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ABSTRACT: Aging is associated with a variety of changes to immune responsiveness. Reduced protection 

against infection, reduced responses to vaccination and increased risk of autoimmunity are all hallmarks 

of advanced age. Here we consider how changes in the expression of regulatory receptors on the T cell 

surface contribute to altered immunity during aging. 
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T cells sense their environment through receptors that 

complement or regulate TCR-induced signals and 

determine the outcome of antigen recognition. In 

addition to the classical stimulation of the CD28 

pathway to prevent anergy, a number of costimulatory 

and coinhibitory receptors have been identified. It is now 

clear that T cells from elderly people display different 

patterns of these regulatory receptors and experience 

differences in downstream signaling compared with T 

cells isolated from young people. The extent to which 

these changes are responsible for the immune defects 

observed in the elderly is still contested. Aging is 

associated with hyperresponsiveness to stimulation in 

some situations (autoimmunity) but hyporesponsiveness 

in others (infection and vaccination). Elderly people are 

at greater risk of infectious disease both from novel 

pathogens and from the reactivation of latent infections 

owing to a decrease in immune responses to these 

stimuli. In addition, elderly people are less responsive to 

vaccination than younger recipients and have reduced 

delayed-type hypersensitivity (DTH) responses [1]. 

Conversely, age represents the major risk factor for 

selected autoimmune diseases. This review will 

summarize what is currently known about the age-related 

changes to costimulatory and coinhibitory molecules, the 

potential causes of these changes, their downstream 

consequences in terms of effector function, and their 

involvement in age-dependent diseases. 

 

Age-related changes to regulatory molecules in T cells 

 

During aging, the expression patterns of T cell regulatory 

receptors change and these changes have been observed 

at the gene and protein level (Table 1). Regulatory 

receptors on the surface of T cells can be grouped into 

stimulatory and inhibitory molecules. These proteins 

include members of the TNF receptor superfamily 

(TNFRSF), the CD28 family, killer Ig-like receptors 

(KIRs), killer cell lectin-like receptors (KLRs) and the 

immunoglobulin-like transcript (ILT/LILR/CD85) 

receptors. Broadly speaking, aging is associated with the 

acquisition of inhibitory surface receptors, such as KIRs, 

KLRs and ILT receptors, accompanied by a decrease in 

the expression of costimulatory CD28 family and 

TNFRSF members.  

 One of the first observed differences in regulatory 

receptor expression in the elderly was the progressive 

loss of CD28 from the T cell surface [2]. This 

constitutively expressed costimulatory molecule 

provides signals that are vital for efficient T cell 
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activation and its loss during aging may be partly 

responsible for reduced T cell responses. However, 

memory T cells are less reliant on CD28 signaling for 

activation, particularly when provided with stimulatory 

signals through inducible TNFRSF members [3-6]. 

OX40 is a TNFRSF member, which provides survival 

signals to T cells and increases the production of pro-

inflammatory cytokines. While OX40 expression is 

maintained on tumor-specific T cells isolated from aged 

mice, these cells are less responsive to OX40 stimulation 

partly owing to extrinsic decreases in IL-12 [7] and the 

expression patterns of TNFRSF members during aging in 

humans have not been fully described. 

 

 

 

    Table 1.  Changes to surface expression of regulatory receptors on T cells with age 

Regulatory receptors T cell affected Young Old Reference 

CD28 CD4, CD8 +++ +/- [2], [137] 

KLRG1 CD4, CD8 + +++ [22], [56], [52-54] 

CD85j CD4, CD8 + +++ [23], [33], [34] 

KIRs CD4, CD8 + +++ [9], [19-25], [28] 

CD56 CD4, CD8 +/- ++ [20], [21], [38] 

CD16 CD8 + ++ [20-22] 

NKG2D CD8 + ++ [22] 

CD94 CD8 + ++ [8], [21], [22] 

CD27 CD4, CD8 +++ + [8] 
 

 

 

 Advances in systems biology and high-throughput 

analyses have aided studies which aim to monitor 

changes in gene expression in T cells from healthy 

young and elderly individuals. Examination of the total 

CD8
+
 T cell pool by Cao and colleagues showed changes 

in 754 genes of known function with aging [8]. Two 

thirds of these genes are down-regulated with advancing 

age and one third up-regulated. The changes observed 

include genes involved in transcription, translation, 

signal transduction and protein transport. Observed 

increases in expression include genes involved in 

oxidative stress, apoptosis and inflammatory processes, 

which could explain the increases in inflammation 

observed during aging. With reference to costimulation, 

Cao and colleagues observed that Cd8 and Cd28 were 

down-regulated, along with the naïve cell markers ccr7 

and Cd27. Up-regulated genes also include Cd244, 

Cd96, Klrf1 and CD94, (described below) which encode 

NK cell-related receptors that are associated with a 

reduction in T cell activity. 

 Lazuardi and colleagues took a different approach, 

isolating CD28
+
 and CD28


 CD8

+
 cells from young and 

elderly individuals and comparing gene expression 

between these four groups [9]. Analysis showed three 

clusters based on gene expression profiles: young CD28
+
 

cells, old CD28
+
 cells and CD28


 cells from both young 

and old donors, which clustered together. CD28
+
 cells 

isolated from elderly people showed gene expression 

profiles intermediate between young CD28
+
 cells and 

CD28

 cells from all donors suggesting that major 

differences in gene expression reflect changes in the 

proportion of T cell subsets in combination with 

chronological aging. This study also showed that CD28
+
 

cells from young people express more genes associated 

with cell proliferation, adhesion and differentiation, 

supporting previous data that CD28

 cells are less able to 

proliferate and suggesting that T cells may traffic 

differently in elderly people. This study documented an 

increase in NK cell-associated KIR and KLR gene 

expression in CD8
+
 CD28


 T cells from both young and 

elderly individuals compared with CD8
+
 CD28

+
 T cells, 

so the overall increase described by Cao et al. may be a 

reflection of the accumulation of CD28

 T cells in 

elderly individuals rather than a change in expression at 

the single cell level.  

 In addition to surface-expressed regulatory 

molecules, these studies identified many changes in 

downstream signaling pathways. Large increases were 

observed in the expression of the dual-specificity 

phosphatase genes Dusp2, 4, 5, 6 and 10, which are 

associated with proliferation and differentiation. Of 

particular interest, DUSP4 is a key mediator of 

replicative senescence. Its increased expression in 

elderly people has been confirmed by PCR and at the 

protein level and silencing of this gene can improve T 

cell responses to TCR ligation in the elderly [10]. 
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Though many cellular processes are subject to decreased 

expression in most of the genes involved, both studies 

found that immune response pathways contain genes that 

are up- and down-regulated in roughly equal number. 

Further studies on these gene candidates may provide 

insight into the dichotomy of infection- and 

autoimmune-related changes to immunity during aging. 

 

Age-related expression patterns of regulatory 

receptors - a switch in focus to environmental signals 
 

Regulatory receptors provide information on the 

environment in which antigen recognition occurs. 

Changes in their expression patterns therefore indicate a 

fundamental shift in the information that is integrated in 

the T cell response. As well as sharing structural 

features, the different families of regulatory receptors 

tend to have family-specific expression patterns and 

signaling outcomes. CD28 provides the strongest and 

earliest costimulatory signal following TCR ligation 

owing to its constitutive expression on the cell surface 

and close association with the TCR complex. Its loss is 

associated with the induction of anergy and loss of T cell 

effector function [11-13]. Its ligands are limited to 

antigen presenting cells (APCs) and are inducible upon 

activation [14, 15]. Unlike CD28, the majority of 

costimulatory and inhibitory molecules are not 

constitutively expressed on the T cell surface. Following 

TCR signaling TNFRSF members, including OX40 

(CD134) and 4-1BB (CD137), are up-regulated. These 

proteins provide archetypal costimulatory signals that 

augment the TCR signal following antigen recognition. 

Signaling through these receptors induces proliferation 

and pro-inflammatory cytokine production, and 

promotes T cell survival. The ligands for these receptors 

are also inducible rather than constitutive and tend to 

have a limited distribution, again being expressed 

primarily by APCs [16]. In addition to costimulatory 

molecules, activated T cells up-regulate surface receptors 

that inhibit activation and reduce inflammatory signals. 

CTLA-4, for example, is structurally related to CD28 but 

competitively inhibits CD28 signaling by binding its 

ligands, CD80 and CD86 [17]. PD-1 is another CD28-

related molecule that provides inhibitory signals to T 

cells but which has distinct ligands (PD-L1 and PD-L2) 

[18]. Because the expression of these receptors is 

dependent on prior encounter with antigen, and signaling 

relies on the availability of the ligand, T cell activation, 

proliferation and survival can be controlled both 

temporally and spatially. This ensures that antigen-

specific T cells receive pro-inflammatory signals to 

increase their effector function; proliferative and survival 

signals to establish a pathogen-specific memory T cell 

pool; and inhibitory signals to reduce inflammation and 

resolve the immune response once the pathogen is 

cleared. 

 Distinct from the classical costimulatory and 

inhibitory receptors up-regulated on the surface of T 

cells following activation are NK cell-associated 

receptors including KIRs, CD16, CD94, CD56, CD85j 

and NKG2D. These molecules, typically associated with 

NK cells, have very different expression patterns on T 

cells. Genetic and protein analyses show that the 

expression of multiple activating and inhibitory KIRs is 

increased with age [19-24]. Like in NK cells, the 

expression of different isoforms appears to be stochastic. 

Analysis of clonal progenies of T cells sharing the same 

T cell receptor suggest the model that acquisition of 

different isoforms on each cell is successive and 

cumulative generating increasingly complex, clone 

family-specific expression patterns [25]. While all T 

cells including naïve and memory T cells express the 

transcriptional activators required for KIR transcription 

and express KIRs upon DNA demethylation [26], only 

end-differentiated T cells have accumulated the extent of 

CpG demethylation in the KIR promotors that is 

necessary for expression [27, 28]. 

 NK receptors are divided into two groups based on 

their structure: the immunoglobulin superfamily 

receptors and C-type lectin superfamily receptors. 

Among the NK receptors that are up-regulated in aged T 

cells, KIRs, CD16, CD56 and CD85j belong to the Ig-

like NK receptors, while CD94/NKG2A, NKG2D, 

CD161 and KLRG1 belong to the C-type lectin NK 

receptors [29-32]. Although varying in structure, KIRs, 

CD85/ILTs/LILRs and CD94/NKG2A all recognize 

MHC class I molecules. Specifically, human KIRs 

recognize HLA-A, HLA-B and HLA-C. CD85 receptors 

bind to a broader range of HLA molecules, including the 

nonclassical MHC molecules HLA-G and HLA-F. In 

contrast, KLRG1 binds to cadherins but not MHC class I 

molecules. CD85j (LILR1/ILT2) is broadly expressed on 

hematopoietic cells, but is mostly up-regulated on CD8
+
 

T cells during aging with little expression on CD4
+
 T 

cells [33]. Changes in gene expression of CD85j were 

not observed in the gene array studies described above. 

However, CD85j on CD8
+
 T cells is associated with 

aging and is expressed on a substantial proportion of 

CD8
+
 T cells in the elderly, including CMV-specific T 

cells [23,34], implying that posttranscriptional 

modifications may induce changes in the expression 

pattern of this receptor with age. 

 Unlike the classical T cell regulatory receptors 

induced after peptide recognition and TCR signaling, 

NK cell associated receptors are stably maintained once 

expressed on CD8 T cells [35-39]. The expression of 

their ligands is likewise constitutive and not restricted to 

APCs. As a result, signaling through these receptors is 
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not subject to the same level of control, implying that 

their function is fundamentally different from the 

traditional costimulatory or inhibitory receptors that fine-

tune antigen-induced T cell activation.  

 

Age-related expression patterns of regulatory 

receptors – a reflection of defective T cell subset 

homeostasis or a consequence of genetic 

differentiation or senescence programming? 

 

The above studies have shown a variety of changes that 

take place in the lymphocyte population during aging. 

However, crucial to the understanding of age-related 

changes in immune function is the distinction between 

intrinsic changes associated with chronological aging of 

immune cells and the accumulation of highly 

differentiated cells, which can occur independently of 

aging, for example during chronic antigen exposure 

(Figure 1). It has been well documented that the T cell 

pool undergoes substantial changes in subset proportions 

with aging [40, 41]. The accumulation of antigen-

experienced, memory T cells can be tracked by the 

expression of the short isoform of CD45, CD45RO, 

which increases with increasing age. There is a 

concurrent decrease in the number of T cells expressing 

the naïve T cell marker CD45RA. However, CD45RA 

can be regained by memory T cells later in life and other 

markers must be used to identify memory and naïve T 

cells with certainty [42]. CD27, for example, is not 

regained on CD45RA
+
 memory cells but is present on 

CD45RA
+
 naïve T cells [43]. The loss of CD28 is 

associated with the gain of CD45RA and the acquisition 

of negative cell surface receptors, so it is often difficult 

to distinguish whether observed changes are the result of 

changes to individual T cells or merely reflections of 

changes in the proportion of T cell subsets. In addition to 

the steady accumulation of memory T cells, other highly-

differentiated T cell subsets increase with age as a result 

of chronic antigen exposure. These include exhausted 

and senescent cells, the presence of which is likely to 

further complicate the analysis of changes to T cell 

function during aging. 

 Some studies have begun to shed light on this issue 

by directly comparing highly differentiated, memory T 

cells with exhausted cells, senescent cells and with naïve 

cells from young and elderly people. Most consider 

CD8
+
 T cells, but CD4

+
 cells are subject to similar 

changes in terms of memory progression or loss of 

function, although much less frequently. CD4
+
 CD28


 T 

cells do appear in elderly people [27] and share some 

phenotypic characteristics with CD8
+
 CD28


 T cells, 

including an increase in the expression of KIR2DL2, 

KIR2DL3, and KIR2DL4 [19, 44, 45]. 

 Most studies to date have considered rather broad T 

cell populations. For example comparing total CD8
+
 T 

cells from young and elderly people [8] or total CD8
+
 

CD28
+
 with CD8

+
 CD28


 populations [9]. It is now 

becoming clear that, especially when considering the 

changes that occur with age, T cell populations must be 

considered separately. Of particular interest is the 

growing consensus that late-stage, highly differentiated 

T cells can differ greatly depending on the reasons 

underlying their differentiation. Late-stage T cells can be 

highly differentiated, with full effector function and the 

ability to transition into the memory pool. However, they 

can also follow pathways into senescence and 

exhaustion. The main differences between these fates 

and their relation to aging and immune function are 

discussed below. Anergy is distinct from all these 

processes because it arises following TCR stimulation in 

the absence of efficient costimulation. In contrast, 

differentiation, senescence and exhaustion typically 

occur following full activation of the T cell and robust 

TCR signaling. Processes leading to T cell anergy are 

important for peripheral tolerance and have been 

discussed elsewhere [46, 47]. Whilst exhausted, 

senescent and memory T cells do share certain 

characteristics, the signaling pathways involved in their 

fate determination are distinct and this suggests that they 

have at least some independent mechanisms of 

development. Memory cells are produced following TCR 

engagement, efficient costimulation and cytokine 

provision. Senescent T cell development typically 

follows the detection of DNA damage after the erosion 

of telomeres or as a result of telomere-independent 

stresses. Finally, exhaustion is a state established 

following chronic exposure to antigen and involves the 

active ligation of surface inhibitory receptors by their 

cognate ligands as well as the provision of negative 

signals by extrinsic, immunoregulatory cytokines. 

 Memory cells can be highly functional on re-

exposure to antigen, even decades after their formation. 

However, aging and homeostatic proliferation are 

accompanied by telomere shortening and can increase 

damage to the cell. DNA damage, telomere shortening 

and limited access to growth factors can all induce 

senescence [48-51]. Senescent cells are typified by a loss 

of CD28 from the cell surface, reduced telomere lengths 

and telomerase activity, and the up-regulation of surface 

inhibitory markers such as the NK cell receptor KLRG1 

[52]. These cells are unable to proliferate but maintain 

effector functions such as cytokine production and 

cytotoxicity, even at the extreme end of the 

differentiation process. Repetitive antigen stimulation of 

naïve CD8
+
 T cells in vitro induces KLRG1 expression, 

suggesting that the expression of KLRG1 is associated 

with senescent CD8
+
 T cells [53]. The expression of  
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Figure 1: Changes to the T cell pool during aging reflect differences in subset proportions as well as age-related changes to 

individual T cells. A) The proportional representation of T cell subsets depends on regulatory molecule expression, the infection 

history of the individual, current infections and stochastic events. T cell survival may be enhanced by TCR cross-reactivity, 

which would increase TCR stimulation and thus increase positive signaling. T cell location may also influence survival based 

on access to cytokines, contact with APCs, CD4+ T cell help or inflammatory signals. Finally, access to positive and negative 

signals both in terms of ligand accessibility and the expression of regulatory receptors on the T cell surface is likely to shape the 

development of the memory pool and select for certain T cell clones. B) During the course of aging, individuals are exposed to 

infection, and antigen-specific T cells form a memory population (orange) which comes to dominate the T cell pool. Common, 

chronic latent infections such as CMV induce the development of senescent cells (green). C) Individual-specific exposure to 

infection, for example to chronic active infections, can alter the proportion of T cell subsets in the total T cell pool. The 

resultant memory pool is very heterogeneous, involving the accumulation of memory cells, senescent cells, exhausted cells 

(blue) and aged naïve cells (purple) following acute, latent chronic and active chronic infection, and homeostatic proliferation. 

APC: antigen-presenting cell; TCR: T cell receptor 
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KLRG1 is increased with age in both CD4
+
 and CD8

+
 T 

cells from mice and humans [53-55]. In humans, the 

frequency of KLRG1
+
 T cells increases with T cell 

differentiation, being lowest in the naïve population and 

highest in terminally differentiated effector T cells [56]. 

Similar to data from mice, CD4
+
 and CD8

+
 T cells 

expressing KLRG1 in humans do not proliferate well in 
vitro [53, 54, 56]. However, senescent cells can maintain 

effector function and are likely to provide at least some 

protection against chronic infection. 

 In summary T cell subsets change both in terms of 

relative frequency and in terms of subset-specific 

phenotypic characteristics. The extent to which these 

processes contribute to the aging immune phenotype is 

still unclear but the accumulation of regulatory receptors 

on the surface of individual T cells, along with subset-

specific changes in gene expression, has shown that age-

related changes are not solely the result of changes in 

relative subset frequencies. 

 

Age-related expression patterns of regulatory 

receptors – not a classical case of T cell exhaustion 

 

Recent review articles have provided comparisons 

between exhausted and senescent cells [52, 57] and 

current studies suggest that the development of these cell 

subsets is at least partly the result of independent 

programs. Both subsets require active changes in gene 

transcription and are not passively dependent on other 

age-related events such as DNA hypomethylation. 

Indeed, one study comparing effector and memory T cell 

subsets with exhausted T cells showed that, in terms of 

gene transcription, exhausted cells differ from effector 

and memory subsets as much as these latter two subsets 

differ from each other [58].  

 In contrast to acute infection, persistent antigen in the 

setting of chronic active infection or cancer leads to 

persistent T cell stimulation. Cells that are chronically 

exposed to antigen gradually lose the ability to respond 

to stimulation and reach a stage of exhaustion. Unlike 

senescent cells, exhausted cells are defined by their 

progressive loss of function, though this population also 

proliferates less. This process may reduce autoimmunity 

but could also decrease immunity to tumors and chronic 

infections. Exhausted cells lose functions progressively, 

starting with a reduction in IL-2 production, followed by 

a loss of TNF-α production, cytotoxic activity, and 

eventually IFN-γ production [59]. If the antigen persists, 

exhausted cells are deleted and the level of exhaustion 

correlates with the duration of infection and the strength 

of the signal provided. However, there is evidence to 

suggest that antigen is also needed to maintain this 

population. In chronic infection models in mice, it has 

been shown that exhausted, CD8
+
 virus-specific T cells 

cannot survive without constant exposure to antigen and 

are deleted when adoptively-transferred to naïve mice, 

despite the provision of the homeostatic cytokines which 

usually allow survival in the absence of TCR stimulation 

[60]. CD8
+
 cells from HIV-infected individuals have 

lower expression of the IL-7 receptor [61] and virus-

specific cells can be lost after anti-retroviral therapy 

[62], suggesting that antigen exposure, rather than 

provision of homeostatic cytokines, plays a role in the 

survival and maintenance of this population. Dual 

costimulation through the TNFRSF members OX40 and 

4-1BB induces the up-regulation of the IL-7 receptor 

alpha chain on the surface of T cells [63] and could 

therefore be involved in the maintenance of memory 

cells. OX40 and 4-1BB expression is typically limited to 

T cells receiving strong stimulation and so this 

mechanism could act to enhance the survival of antigen-

specific T cells following infection [63]. The loss of 

OX40 could be indicative of exhaustion, leading to 

reduced homeostatic cytokine receptor expression and an 

increased reliance on antigen for survival. 

 The continuing production of viral escape mutants 

during chronic viral infection supports the notion that 

exhausted T cells, despite reduced effector function, do 

provide protection and can drive mutation in pathogens. 

As described above, senescence usually follows DNA 

damage or telomere shortening and does not result in 

significant loss of effector function. Exhaustion appears 

to be the result of the gradual acquisition of inhibitory 

receptors on the cell surface, signaling through which 

results in the progressive loss of cytokine production and 

killing activity. While senescence could provide a 

mechanism for reduced proliferation of damaged, 

potentially precancerous cells, exhaustion could be a 

means of preventing excessive inflammation in the face 

of chronic infection. This may be particularly important 

if viruses are latent, with bouts of replication, in delicate 

tissues, which need to avoid prolonged or repeated 

periods of inflammation in order to perform their bodily 

function. 

 Following stimulation through the TCR, activated T 

cells do express inhibitory receptors, but this expression 

is transient, and prolonged expression is limited to 

exhausted cells [64]. As such, increased inhibitory 

receptor expression during aging could reflect an 

increase in the number of exhausted T cells. Memory T 

cells, however, maintain the ability to proliferate and 

express few inhibitory receptors, and are the T cell 

population that expands the most in the absence of 

chronic, active infection. Exhausted T cells gradually 

acquire inhibitory receptors on their cell surface and 

their expression increases in terms of density and 

diversity as long as the antigen persists [64]. Exhaustion, 

therefore, is more reliant on extrinsic factors than 
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senescence – signaling through the inhibitory receptor 

PD-1 appears to be important for exhaustion, and other 

inhibitory receptors such as 2B4, LAG-3, TIM-3 and 

CTLA-4 all require ligation by their cognate ligands to 

suppress the T cell. Changes in the external cytokine 

milieu, including increases in IL-10 and TGF-β 

concentrations, also appear to play a role in exhaustion 

[65-67] and are provided for the most part by APCs and 

CD4
+
 T cells. The provision of cytokines that provide 

positive signals to T cells can increase effector function 

so there may be a concurrent decrease in the 

concentrations of, or signaling to T cells by, cytokines 

such as IL-2 and IL-21 during chronic infection. The key 

role of cell surface inhibitory receptors in T cell 

exhaustion was first identified in chronic LCMV-

infected mice [68]. PD-1 is dramatically increased and 

maintained to a high level in exhausted CD8
+
 T cells in 

this model. More importantly, the in vivo blockade of 

PD1/PD-L1 signaling rescues IFN-γ production, 

proliferation and cytotoxic activity of virus specific 

CD8
+
 T cells, and reduces viral load. The role of PD-1 in 

T cell exhaustion has been extended to several human 

chronic viral infections, such as HIV [69-72], HBV [73, 

74] and HCV [75-79]. High levels of PD-1 are seen on 

HIV-specific CD8
+
 T cells, and its expression is 

associated with the dysfunction of HIV-specific 

exhausted CD8
+
 T cells and with viral load [69-71]. Up-

regulated expression of PD-1 has also been detected in 

HIV-specific CD4
+
 T cells [72]. Blocking the PD-1 

pathway ex vivo increases the proliferation, cytokine 

production, and cytotoxicity of HIV specific CD8
+
 and 

CD4
+
 T cells upon cognate antigen stimulation [69, 70, 

72]. In addition, blockade of PD-1 in vivo during Simian 

Immunodeficiency Virus (SIV) restores the proliferation 

of SIV-specific CD4
+
 and CD8

+
 T cells and memory B 

cells, leading to the improvement of SIV-specific 

immunity and prolonged survival of SIV-infected 

macaques, suggesting the potential of blocking the PD-1 

pathway to control HIV infection [80]. CTLA-4, another 

member of CD28 family, may also be involved in HIV-

specific CD4
+
 T cell exhaustion, as blocking this 

molecule in vitro restores HIV-specific CD4
+
 T cell 

proliferation and cytokine production [81]. Studies 

following the downstream signaling of inhibitory 

receptors suggest that ligation of PD-1 inhibits TCR-

induced activation of PI3-Kinase through recruitment of 

either SHP-1 or SHP-2 to the cell membrane [82]. 

Quigley et al. recently demonstrated that a panel of 

genes is up-regulated with PD-1 ligation of HIV-specific 

exhausted T cells [83]. Their results further suggest that 

inhibitory receptors regulate T cell function not only by 

attenuating TCR signaling, but also by inducing the 

expression of proteins that actively impair T cell 

function. 

 It is now clear that exhausted, senescent and aged T 

cells have different expression patterns of inhibitory 

receptors. Whether the inhibitory receptors that are 

important in T cell exhaustion also play role in T cell 

senescence is still not well characterized. The expression 

of PD-1, CTLA-4, LAG-3 and TIM-3 all increase with 

age, which at least partly reflects the increased frequency 

of memory T cells with age [84-86]. However, the 

expression of PD-1 is inversely correlated with the 

expression of age-related inhibitory receptors [87], and 

exhausted T cells do not express KLRG1 or age-

associated KIRs [58]. In addition, blockade of PD-1 in 
vitro does not increase the proliferation or survival of T 

cells from aged mice [84], suggesting that although PD-1 

plays an important role in T cell exhaustion, its role in T 

cell dysfunction during aging is minor and T cell 

exhaustion itself should not be considered a hallmark of 

aging in the absence of active chronic infections such as 

HIV or Hepatitis.  

 

Age-related expression patterns of regulatory 

receptors - one common genetic program or one for 

each family?  
 

Shifts in the expression of regulatory receptors with 

aging are correlated. For example, KIRs, KLRs and 

CD85 receptors are all preferentially found on T cells 

lacking CD27 and CD28 [88-90]. Although strict 

correlation studies on single cells have not been done, 

this preferential subset distribution suggests that the 

genetic programs controlling these expressions may be 

linked or even shared. CD28 down-regulation and loss is 

seen with CD28 engagement, exposure to TNF-α and 

replication, in particular for CD8
+
 T cells [91-93]. All 

three mechanisms induce the same genetic program, the 

progressive loss of DNA-binding proteins, which leads 

to loss of binding to the CD28 initiator complex and thus 

reduced transcription of CD28 [92, 93]. This process is 

partly reversible through an IL-12 dependent mechanism 

and CD8
+
 cells are more prone to the loss of DNA 

binding proteins than CD4
+
 which may explain the 

comparative preservation of CD28 on CD4
+
 T cells [94].  

 CD85j expression is uniquely regulated by T cells, 

which use a different promoter than monocytes [33]. T 

cells use an upstream promoter that includes an 

additional distal exon in the 5′-promoter region, while 

monocytes use a downstream promoter. The exon 

inhibits the translation of CD85j, leading to a lower 

expression level of CD85j in T cells compared with that 

in monocytes. Studies from our lab show that the 

transcriptional regulation of KIR expression in T cells is 

also distinct from that in NK cells supporting the idea 

that KIRs may have important functions in T cells [26]. 

We further demonstrated that KIR expression in T cells 
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is regulated by CpG methylation of promoter regions. 

DNA demethylation up-regulates KIR expression [28]. 

With advanced age the recruitment of DNA 

methyltransferase to, and the methylation level of, the 

KIR2DL3 promoter is decreased in CD8
+
 T cells, 

contributing to the increased expression of KIRs in these 

cells. 

 It is currently unclear at what stage the expression of 

inhibitory receptors is determined both in terms of 

chronological age and differentiation status of the cell. 

While expression increases with age [23, 95], and T cells 

expressing inhibitory receptors have short telomeres 

indicative of antigenic experience [54, 96], there is 

evidence to suggest that T cells begin to express 

inhibitory receptors relatively early on in differentiation. 

Several groups have observed diverse KIR expression 

patterning on the surface of clonally-derived T cells [25, 

97], and recent advances in TCR sequencing could help 

to determine the extent to which clonal selection 

determines the mosaic of stimulatory and inhibitory 

receptor expression in T cells during aging. 

 The mechanism behind the increased expression of 

inhibitory receptors on exhausted T cells is likely to be 

an active process involving the transcription factor 

BLIMP-1, which is very highly expressed in exhausted T 

cells [98]. Silencing of BLIMP-1 reduces the expression 

of surface inhibitory receptors, and functional memory T 

cells express low levels of BLIMP-1. Low levels of Tbet 

and reduced translocation of NFATc1 to the nucleus 

have also been linked to increased exhaustion [58, 99]. 

Progressive demethylation of DNA occurs during aging 

and is considered to be one mechanism by which 

previously silent genes become expressed [100]. 

However, in addition to this, the above changes in 

transcription factor activity suggest active alterations in 

gene expression during exhaustion.  

 In summary, the genetic programs driving the 

expression of inhibitory receptors in senescent and aged 

T cells are not related and are different from those in 

exhausted T cells, further hinting that the gain and loss 

of regulatory receptors is a complex, regulated process 

rather than a stochastic by-product of senescence or 

exhaustion. In addition, whilst several processes can lead 

to the loss or gain of one receptor through common 

signaling pathways, each regulatory receptor or family of 

receptors responds to distinct pathways induced by a 

variety of age-related stimuli. 

 

Do inhibitory receptors account for decreased 

immune function in the elderly?  
 

To understand the role of inhibitory NK receptors in T 

cells, it is useful to examine their role in NK cells. 

Unlike T cells, NK cells do not express antigen 

receptors. Instead, they express a complicated array of 

activating and inhibitory receptors on the cell surface, 

which work in synergy to regulate their function and 

cytolytic activity. Inhibitory receptors of the KIR, KLR 

and ILT families all contain cytoplasmic 

immunoreceptor tyrosine-based inhibition motifs 

(ITIMs), which initiate inhibitory signals following their 

phosphorylation by providing a docking site for tyrosine 

phosphatases. How ITIMs are phosphorylated is still 

unclear. Studies have shown that when NK cells contact 

susceptible target cells, both activating and inhibitory 

receptors are recruited to the cSMAC [101-103]. The 

clustering of activating receptors recruits tyrosine 

kinases, such as Syk, Zap-70 and Lck to the synapse and 

data suggest that Lck, recruited by activating receptors, 

phosphorylates ITIMs in the cytoplasmic tail of 

inhibitory receptors thus initiating the inhibitory signal 

[104, 105]. In addition, the inhibition of activating 

receptors even before their phosphorylation suggests that 

a Lck-independent mechanism may exist to regulate the 

phosphorylation of ITIMs in NK inhibitory receptors. 

Whether NK cells execute cytolytic function on target 

cells depends on the ratio of activating and inhibitory 

signaling in the immune synapse [106-109]. If inhibitory 

signals dominate, they abrogate actin cytoskeleton 

rearrangement, reduce granule exocytosis, and prevent 

the cytolytic activity of NK cells [110, 111]. Rather than 

spreading over the cell membrane, inhibitory signaling is 

confined to the immune synapse in contact with a 

susceptible target cell [105]. This allows NK cells 

simultaneously in contact with resistant and susceptible 

target cells, to direct their cytolytic function towards the 

susceptible target cell only [105, 112]. The location of 

these inhibitory receptors on the T cell membrane has 

not been identified and the mechanisms behind the 

phosphorylation of their ITIMs are still unknown. 

 Most published studies suggest that these receptors 

have a similar coinhibitory function in T cells as in NK 

cells. In vitro cross-linking of CD85j and CD3 has been 

shown to reduce proliferation and IFN-γ production in 

both CD4
+
 and CD8

+
 T cell clones [113-115]. Blockade 

of CD85j up-regulates IFN-γ production and 

proliferation of T cells in response to CD3 stimulation 

[114]. The function of CD85j in CD4
+
 T cell clones is 

surprising, because the frequency of CD85j
+
 CD4

+
 T 

cells is very low. CD85j has also been demonstrated to 

inhibit actin cytoskeleton rearrangement upon both 

superantigen and TCR stimulation [115]. In addition, 

CD85j binds with high affinity to a CMV MHC class I 

homolog UL18, suggesting that it may be involved in T 

cell function in response to CMV infection [116, 117]. 

Blockade of CD85j induces IFN-γ production but not 

cytotoxic activity in CD8
+
 T cells in response to CMV 

peptide stimulation [88]. Blockade of KIRs in vitro up-
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regulates cytokine production by KIR
+
 T cell clones 

upon stimulation, suggesting that KIRs regulate cytokine 

production by T cells [118]. Transfection of KIR3DL1 to 

a tumor specific CTL cell line blocks its ability to lyse 

the target cells, and adding KIR3DL1 blocking antibody 

to the transfected CTL restores their cytolytic function 

[119]. KIRs have also been shown to inhibit the 

activation-induced cell death of T cells upon antigen-

specific stimulation [24, 120].  

 As discussed above most published studies have 

shown that inhibitory receptor signaling impairs effector 

function and that blockade of these receptors can 

enhance antigen-specific T cell responses in vitro. While 

these observations are consistent with the paradigm 

derived from their function in NK cells, they raise the 

question of why CD8 T cells are programmed to 

eventually stably express these receptors. There is, less 

obvious from the published literature, evidence that the 

inhibitory action is not as global as assumed and that the 

application of the NK model to T cells is an 

oversimplification and may be even misleading. Many 

CMV- specific CD8 T cells express CD85j but are 

completely competent to respond to antigen stimulation 

with cytokine production. Work from our lab showed 

that cross-linking of TCR and KIR2DL2 inhibits IFN-γ 

production and proliferation, but not the cytotoxicity of 

KIR2DL2
+
 CD4

+
 T cell clones [121]. Further analysis 

showed that the late recruitment of KIR2DL2 to 

cSMACs means that KIR2DL2 only affects late TCR-

mediated signaling events but not early events. In this 

way, KIRs selectively inhibit cytokine production and 

proliferation, but not cytotoxic function [121]. In chronic 

virus infections such as CMV, the effect of KIRs on 

CMV-specific CD8
+
 T cells seems to be limited, since 

cytolytic function and cytokine production of KIR
+
 

CMV-specific T cells are normal upon antigen-specific 

stimulation. The inhibitory function of KIRs on cytokine 

production and proliferation of CD8
+
 T cells upon 

antigen-stimulation is dependent on TCR signaling 

strength [122]. Many of the in vitro model systems used 

are rather artificial, and the inhibition of effector 

function is frequently modest, selective or for a large 

number of T cells not demonstrable at all suggesting that 

the function of the inhibitory receptors are to modify 

responses, but not to paralyze effector function [118, 

121, 123, 124]. This selectivity may be beneficial, 

restricting the expansion of oligoclonal T cells without 

inhibiting their function.  

 

Is the expression of inhibitory receptors an attempt to 

prevent unopposed clonal expansion and maintain T 

cell homeostasis? 

 

The controlled acquisition of inhibitory receptors on the 

surface of T cells during aging has been well 

documented. However, the possible benefits of such 

negative regulation are rarely discussed. Several aspects 

of immune aging are a reflection of the accumulation of 

end-differentiated T cells. These, along with exhausted 

and senescent cells, have proliferation defects that can be 

partly restored by blocking inhibitory receptors.  

 In vitro blockade of KLRG1 signaling (by blocking 

its ligand E-cadherin) recovers the defective proliferation 

in terminally differentiated CD8
+
 T cells by up-

regulating the expression of cyclins and down-regulating 

cyclin inhibitor [54]. In contrast, decreased telomerase 

activity in terminally differentiated effector T cells is not 

recovered by KLRG1 blockade. The development of 

senescent cells during chronic infection may be 

dependent on continual presentation of antigen. In the 

context of chronic infection there is also likely to be 

continual activation and division of cells, which would 

increase the risk of DNA damage, and increase the 

requirement for growth factors, which may be limited 

when inflammation is low or absent. Senescence could, 

therefore, be viewed as a safety mechanism to prevent 

the proliferation of T cells that have a high risk of 

genetic mutation owing to substantial DNA damage or 

that lead to memory inflation. In the case of highly 

replicating viruses, clonal exhaustion occurs, which, 

however, also impairs function and not only 

proliferation. In the case of latent infections such as 

CMV, EBV and VZV, cells stay functional but express 

inhibitory receptors that limit clonal expansion [124]. 

This model, however, does not explain why memory 

inflation is frequently found with CMV infection 

although many of the CMV-specific clones express 

KLRs, KIRs and CD85 receptors. 

 While there is some indication that exhaustion and 

senescence could act as a barrier to uncontrolled 

proliferation, much more evidence is needed. Studies 

investigating the blockade of senescence-associated and 

exhaustion-associated receptors during chronic infection 

and examination of the resultant changes to disease 

progression and T cell diversity will be useful in this 

regard. 

 

Age-related expression patterns of regulatory 

receptors – a risk factor for autoimmunity in the 

elderly? 

 

A consistent feature of aging is a reduction in responses 

to infection and vaccination, but a concurrent increase in 

the incidence of autoimmunity. Some clues to the 

mechanisms behind this discrepancy can be found in 

genetic studies. A decrease in the expression of the 

complement regulators Cd55 and Cd46 was observed in 
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T cells isolated from elderly individuals [8]. CD55-

deficient mice show increased autoimmune disease 

development [125] and the loss of CD46 is associated 

with a switch from a regulatory phenotype to a Th1 

phenotype in T cells [126]. A reduction in the expression 

of these genes could, therefore, contribute to the 

increased incidence of autoimmune diseases in the 

elderly. This could be exacerbated by changes in the 

expression of T cell regulatory molecules despite the 

trend for increased inhibitory receptor expression. In 

addition to inhibitory effects, KIRs can have stimulatory 

effects on the surface of NK cells and it is thought that 

these effects could apply equally to T cells. The KIR 

receptor KIR2DL4, whilst containing an ITIM motif in 

its cytoplasmic tail, can provide stimulatory as well as 

inhibitory signals to NK cells, in which population it is 

ubiquitously expressed [127]. Unlike other KIRs, 

KIR2DL4 transcripts have been found in all human NK 

cells rather than just a subset. Gene expression of 

KIR2DL4 has also been observed in T cells. KIR2DL4 

appears to be different from other KIR members in that it 

signals at the level of the endosome, activating DNA-

PKcs and downstream PI3K, [128]. When KIR2DL4 

binds HLA-G, one of its ligands, the complex is 

internalized. The presence of HLA-G in an endosome 

then triggers inflammation and TNF-α and IFN-γ 

production [129]. KIR2DL4 is increased on T cells 

during aging and the amount of IFN-γ produced 

following ligation is proportional to disease severity in 

SLE patients [130]. This pro-inflammatory molecule 

may, therefore, play a larger role in T cell activation with 

increasing age, further suggesting that the mechanisms 

controlling the T cell response in elderly people are 

distinct. 

 Clearly, costimulation plays a large role in the 

survival and activation of T cells. Indeed, provision of 

costimulation in mouse models overcomes the reduction 

in anti-tumor immunity seen with advancing age [131]. 

However, increasing costimulatory signals to T cells 

could exacerbate autoimmunity. An increase in 

costimulatory molecule expression has been seen in the 

site of inflammation in many autoimmune diseases, 

including rheumatoid arthritis [132, 133]. Some 

autoimmune diseases are much more common in the 

elderly despite an overall reduction in T cell activation as 

described above. Though T cells isolated from peripheral 

blood have reduced costimulatory molecule expression, 

those isolated from the site of inflammation, e.g. the 

inflamed synovial membrane, have increased expression 

of OX40 [132]. This may reflect a decreased activation 

threshold of T cells at the inflamed site, which could 

exacerbate autoimmunity. Distinct from classical 

costimulatory molecules, aging-related increases in other 

activating receptors have been observed. These 

stimulatory molecules provide positive signals to T cells, 

possibly even in the absence of antigen and, again, their 

ligands are not restricted to APCs. As such, they can 

provide inflammatory signals to T cells without the 

temporal and spatial control afforded by traditional 

costimulators. One such potentially activating receptor is 

the NK cell-related molecule NKG2D. When expressed 

in cells that also express DAP10, NKG2D provides a 

stimulatory signal in the absence of antigen [134, 135]. 

KIR2DS2 behaves in a similar fashion in cells 

expressing DAP12 [136], and KIR2DL4, as discussed 

above, can provide a stimulatory signal after binding its 

ligand, HLA-G.  

 Increased costimulatory activity may explain the 

increased incidence of autoimmunity in the elderly 

which at first sight seems contradictory to expectations 

considering the almost universal increase in negative 

regulators on the surface of immune cells. The potential 

for some of the NK associated receptors, such as 

NKG2D, KIR2DL4 and KIR2DS2 to provide positive 

signals, the tissue-specific expression of costimulatory 

receptors and the loss of certain inhibitory receptors may 

imbalance immunity following the initiation of 

inflammation. Further studies investigating the full range 

of costimulatory and inhibitory molecules expressed on 

the surface of individual T cells, as well as the 

expression patterns and tissue distribution of their 

ligands, will be needed to provide clues to the 

mechanisms behind T cell dysfunction during 

autoimmune disease and aging.  

 

Conclusions 

 

In considering the changes to T cells and T cell 

regulation during aging, it appears that immune aging is 

at least partly an active process and may, therefore, 

provide some benefits in the clearance of pathogens and 

tumors and/or the suppression of autoimmunity. Rather 

than observing changes to the T cell pool as a whole, we 

must now consider immune aging in terms of 

chronological aging of individual cells in combination 

with the accumulation of specific cell subsets. As 

immune therapies develop, it will be important to 

consider how aging affects their efficacy. Targeting 

specific populations may be more effective than 

targeting receptors that affect the T cell population as a 

whole, and dissection of the expression patterns of 

costimulatory and inhibitory molecules within each 

subset will help to identify specific receptors for 

targeting. The accumulation of, for example, exhausted 

T cells in a patient with a chronic, active infection such 

as HCV may contraindicate certain immune therapies 

which may not be the case in a patient with a higher 

proportion of senescent, CMV-specific cells. Targeting 
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exhausted T cell-specific receptors may provide more 

effective therapy against chronic infections, whilst 

senescence-specific receptor targeting may lead to the 

proliferation of damaged or at least unwanted T cell 

clones. Figure 1 shows the main mechanisms leading to 

the formation of each T cell subset and the regulatory 

receptors currently known to be associated with that 

subset. Future studies should address the extent to which 

memory formation, senescence and exhaustion are 

independent processes; the roles played by costimulatory 

and inhibitory receptors during aging and autoimmunity; 

the effects of T cell location (periphery vs. lymphoid 

organs vs. inflamed sites); and the potential for 

therapeutic interventions based on reversing exhaustion 

and/or promoting effective memory. 
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