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Summary
The accumulation of CD28− T cells, particularly within the CD8 subset, is one of the most prominent
changes during T cell homeostasis and function associated with aging in human. CD28, a major co-
stimulatory receptor, is responsible for the optimal antigen-mediated T cell activation, proliferation,
and survival of T cells. CD28− T cells exhibit reduced antigen receptor diversity, defective antigen-
induced proliferation, and a shorter replicative lifespan while showing enhanced cytotoxicity and
regulatory functions. Gene expression analyses reveal profound changes of CD28− T cells in
comparison to their CD28+ counterparts and support their functional differences. Here we review
the recent advance of our understanding of CD28− T cells and their role in age-associated decline
of immune function.

Introduction
The effectiveness of the immune response declines with age particularly in the latter stages of
life [1–3]. Among the multiple complex factors that contribute to the age-associated changes
of T cells in human, the accumulation of CD28− T cells is one of the most profound and
consistent [4,5]. At birth virtually all human T cells express CD28, however by age 80 and
above about 10–15% of CD4 and 50–60% of CD8 T cells lack CD28 expression [6] (Figure
1). The increase of circulating CD28− T cells with age is observed in human and primates but
not in mouse [7]. Whether this is related to the difference of microorganism environment they
interact and/or their lifespan between human/primate and mouse remains to be elucidated.

CD28, an extensively studied co-stimulatory molecule, plays multiple roles during T cell
activation, proliferation, and survival [8,9]. T cells that lose expression of CD28 display several
striking features including reduced diversity of T cell receptor (TCR) [10] and defects in
antigen-induced proliferation [11]. However, at the same time, CD28− T cells have enhanced
cytotoxicity [11] and display suppressive functions [12]. Furthermore, the accumulation of
CD28− T cells is associated with the reduced overall immune response to pathogens and
vaccines in the elderly [13,14].

CD28− T cells are heterogenous populations and can be further divided into different subsets
based on the expression of CD27, CD57 and other markers [15–17] (Figure 2). In CD8 T cells,
the CD28−CD27− subset is considered to be close to terminal differentiation [18]. There is
considerable interest in identifying the unique features of CD28− T cells as an important first
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step to understand age-associated changes in T cells and to subsequently develop potential
intervention strategies to improve immune functions in the elderly.

Origin of CD28− T cells
Virtually all naïve T cells in umbilical cord blood express CD28 [19] however a dominant
fraction of peripheral blood T cells become CD28− during ageing [6]. The cause of loss of
CD28 expression in T cells with age has been attributed to repeated antigenic stimulation which
can also be observed in CD28+ T cells after repeated antigen stimulation in vitro [20,21]. This
activation-induced progressive loss of CD28 culminates in a T cell population that is entirely
CD28− in vitro [21,22]. The activation and differentiation-induced loss of CD28 is supported
by the observations that CD28− T cells have shorter telomeres than their CD28+ counterparts,
even when studied within the same clonal population [23–25]. The corollary of this is that
CD28− T cells found in vivo have experienced past episodes of activation and cell cycling
[2]. It is important to note that CD28 loss only occurs in human and non-human primate T cells
[20] and not normally in murine systems [26]. This has limited the study of CD28− T cells to
primates in vitro [27].

The loss of CD28 is not only a result of repeated TCR activation. Recent studies show that
cytokines using the common γ-chain (e.g. IL-2, IL-7, and IL-15) accelerate the loss of CD28
in CD8 T cells that have been activated by the TCR [28,29]. IL-7 and IL-15 are critically
important for the homeostatic maintenance of T cells in the absence of antigenic stimulation,
particularly for CD8 memory T cells [30]. Loss of CD28 expression in CD8 memory T cells
in the presence of IL-15 alone without TCR stimulation in vitro suggests that homeostatic
proliferation can be another cause for age-associated loss of CD28 expression [29].
Interestingly, CD28− CD8 T cells do not display obvious proliferative defects in response to
IL-15 in vitro, suggesting a significant role of homeostatic cytokines in accumulation of
CD28− CD8 T cells with age [29].

In addition, the presence of type I interferons (IFN-α and IFN-β) during TCR activation also
increases the proportion of CD8 CD28− [28] and CD4 CD28− [31] T cells in culture.
Furthermore, TNFα induces a significant quantitative reduction of CD28 molecules on the cell
surface that leads to the emergence of CD28− T cells [32]. This suggests that these cells may
be generated in proinflammatory environments e.g. during viral infections and that persistent
infections in particular, may drive the accumulations of these cells [31]. In fact, the loss of
CD28 that is induced by IL-15 occurs in part by the induction of TNF-α in IL-15 cultured CD8
T cells [29]. As a higher level of TNF-α is present in the elderly than in young adults [33],
TNF-α may play a prominent role in age-associated accumulation of CD28− CD8 T cells.

Regulation of CD28 expression
CD28 down-regulation with T cell activation involves transcriptional repression and increased
protein turnover and has been interpreted as a negative feedback mechanism [34,35]. During
normal antigenic exposure, CD28 expression is reduced but rapidly returns to the same level
as that before stimulation. However, with sustained T cell stimulation and turnover, CD28
expression decreases and is eventually lost. CD28 can be initially re-induced by IL-12 [36] but
once firmly established, CD28 loss is irreversible in the majority of CD28− T cells suggesting
active transcriptional silencing.

Among the various epigenetic silencing mechanisms, CpG DNA methylation has a prominent
role in fate decisions during T cell differentiation and is also known to change with age in
proliferating tissues [37,38]. Cumulative CpG demethylation associated with proliferation and
aging has been associated with the overexpression of a number of genes in T cells of the elderly
including killer-cell immunoglobulin-like receptors (KIRs), leukocyte function receptor
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(LFA-1), CD70, and perforin [39–42]. While most of these genes are overexpressed in
CD28− cells, the mechanism underlying the loss of CD28 appears to be fundamentally
different. Reporter gene assays using the minimal CD28 promoter have shown that
transcriptional activation is defective in CD28− T cells. This defect has been mapped to a unique
transcriptional initiator element in the CD28 promoter that lacks sequence homology with the
consensus initiator. T cells that have lost CD28 are not able to support CD28 initiator-dependent
reporter gene constructs [43]; and they lack protein complexes able to bind to the CD28 initiator
[44]. These protein complexes have only been partially characterized and include the
ubiquitous proteins nucleolin and isoform A of heterogeneous ribonucleoprotein [45].

DNA binding complexes are rapidly lost in proliferating CD8 cells in parallel with declining
CD28 expression while they persist in CD4 T cells which may explain the resistance of CD4
T cells to lose CD28 in vivo with aging [46]. Stimuli other than proliferation that control CD28
expression also exert their effect by regulating the CD28 initiator. For instance, in a negative
feedback mechanism ligation of CD28 by CD80 represses the CD28 initiator function, likely
mimicking the down-regulation seen with T cell activation [47]. Similarly, TNF-α suppresses
initiator-driven transcription, while IL-12 restores it [47]. How transient CD28 repression is
permanently imprinted is unknown and needs to be elucidated to develop strategies to either
prevent CD28 loss with aging or to re-express CD28 in elderly T cells.

As described in the previous paragraph, CD28− T cells express high levels of the adhesion
molecule LFA-1 and of effector molecules (perforin, granzyme B) and exhibit enhanced
cytotoxicity. The high level of LFA-1 has the additional effect of lowering the T cell activation
threshold [48] and predisposing to defective tolerance. In addition, it provides signals to ICAM
(LFA-1 receptor) expressing somatic cells, controlling their proliferation and survival [49].
Expression of NK cell receptors (KLRs and KIRs) in CD28− T cells fundamentally influences
how these cells sense signals from their environment because the ligands for these receptors
are not limited to antigen-presenting cells. In contrast to inhibitory KIRs on NK cells, their
presence on CD28− T cells only inhibits complex cellular functions such as proliferation while
leaving certain effector functions, such as cytotoxicity, essentially intact, likely because they
are initially excluded from the T cell receptor activation complex and therefore do not inhibit
the transmission of early activation signals [50].

CD8 CD28− T cells appear to negatively impact immune responses through a variety of
mechanisms and significantly contribute to the immune defect that is characteristic of the
elderly. CD28− T cells are frequently oligoclonally expanded and constrain the adaptive
immune system by competing for available space. In addition, they also exert direct negative
effects on adaptive immune responses. In two vaccination studies, the frequency of CD8
CD28− T cells was a good predictor for defective humoral responses to the influenza vaccine,
suggesting that CD8 CD28− cells exert suppressive function and, therefore, hinder CD4 vaccine
responses [51]. In support of this interpretation, a study has linked CD28 loss from CD8 T cells
in vitro with the development of the ability to tolerize dendritic cells and to suppress CD4
responses [52]. One possible mechanism for this is that CD8 CD28− T cells induce the
expression of the negative regulatory receptors ILT3 and ILT4 on dendritic cells that prevent
the upregulation of co-stimulatory ligands.

Molecular features of CD28− T cells
The completion of the human genome sequence and the advance of microarray technology in
gene expression analysis allow one to directly examine the genome-wide gene expression
features of CD28− T cells [53–56]. These analyses have revealed a small set of genes that
significantly altered their expression levels between CD28− and their CD28+ counterparts.
These differentially expressed genes are shared to a great degree between CD4 and CD8 T
cells, and appear to be associated with the differentiation states of these cells rather than with
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the age of their donors per se [55]. Here we discuss the four groups of differentially expressed
functional genes: 1) co-stimulatory receptors, 2) NK cell receptors, 3) cytokines/chemokines
and their receptors, and 4) effector molecules.

Co-stimulatory receptors—The CD28 family of receptors consists of CD28, CTLA-4
(CD152), inducible co-stimulator (ICOS), program death-1 (PD-1, PDCD-1), and B and T
lymphocyte attenuator (BTLA) [9]. In addition to CD28, the expressions of ICOS and CTLA4
are also down regulated in CD28− CD8 T cells. CD27-CD70 is another co-stimulatory receptor-
ligand pair involved in T cell activation [57]. While the expression of CD27 decreases, the
level of CD70 appears to be increased in CD28− CD4 and CD8 T cells. While the altered
expressions of these co-stimulatory receptors provide more details and reason for the
proliferative deficiency of CD28 T cells in response to antigen, it also reflects the adaptation
of CD28− T cells to their changed environments and conditions.

NK cell receptors—A striking feature of CD28− T cells is the acquired expression of several
receptors more commonly associated with the nature killer (NK) cells. These NK cell receptors
include KIR2DL2 (CD158B1), KIR3DL2 (CD158K), KLRD1 (CD94), KLRF1, KLRK1
(NKG2D), NCR1 (CD355), and CD244 (2B4). KLRD1 forms a dimer with KLRC1 (NKG2A)
[58] binds to HLA-E and inhibits cytotoxicity whereas with KLRD1 (NKG2C) or KLRK1 can
deliver a stimulatory function when expressed on CD8 T cells [59]. In contrast, NCR1, and
CD244 are activation receptors. The level of CD244 expression is elevated in cytomegalovirus
(CMV)-specific effector CD8 T cells [60] and induces elevated effector function. The
identification of elevated NK cell receptor expression in CD28− T cells provides evidence that
CD28− T cells are capable of carrying out some NK cell functions such cytotoxic killing.

Chemokine/cytokine and their receptors—Profound altered expression of several
chemokines, cytokines and their receptors have been observed in CD28− CD8 T cells. While
enhanced expression of genes including IL-12A (IL12A), chemokine (C-C motif) ligand 4
(CCL4 or MIP1-β), and chemokine (C-X3-C motif) receptor 1 (CX3CR1 or CCRL1) are
observed, interleukins (IL-3 and IL-23A), interleukin 12 receptor β2 (IL12RB2), and
chemokine receptor (CCR6, and CCR7) transcription are decreased in CD28− T cells. Some
of these changes might be co-regulated as either positive or a negative feedback loops. IL-12
facilitates Th1 differentiation through inducing production of IFN-γ [61] and also enhances
CD28 transcription in CD28− CD4 T cells in vitro [36]. The co-existence of an increased
expression of IL-12 and a decreased expression of its own receptor (IL12RB2) in CD28− T
cells might suggest that increased IL-12 expression is a consequence of decreased expression
of IL-12 receptor. Functionally, elevated expression of IL-12 also contributes to the enhanced
cytotoxicity of CD28− T cells. Chemokines and their receptors are the key mediators of
lymphocyte migration. How the elevated expression of CCL4 and CX3CR1 [62,63] along with
the diminished expression of CCR6 and CCR7 contributes to the migration pattern and
ultimately function of CD28− T cells will require additional study.

Effector molecules—The gain of cytolytic function of CD28− T cells is supported by
elevated expression of the key cytolytic molecules including perforin (PRF1), granzyme B
(GZMB), and granzyme H (GZMH). In CD28+ CD8 T cells, the levels of PRF1 and GZMB
are very low and increase only after activation [64] while the GZMH level is low in both freshly
isolated and activated T cells [65]. Interestingly, CD28− CD8 T cells express high levels of
both GZMB and GZMH, presenting a unique feature that is found in both activated/effector T
cells and NK cells.
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Functional characteristics of CD28− T cells
Early studies showed that the loss of CD28 was associated with a change of cellular function
in T cells including decreased anti-CD3 stimulation, decreased ability to secrete IL-2 after
activation [66], decreased ability to up-regulate telomerase after activation [67,68] and
increased susceptibility to activation-induced cell death [28]. In addition, the shorter telomeres
in CD28− compared to CD28+ T cells [23,69] might be due to the fact that CD28 signaling is
required for optimal telomerase induction [70]. Amongst the various CD28− T cell sub-
populations, CD28−CD27− T cells were shown to have reduced capacity to survive and
proliferate after TCR activation in vitro compared to CD28−CD27+ T cells [28]. Interestingly,
the addition of either IL-2 or IL-15 enabled the CD28−CD27− T cells to survive and proliferate
to levels observed in the other populations [15]. However the dependence on these cells on
IL-2 and related cytokines for activation cannot explain all their functional defects after
activation.

The most reproducible activation induced defect in CD28− T cells, in particular those that have
differentiated to a CD28−CD27− state, is their lack of telomerase activity that is not reversed
by the addition of IL-2 or the provision of alternative co-stimulatory signals [15]. The
differentiation-induced down-regulation of telomerase in human T cells does not correlate with
decreased transcription of hTERT, the catalytic component of the enzyme [15,71,72]. It has
been shown that the kinase Akt (protein kinase B, PKB) signaling is crucial for cell
proliferation, survival [73], and telomerase induction [74]. Phosphorylation of Akt at two
different sites (Ser473 and Thr308) is associated with activation [75,76] and a progressive
decline in Akt phosphorylation at the Ser473 site was observed as T cells differentiated from
CD28+CD27+ to CD28−CD27+ to CD28−CD27− and this could not be reversed by the addition
of IL-2 [15]. As telomerase activity in T cells requires hTERT phosphorylation [77] and since
hTERT is a substrate for Akt [74], one prediction of the impact of decreased Akt
phosphorylation in CD28−CD27− T cells is that these cells would also have decreased hTERT
phosphorylation. Indeed, decreased hTERT phosphorylation has been found in these cells
compared to CD28−CD27+ and CD28+CD27+ T cells. However it has been shown that other
signaling events such as that via the mitogen activated protein (MAPK) ERK might have a
more prominent role than Akt in regulating telomerase activity in T cells [78]. The changes in
cell signaling that occurs during differentiation, some of which are associated with loss of
CD28− expression during T cell differentiation require further study to determine which of
these are reversible.

As described above, CD28− T cells express high levels of effector molecules (perforin,
granzyme B) and exhibit enhanced cytotoxicity. The high level of LFA-1 lowers the T cell
activation threshold [48] and predisposes to defective tolerance, but also provides signals to
ICAM (LFA-1 receptor) expressing somatic cells, controlling their proliferation and survival
[49]. Expression of NK cell receptors (KLRs and KIRs) in CD28− T cells fundamentally
influences how these cells sense signals from their environment because the ligands for these
receptors are not limited to antigen-presenting cells. In contrast to inhibitory KIRs on NK cells,
their presence on CD28− T cells only inhibits complex cellular functions such as proliferation
while leaving certain effector functions, such as cytotoxicity, essentially intact, likely because
their recruitment to the T cell receptor synapse does not occur immediately after activation
[50]. Consequently, some effector functions are not affected while proliferative responses and
IFN-γ production that require early and sustained signaling are clearly inhibited.

CD8 CD28− T cells appear to negatively impact immune responses through a variety of
mechanisms and significantly contribute to the immune defect that is characteristic of the
elderly. CD28− T cells are frequently oligoclonally expanded and constrain the adaptive
immune system by competing for available space. In addition, they also exert direct negative
effects on adaptive immune responses. In two vaccination studies, the frequency of CD8
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CD28− T cells was a good predictor for defective humoral responses to the influenza vaccine,
suggesting that CD8 CD28− cells exert suppressive function and, therefore, hinder CD4 vaccine
responses [51]. In support of this interpretation, a study has linked CD28 loss from CD8 T cells
in vitro with the development of the ability to tolerize dendritic cells and to suppress CD4
responses [52]. One possible mechanism for this is inhibiting the upregulation of the co-
stimulatory molecule CD154 on helper CD4+ T cells that prevents their interaction and
activation with CD40 the dendritic cells.

CD28− T cells in disease
Increased frequencies of CD28− T cells are common features of immune aging and chronic
viral infections (Box 1). Expansion of CD4 CD28− T cells with age is usually minute and
infrequent while CD8 CD28− T cells predominate. In otherwise healthy elderly, CD8 CD28−
T cells are frequently specific for CMV and EBV antigens. As discussed above, these cells
have a negative impact on the adaptive immune system through a variety of mechanism. It has
therefore been suggested that the immune exhaustion and immune system remodeling
associated with chronic CMV infection is in part responsible for the immune defects seen in
the elderly [79]. CD4 CD28− T cells reach high frequencies in some individuals. Persistent
infection with CMV in particular has been shown to drive has been shown to drive the
accumulation of CD28− T cells within both the CD4 and CD8 compartments, in part by the
induction of INF-α synthesis by plasmacytoid dendritic cells (PDC) [31]. It has been
hypothesized that the accumulation of these CD28− T cells cells may be detrimental during
ageing as they occupy vital immunological niches and render them inaccessible to protective
T cells of other specificities [79].

It is notable that many of individuals who have elevated number of CD28− T cells have an
autoimmune disease, e.g. rheumatoid arthritis (RA), multiple sclerosis, Wegener’s
granulomatosis, Graves’ disease, or ankylosing spondylitis [80–84] further suggesting that
chronic inflammation may drive the accumulation of these cells. In addition, CD4 CD28− T
cells play a role in the vascular inflammation in atherosclerotic diseases that lead to plaque
instability, acute coronary syndromes and stroke [85,86]. Whether the frequency of CD8
CD28− T cells in these settings is age-inappropriately increased has been less well studied. It
is possible that the higher frequency of CD4 CD28− T cells is the consequence of chronic
immune stimulation by an autoantigen. The contribution of autoantigen-specific responses to
CD4 CD28− T cells expansion is difficult to estimate because for the majority of these systemic
diseases, the nature of the autoantigen has not been defined. In most studies CD4 CD28− T
cells do not respond to the usual suspects such as collagen in rheumatoid arthritis or myelin
basic protein in multiple sclerosis, but can be stimulated by rather ubiquitous antigens such as
heat shock proteins or viral antigens [87,88]. This finding resonates with the clinical
interpretation that expansion of CD4 CD28− T cells represent an important amplification
mechanism leading to more severe and systemic disease rather than being involved in the initial
break of tolerance.

Most efforts to understand the contribution of CD4 CD28− T cells to the inflammatory response
have suggested that they are readily triggered by inflammation and thereafter perpetuate and
amplify the inflammatory process [88]. Chemokine receptors and effector molecules such as
perforin and granzyme B uniquely expressed on CD4 CD28− T cells may enable these cells to
infiltrate tissue and to cause tissue damage [89]. Expression of stimulatory receptors lowers
the activation threshold for antigen-specific stimulation and, in selected cases renders cell
activation completely independent of the recognition of the appropriate antigenic peptide
[90]. NKG2D expressed by CD4 CD28− T cells can provide a costimulatory signal and increase
the promiscuity of these cells towards antigenic peptide stimulation. NKG2D expression on
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CD4 CD28−T cells has been identified in patients with RA, as well as in patients with
Wegener’s granulomatosis [91].

It is perplexing that aged individuals who are becoming increasingly immune incompetent in
terms of vaccine and pathogen responses have at the same time an increased risk of developing
certain autoimmune diseases. Only lately have we started to understand that the age-dependent
immune degeneration also includes a propensity for increased activation of the innate immune
system and breaches of tolerance [92]. CD28− T cells represent a remarkable example of how
the same mechanisms lead to autoimmunity and immune deficiency. The increased frequencies
of CD28− effector T cells occur at the expense of naïve and central memory T cells and this
accumulation predisposes to tissue injury while compromising responses to novel antigens.
These CD28− effector T cells acquire the expression of negative and positive regulatory
receptors that are evolutionarily selected to regulate NK cell function. Expression of inhibitory
receptors is aimed at containing unwanted effector cell activities, but also carries the risk of
dampening appropriate immune responses. On the contrary, co-stimulatory receptors lower the
T cell activation threshold. As most of the ligands for these receptors are expressed on somatic
cells, activation of CD8 and, more importantly CD4 T cells is no longer under the control of
professional antigen-presenting cells with the consequence of increased tissue inflammation
or autoimmunity.

Conclusion
Substantial progress has been made in understanding the molecular, cellular, and functional
features of CD28− T cells since their initial identification in early 1990s. From the
characterization of the loss of function (oligoclonality, antigen mediated proliferation
deficiency, and reduced replicative lifespan) to the gain of function (enhanced cytotoxicity and
immunoregulation), the multi-faceted nature of CD28− T cells has become increasingly clear.
The current challenges are to elucidate the differentiation process of CD28− T cell generation,
differentiation, and maintenance, and to understand the networks that down- and up- regulate
expression of CD28 and its associated related genes. Further characterization and better
understanding of the molecular changes of CD28− T cells will open new avenues to explore
the potential targets that can restore or reverse the changes in CD28− T cell function during
ageing.

Box 1

CD28− T cells and clinical manifestations

CD4+CD28− T cells

• are infrequent in most elderly individuals

• are expanded in patients with autoimmune diseases (multiple sclerosis, rheumatoid
arthritis, Wegener’s granulomatosis) and in patients at risk for inflammatory
vascular complications (plaque rupture, acute coronary syndrome, stroke).

• have increased effector functions and may amplify autoimmune and inflammatory
responses.

CD8+CD28− T cells

• accumulate in most individuals with normal aging

• in part reflect the infectious burden from chronic viral infections (CMV, EBV.
HIV)
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• can, depending on the setting, exhibit increased effector functions or display signs
of lymphocyte exhaustion with dominant inhibitory receptors and loss of cytotoxic
ability.

• are directly or indirectly responsible for the immune defects in the elderly by
competing for resources and compromising T cell homeostasis or by having
suppressor activity
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Figure 1.
Age associated accumulation of CD28− T cells. A schematic presentation of the accumulation
of CD28− T cells with age for both CD4 and CD8 T cells. The ordinate indicates the frequency
of CD28− CD4 or CD28− CD8 T cells. CD28− CD8 T cells show a dramatic increase in number
with age whereas the increase of CD28− CD4 T cells is much more modest.
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Figure 2.
CD28− T cell differentiation and functional changes. In vitro and probably in vivo, CD28− T
cells arise from CD28+ naïve and memory T cells (1) that have undergone repeated stimulation
by antigen and/or by cytokines, particularly homeostatic cytokines (e.g IL-2, IL-7, IL-15). The
differentiation path of CD28− T cells can be further divided into two main stages based on the
expression of CD45RA and CD27. Appropriate triggers (e.g. certain cytokines) might reverse
the differentiation of CD45RA−CD28−CD27+ T cells (2) back to CD45RA+CD28+CD27+ T
cells but CD45RA+CD28−CD27− T cells (3) are considered to be terminally differentiated
CD8 T cells. The antigen-induced proliferation of CD28− T cells is profoundly impaired but
their proliferative response to homeostatic cytokines appears normal. The acquisition of
cytolytic function is one of the major features of CD28− T cells and in addition
immunoregulatory abilities have also been recently reported.
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