (PFKFB3) result in an altered glycolytic flux and impaired breakdown of 

glucose.28 Inhibitory receptor PD-1 regulates metabolic reprogramming of activated T cells 

by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation (FAO). In contrast, 

CTLA4 sustains the metabolic profile of nonactivated cells by inhibiting glycolysis without 

up-regulation of FAO. Thus, the accumulation of inhibitory receptors with aging may 

contribute to the impaired glycolysis in old T cells.29 However, underlying molecular 

mechanism remain unclear.

Although T cells utilize aerobic glycolysis to increase the production of ATP upon 

activation, an increase in mitochondrial respiration represents an additional important 

component for an effective response.30 With aging, mitochondrial DNA (mtDNA) mutations 

accumulate and damage mtDNA-encoded proteins, including components of the electron 

transport chain (ETC), a critical component of mitochondrial respiration.31,32 Moreover, 

dysfunctional ETC in senescent T cells fail to metabolize ADP into high-energetic ATP. 

Thus, impaired mitochondrial function and glycolysis lead to a compromised energy 

production in activated old T cells (Figure 1).33 In support, naïve CD4+ T cells isolated from 

old mice have shown a compromised capacity to meet metabolic demands when activated, 

resulting into either reduced lactate production or compromised autophagy.34

Alterations in energy generation lead to changes in the cellular redox state linked to the 

generation of oxidants and reductive molecules. Interestingly, oxidative respiration in 

mitochondria represents the major source of reactive oxygen species (ROS).35 Moreover, 

compromised coupling between electron transportation and ATP production gives rise to an 

augmented mtROS leakage in senescent T cells. The accumulatio of mtROS, however, is met 
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by compensatory mechanisms and cellular H2O2 and superoxide levels appear to increase 

less in activated old compared to young T cells.36 In support, experimental data have shown 

that old murine T-lymphocytes are more resistant to oxidative damage.37 TCR-dependent 

mtROS release is reduced in senescent CD4+ T cells, at least in part linked to an enhanced 

activity of the anti-oxidative pentose phosphate pathway (PPP)36 and an accumulation of 

NADPH and precursors of nucleotides. The overwhelming production of NADPH provides 

senescent T cells with an abundant resource of glutathione, capable to scavenge mtROS. 

Moreover, inhibition of PPP in senescent T cells reduced intracellular NADPH and GSH 

concentrations.36 Thus, the relative reduction of mtROS in old T-cells limits the damage of 

intracellular DNA, proteins and lipids.38,39 Hence, there is a fine balance of uncontrolled 

oxidative activity linked to various pathological conditions and the potential to compensate 

mtROS accumulation in old T-cells through protective metabolic pathways40 (Figure 1).

Functional T-cell changes in aging

Memory T cells have less strict requirements for stimulation and can produce a broader set 

of cytokines.41,42 Besides, CD28- T cells gain an increased expression of lymphocyte 

function-associated antigen 1(LFA-1) and NKRs further reducing the activation threshold of 

these cells.43 Yet aging impairs the proliferation and effector function of activated T cells.

IL-2 is critical for antigen-driven clonal expansion of activated T cells.44 Old CD4+ T cells 

stimulated with alloantigens have shown an impaired IL-2 production45 while the capacity 

of CD4+ T cells to produce IL-2 declines with aging.46,47 Of note, compromised CD4+ 

proliferation can be restored by exogenous IL-2 in an age-independent fashion.48 Similarly, 

virus-specific old mouse memory CD8+ T cells showed a compromised IL-2 production and 

limited proliferation. The impaired production of IL-2 in old T cells may also be attributed 

to an age-specific loss of CD-28 as the costimulatory signal is critical for the activation of T 

cells and their subsequent production of IL-2.49 Moreover, age-specific changes in T-cell 

metabolism may also play a role through the inhibition of the nuclear translocation of NFAT 

and NF-κB, both key transcription factors to produce IL-2.

An imbalance between Th1 and Th2 responses is getting prominent in aging and some 

reports have linked aging to a declining Th1/Th2 ratio.50–52 Notably, counts for both, Th1 

and Th2 cells increase with age, mainly attributed to the memory-dominant phenotype of old 

T cells. CD28-CD8+ T cells have shown to generate cytotoxic effectors, including granzyme 

B, perforin (PRF1) and IFN-gamma.53 Nevertheless, there appears to be an age-related 

defect of CD8+ T cell in response to viral infections or tumor antigens54 with significantly 

reduced subsets of naïve T-cells. Moreover, a limited TCR diversity contributes largely to 

age-specific defects of CD8+ T cell response.54 Of note, the generation of CD8+ mediated 

cell toxicity requires help from CD4+ T cells.55 Thus, the impaired antigen-specific 

response of CD28-CD8+T cells may be linked, at least in part, to the age-related 

compromised efficacy of old CD4+ T cells.

Regulatory T cells (Tregs) play a crucial role in the preservation of immune tolerance and 

prevention of exacerbated immune responses to foreign antigens.56 A lack of Tregs that 

express CD4, CD25 and FOXP3 have resulted in severe autoimmunity in experimental and 

clinical models.57 The impact of aging on the number of Tregs remains controversial and 

Nian et al. Page 4

Transplantation. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



both increasing and decreasing numbers of Tregs have been reported.58–62 T-reg functions 

also change with aging, although not uniformly. CD4+CD25+ Tregs from old mice 

displayed significantly lower inhibiting capacities on alloantigen-induced delayed-type 

hypersensitivity responses or on IL-2 and IFNγ production, however prevented the 

proliferation of effector T cells in an age-independent fashion.60

Responses to Immunosuppressants

Age-related changes in T cell immunity shape a distinct alloimmune response. In general, 

older organ transplant recipients have less acute rejections. Of relevance, the most frequent 

causes of death in older transplant recipients are linked to impaired immune responses 

towards pathogens and tumors making older recipients more susceptible to infections and 

malignancies.2,3

Calcineurin is a serine-threonine phosphatase that is involved in the transduction of the TCR 

signal in activated T cells through dephosphorylating NFAT, leading to its translocation from 

cytoplasm to the nucleus. Cyclosporine A (CsA) and Tacrolimus (TRL) are established CNIs 

which inhibit calcineurin activity through binding the immunophilins Cycophilin and 

immunophilin FK506 binding protein 12 (FKBP12), respectively. As a consequence of 

inhibiting calcineurin, phosphorylated NFAT is not translocated into the nucleus upon TCR 

stimulation, blocking key genes implicated in T cell activation.63 It’s known that calcineurin 

activity declines with aging.64 We have observed comparable calcineurin levels in naïve 

CD4+ T cell from young and old healthy volunteers. However, treatment with TAC resulted 

into a a dramatically reduced influx of Ca2+ and diminished calcineurin level.65 This age-

specific effect on TAC on Ca2+ metabolism and calcineurin pathways leads to a more robust 

inhibition of IL-2 production with augmented antiproliferative capacities on old CD4+ T 

cells. Meanwhile, CD8+ T cells depletion did not impact our observed age-specific effects of 

TAC, indicating the age-specific effects were mainly mediated by CD4+T cells.65 Notably, 

TAC also exerts age-specific immunosuppression through altered pharmacokinetic and 

pharmacodynamics. The decline of hepatic cytochrome P450 (CYP450) with aging leads to 

an augmented first-pass metabolism of TAC.66 A prospective clinical trial in kidney 

transplant recipients older than 65 years required only half of a body weight–adjusted 

dosage to achieve therapeutic trough levels.67 Moreover, our experiments in murine 

transplant model showed a prolonged survival in old recipients even when treated with only 

half of the TAC dosage applied to younger recipients.65

The mammalian target of rapamycin (mTOR) pathway has been identified as a critical 

regulator of cellular metabolism. mTOR inhibitors inhibit the activity of mTORC1, blocking 

the Warburg effect, a critical metabolic step in cancer and immune cells.68 mTOR inhibitors 

(mTORi) have the capacity to target both, T cells and cancer cells. Thus, anti-tumor 

capacities of mTOR inhibitors appear of relevance in the design of immunosuppressive 

regimens in the elderly. A multivariate analysis of 30,000 primary renal transplant recipients 

revealed that de-novo posttransplant malignancies were significant lower in patients treated 

with mTORi comparted to CNI-based maintenance immunosuppression.69 Additional 

prospective trails in nonrenal transplant recipients have been confirmatory.70 However, 

mTORi have been associated with increased risks of bone marrow suppression and 
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dyslipidemia.71 Old T cells may be more sensitive to changes caused by the inhibition of 

mTORi. Indeed, animal experiments demonstrated that graft survival following rapamycin 

treatment was age-dependent and extended in old versus young recipients.72 Intriguingly, 

this age-specific effect was linked to the significant increase of IFNγ/IL-10 double-positive 

regulatory type 1 cells.

The receptor fusion protein belatacept is composed of the modified Fc domain of the human 

immunoglobulin IgG1 linked to the extracellular-binding domain cytotoxic T-lymphocyte-

associated protein 4(CTLA4).2 Belatacept avidly binds to CD80 on antigen presentation 

cells, thus blocking CD80 from interacting with CD28 on T cells, preventing a co-

stimulatory signal to T cells.73 Clinical trials elucidating age-related mechanism of 

belatacept are currently lacking. At least in theory, Loss of CD28 and gain of alternative 

innate receptors may reduce the effect of CTLA4-Ig on old T cells.

With changing pharmacokinetic and -dynamics, antimetabolites and corticosteroids are also 

expected to have age-specific effects.2

With only limited information from clinical trials in the elderly, recommendations on 

immunosuppression rely also on the growing knowledge of age-specific alloimmune 

responses in experimental models.2 Moreover, origin, quality and age of the graft will also 

impact the selection of immunosuppressants. As an induction treatment, a reduced 

Thymoglobulin dose or an IL-2 R antibody appears preferable. For maintenance, a reduced 

Tac dose or a CNI free immunosuppression may be considered. Clinical effects of belatacept 

in the elderly remain unclear. Base on experimental data, mTORi appear as a promising 

candidate for CNIs replacement in old recipients.

Changing Patterns of T cell metabolism as a target for effective 

immunosuppression

T-cell metabolism is an age-specific phenomenon, thus providing a rationale to explore the 

potential of novel immunosuppressive approaches.

T cell activation leads to rapid cell proliferation and acquisition of effector function. These 

processes require large amounts of energy and precursors for chromosome duplication, 

protein biosynthesis and fatty acid synthesis. Metabolic reprogramming is critical for 

activated T cells in response to the high demand of ATP and substrates during cell division, 

cytokine synthesis and secretion.74 Upon activation, increased glucose uptake and flux 

through aerobic glycolysis enables T cells to generate ATP and other essential biomolecules 

rapidly.74 Meanwhile, augmented metabolism of amino acids, especially glutamine, is also 

critical to support metabolic reprogramming.75 Glucose is the main fuel source of 

mitochondria in resting T cells. As glucose is utilized to feed glycolysis upon activation, 

glutaminolysis is augmented to produce glutamate, serving as an alternative fuel source to 

maintain the mitochondrial function and metabolism.23 Deprivation of glutamine but not 

glucose led to an impairment of activation-induced cell growth associated with a reduction 

of lipid and protein biosynthesiss.76 Moreover, specific T-cell subsets showed distinct 

metabolic programs. Effector T cells including Th1, Th2, and Th17 have been reported to 
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depend on glucose uptake and glycolysis. By contrast, Tregs and long-lived T memory cells 

are less dependent upon glycolysis and appear to rely more on lipid oxidation to generate 

energy.77 These differences indicate metabolic intervention as a promising candidate for 

selective immunomodulation.78 Indeed, Inhibition of glycolysis promotes the generation of 

Tregs while reducing the differentiation towards T cell effectors.79 Of additional relevance, a 

changing pattern of cellular metabolism has been shown in senescent T cells, indicating that 

targeting of T-cell metabolism may represent an effective approach in age-adapted 

immunosuppression.

Metabolic interventions on T cells have been shown as an effective therapy. Notably, it’s 

now clear that the capacity of mTOR inhibitors to impact alloimmune responses is, at least 

in part, based on effects of metabolic programming.80 Numerous metabolic inhibitors are 

identified as promising interventions of T cell immunity. 2-DG is a glycolytic inhibitor that 

targets the rate-limiting enzyme hexokinase(HK) inhibiting the production of glucose-6-

phosphate.81 In a murine lupus model, 2DG reduced the production of IFNγ and IL-17 in 

vitro while preventing disease progress in vivo.82 Acting on the complex I of the 

mitochondrial respiratory chain, metformin inhibits oxidative respiration that reduces ATP 

synthesis.83 Subsequent changes in the ATP/ADP ratio activate the AMPK pathway and 

inhibit mTOR pathways.84 Efforts of using metabolic inhibitors to modify alloimmunity 

have shown intriguing findings. Combinatorial treatment with metformin and 2DG inhibited 

TCR/CD28 activation, triggered metabolic reprogramming and prevented IFNγ production. 

In a fully mismatch skin transplantation model, a single treatment with DON prolonged 

allograft survival significantly (own unpublished data). In a murine cardiac transplantation 

model, triple treatment of metformin, 2DG and DON prolonged graft survival significantly 

with long-term graft acceptance in some animals.85

As old T cells have a compromised mitochondrial glycolysis, inhibitors of glutamine 

metabolism may be even more effective in old recipients. Indeed, ongoing experiments of 

our group have shown that a single treatment with DON resulted into long term survival of 

skin allograft in a strong histoincompatible mouse model.

Conclusion

Aging gives rise to a series of modifications in T cells immunity (Figure 2). Overall, T cells 

compartments undergo a shift to a less efficient response over a life-time.

In organ transplantation, impaired T cell immunity in aging is linked to less acute rejections 

and improved graft survival. Old transplant recipients, at the same time, experience more 

frequent side-effects with higher rates of infections and malignancies. Of note, 

immunosuppressants, including mTORi and CNIs exert age-specific effects on alloimmune 

responses.

Alterations of cellular metabolism change with aging and are thus relevant for T-cell 

immunosenescence. Changes of T-cell metabolisms in aging may represent an interesting 

and novel immunosuppressive approach in older transplant recipients.
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Figure 1: 
Changes in cellular metabolism of senescent T cells. In activated senescent T cells, ATP 

production is impaired due to altered glycolytic flux and compromised mitochondrial 

respiration. Though old T cells have higher mtROS leakage, enhanced pentose phosphate 

pathway results in a burst of reductive molecule and clearance of mtROS. NFAT and NF-κB 

fail to translocate into nuclear because of altered cellular redox state. Consequently, the 

production of IL-2 is impaired.
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Figure 2: 
T cell aging is characterized by changes in phenotype, alterations in cellular metabolism and 

impaired function. These alterations contribute at least partially to the clinic phenotype.

Nian et al. Page 15

Transplantation. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Dynamics of T-cell compartments in Aging
	Phenotypic changes
	T-cell metabolism is impacted by Aging
	Functional T-cell changes in aging

	Responses to Immunosuppressants
	Changing Patterns of T cell metabolism as a target for effective immunosuppression
	Conclusion
	References
	Figure 1:
	Figure 2:

