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Abstract
The incidence of most common cancers increases with age. This occurs in association with, and is
possibly caused by a decline in immune function, termed immune senescence. Although the size
of the T-cell compartment is quantitatively maintained into older age, several deleterious changes
(including significant changes to T-cell subsets) occur over time that significantly impair
immunity. This article highlights some of the recent findings regarding the aging immune system,
with an emphasis on the T-cell compartment and its role in cancer.
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The aging of the adaptive immune system results in decreased functionality termed immune
senescence. Defects arise in both the humoral and cellular arms of the adaptive response,
implicating defective T-cell function with age [1–4]. As the thymus is the major site of T-
cell development and maturation, thymic involution and the gradual decline in thymic output
is considered a primary event in the process of age-associated immune senescence [3].
Furthermore, there is an inverse relationship between immune function and the incidence of
many forms of cancer [1–4]; as immune function decreases with age, the incidence of cancer
increases. However, a causative link between age-associated immune senescence and
increased incidence of cancer remains controversial [1,4].

The global trend for increased cancer incidence with age, especially after the age of 65
years, is a well-established phenomenon. Most common forms of cancer have a peak
incidence in the seventh and eighth decades of life [4]. This parallels the age-associated
decline in immune function and, by extension, its capacity for immunosurveillance, the
proposed process by which the immune system detects and eradicates tumors [4]. Since
immune senescence continues to increase with advancing age, it would be expected that
cancer incidence would continue this trend as well. A recent population study found a peak
incidence of bladder cancer in those >85 years of age [5]. However, the age-associated
increase in the incidence of many common cancers is followed by a plateau during the
eighth decade and, in some cases, a subsequent decline in incidence in the very old (>85
years of age) [4]. For example, prostate cancer has a peak incidence at age 70–74, and then
declines after the age of 80 years [101]. Similar trends are observed in breast cancer, where
peak incidence for women occurs from 75 to 79 years followed by a decline in women aged
80 years and older [101].

The decline in incidence of some common cancers is contrary to the theory that the decline
in immunity with age has a direct role in increasing cancer incidence, and it suggests that
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more complex mechanisms underlie the process. However, it may be consistent with respect
to views on successful aging. It has been postulated by some that individuals who are
genetically predisposed towards weaker inflammatory responses may have a higher
likelihood of successful aging provided that they can avoid serious infectious diseases [6]. In
addition, individuals with a genetically inherited propensity towards extreme longe vity
(survival into the ninth and tenth decades) may have common underlying features relevant to
the onset of cancer. A longitudinal study of immune parameters found a reduction in age-
associated inflammation, prolonged immune function despite advanced years and a
reduction in cytomegalovirus (CMV)-associated immune defects in individuals with a
familial history of greater longevity [7]. Consistent with this view, naturally long-lived mice
better maintain immune responses to stimuli, have reduced resting state oxidation and have
reduced NF-κB activation during resting state compared with aged mice [8]. This same
group also found that basal level cytokine secretion of peritoneal leukocytes from aged mice
(69–92 weeks old) had a strong proinflamma-tory profile, whereas naturally long-lived mice
(125 weeks old) maintained a cytokine profile that was similar to that seen in middle-age
mice (44 weeks old) [9]. Aged mice were also impaired in their ability to produce Th1 and
Th2 cytokines, including IL-2 compared with middle-aged mice. By contrast, leukocytes
from naturally long-lived mice maintained cytokine production similar to that seen in
middle-age mice following ex vivo stimulation [9]. These data support the possibility that a
subset of individuals survive into late age without cancer as a result of better-maintained
immune function, including a reduction in the chronic inflammation typically seen with age.
This provides one hypothesis to explain the plateau in incidence during the ninth and tenth
decade of life for many cancer types, which is consistent with the immunosurveillance
model of cancer prevention. However, it must be stated that the immunosurveillance/
immuno senescence argument for the increased incidence of cancer observed with age
remains controversial and incompletely understood. An alternative argument has been
postulated that as the body ages, cells are increasingly exposed to a variety of potentially
carcinogenic and transformational insults that increase the likelihood of malignancy over
time [1,4].

Immunosurveillance
The concept of tumor immunosurveillance is important in understanding the role of
declining immunity in the increase in cancer incidence. This has been described elsewhere
and will only briefly be discussed here [4,10]. Two major systems of tumor suppression by
the immune system have been described, namely the production of IFN-γ and the perforin
pathway that is used by cytotoxic T cells and natural killer cells [4]. While natural killer
cells may kill cancer cells nonspecifically [11], antigen-specific naive CD8+ T cells require
CD4+ T-cell help to achieve activation and cytotoxic function [12,13]. CD8+ T cells
predictably participate in antigen-specific immunosurveillance through cytotoxic T-
lymphocyte killing of tumor cells [14]. Similar to normal T-cell responses to foreign
antigens, CD4+ T cells may participate in immunosurveillance by licensing antigen-
presenting cells that cross-present tumor-associated antigen to naive CD8+ T cells. In fact,
inadequate presentation of tumor-associated antigen to naive CD4+ T cells resulted from
downregulated MHC class II on antigen-bearing dendritic cells. This, combined with
adequate class I presentation to naive CD8+ T cells, resulted in tolerization of tumor antigen-
specific CD8+ T cells rather than activation [15]. This highlights the roles of both CD4+ and
CD8+ T cells in this mechanism of antitumor immunity, as well as an immunomodulatory
effect of the tumor environment on dendritic cells. Similarly, myeloma-specific CD4+ T
cells are able to inhibit the growth of class II negative myeloma through IFN-γ production
following interaction with tumor antigen expressing macro phages [16]. Subsequent studies
by this group confirmed that naive CD4+ T cells participate in immunosurveillance of class
II-negative myeloma only when secreted tumor antigen reaches a critical level in the tumor
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extracellular matrix, where it is then picked up by macrophages for presentation [17]. In
fact, CD4+ T cells can eliminate tumors independently of CD8+ T cells [18–20] and high
CD4:CD8 ratios are associated with a good prognosis for patients with lung [21] and liver
cancer [22]. In this example, local production of inflammatory and Th1 cytokines by tumor-
specific CD4+ T cells mediated cytotoxic activity in tumor infiltrating macrophages [20].
Vella et al. speculate that cyclin B1, which is expressed transiently in normal cells and
constitutively in several human cancers, may be a target for immunosurveillance [23]. They
note that healthy individuals with no cancer history have memory CD4+ and CD8+ T cells as
well as T-cell-dependent serum IgG that are specific for cyclin B1. Murine studies
confirmed that priming of the immune system with a cyclin B1 vaccine regimen led to tumor
rejection that required participation of CD8+ T cells. Collectively, these findings support a
role for both CD4+ and CD8+ T cells in mediating antigen-specific responses that are
capable of suppressing tumor growth.

Tumors may evade these mechanisms through a proposed three-phased process, termed
immuno editing. The ‘elimination’ phase is immunosurveillance itself, through which the
immune system eliminates potentially malignant cells. Transformed cells then achieve an
‘equilibrium’ during which the immune system holds their expansion in check. Finally,
tumors ‘escape’ the immune system by deleting immunogenic epitopes and/or suppressing
the immune response to the tumor [4,10,24]. This process of removing antigens that the
immune system can easily respond to is seen in tumor studies using immune-deficient mice.
Tumors developed in these animals were incapable of growing in syngeneic immune
competent hosts. Conversely, tumors that develop in immune competent mice could be
transferred and successfully grown in syngeneic immune competent hosts [25,26]. The
process of immunoediting implies that the immune system is capable of, and necessary for,
preventing tumor development. It also implies that cancer initiation requires a means by
which the tumor can avoid suppression by the immune system. Consistent with these
findings it is predicted that declining immunity would lead to an increased risk of cancer.

Age-associated decline in T-cell function
There are three major trends in T-cell function that have been observed in the aging immune
system. The first is a decrease in the number and proportion of naive T cells. This is mainly
caused by the progressive decrease in thymic output that begins in childhood and continues
into advanced age [27]. Surprisingly, the overall size of the peripheral T-cell population
remains consistent well after thymic involution [1,28,29]. That is, the T-cell compartment
occupies the same approximate ‘space’ early in life as it does late in life. However, the
proportion of various sub-populations changes significantly. The second major trend is the
increased proportion of memory T cells. These cells are still capable of proliferative
memory responses, but include defects from normal function, including increased type I/
type II cytokine production profiles [2]. The third major change in T-cell function is the
accumulation of terminally differentiated T cells that are dysfunctional and have extremely
limited T-cell receptor (TCR) repertoire diversity [30]. These are mostly CD8+ T cells that
arise from chronic exposure to viral antigen [31]. The shift from naive to a preponderance of
memory/effector cells with age results in a state of low-level chronic inflammation that is
characteristic of the aged immune system. Interestingly, a recent longitudinal study on
familial longevity found that individuals genetically predisposed to longer lifespan were less
susceptible to common features of age-related immune senescence [7]. Specifically, CMV
seropositivity was linked to a reduction in naive T cells and an increase in effector memory
T cells for the general population, but not for individuals with familial longevity. A reduced
proinflammatory status was also observed in the latter group.
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Naive T cells
A diverse TCR repertoire is critical for normal immune function and the recognition of a
wide range of antigenic targets. However, with age, the thymus involutes and naive T-cell
output decreases. As mentioned previously, this age-associated decrease in thymic output is
the primary cause of immunosenescence [3]. Peripheral naive T-cell output is reduced up to
80% [32]. However, despite involution thymic function and naive T-cell output does
continue throughout life, albeit at significantly reduced levels [2,27,33]. This decrease is
measurable by TCR rearrangement excision circles that indicate recent thymic emigration
and are not preserved in proliferating cells, but rather become diluted [33]. TCR
rearrangement excision circle-positive CD4+ T cells in the elderly also show signs of aging.
The least differentiated naive subset of CD4+ T cells, the TCR rearrangement excision
circle-enriched CD45RA+CD31+, have been demonstrated to have shorter telomeres in the
elderly [34]. Telomere shortening in T cells is an indicator of reduced proliferative
capability [34,35].

The progressive decline in naive T-cell production with aging raises an important question.
Are long-term changes in the naive T-cell subpopulation, as seen in the elderly, the result of
cell-intrinsic events (e.g., changes in intra cellular signaling caused by the aging process) or
cell-extrinsic events (e.g., changes in the environment including thymic involution)? While
this remains a topic of discussion there are data to support both suppositions, suggesting that
it is a combination of both intrinsic and extrinsic cellular events that contribute to
abnormalities in the aged naive T-cell pool.

Cell-intrinsic factors
A reduction in thymus mass versus body mass continues from birth until death [27].
However, naive T cells in the elderly are not only quantitatively reduced, but also
qualitatively altered in their function, supporting the presence of cell-intrinsic factors.
Response to vaccines diminishes significantly in the elderly [36,37]. Aging naive CD4+ T
cells also live longer but proliferate less, produce less IL-2 when stimulated, and are less
effective in providing B cell help [38,39]. Using an adoptive transfer model, Eaton et al.
demonstrated that the transfer of antigen-specific naive CD4+ T cells from aged mice into
young mice resulted in a reduction in cognate B-cell help, germinal center formation and
IgG production compared with that seen with the transfer of young naive CD4+ T cells [38].
Conversely, the transfer of young naive CD4+ T cells to either a young or an aged host
resulted in similarly elevated levels of B-cell expansion, differentiation and IgG production
as compared with that seen in the transfer of aged T cells. This is consistent with age-related
changes that are T-cell-intrinsic and not caused by the age of the host environment.
However, a subsequent study from this group indicates that bone marrow precursor cells
from aged mice do in fact produce normally functioning CD4+ T cells when transferred into
lethally irradiated young mice [40]. Memory T cells generated in this process provided
potent cognate B-cell help comparable to that seen with the transfer of bone marrow
precursor cells from young mice. Taken together, these two studies support cell extrinsic
changes (i.e., environmental) in bone marrow precursor cells during the maturation process
that lead to intrinsic defects in naive CD4+ T cells [38,40]. However, the model used in
these studies relied on transgenic TCRs that bypass the recombination phase in T-cell
development and, thus, may not accurately reflect normal changes in T-cell development
with age. RAG1 and RAG2 expression, under the control of thymic epithelial cells, does in
fact decrease with age [41].

Despite an age-associated decrease in thymic output of new naive T cells, the total number
of peripheral T cells does not decline dramatically [1,28,29]. The total T-cell pool is
maintained by several means, including TCR-independent homeostatic proliferation and
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prolonged survival of naive T cells in the periphery. Specifically, increased longevity of
naive CD4+ T cells helps maintain homeostasis and also facilitates the development of
intrinsic functional defects [42]. Post-thymic longevity of transgenic TCR CD4+ T cells is
linked to age-associated defects including reduced in vivo expansion, reduced IL-2
production and impaired cognate B-cell help [43]. In addition, thymectomizing middle-aged
mice to mimic thymic involution at an earlier age results in an early onset of age-related
defects [42]. In the same study, aged naive CD4+ T cells, when transferred into normal
young mice, intrinsically exhibited prolonged survival, decreased antigen-driven
proliferation and decreased IL-2 production. Reduced expression of the proapoptotic
molecule Bim was associated with intrinsic age-related defects in naive CD4+ T cells [42].
However, the transfer of aged bone marrow into an irradiated young mouse prevented age-
associated defects in the newly produced naive CD4+ T cells, indicating that intrinsic age-
associated defects in CD4+ T cells do not occur prior to thymic emigration [40,42]. A
subsequent study by this group reported that reduced expression of the proapoptotic
molecule Bim is the initiating step in increased cellular lifespan and the development of age-
associate functional defects in naive CD4+ T-cell function [44]. Collectively, these findings
highlight prolonged survival in the periphery as being critical both to T-cell homeostasis as
well as the development of functional defects. This facilitates intrinsic changes in naive T
cells that are maintained even after transfer into a younger animal. However, the aged
environment that promotes these changes results primarily from thymic involution and the
subsequent decrease in thymic output associated with aging. Since the thymus provides the
microenvironment in which T-cell development occurs, these events are extrinsic to the aged
T cell.

Cell-extrinsic factors
Dysfunction in thymic epithelial cells has been implicated as the key cellular event in
thymic involution [45,46]. Recently, deterioration of thymic epithelial cells has been
attributed to an age-associated decline in the expression of the epithelial gene FoxN1 by
these cells. A transgenic model that causes a more rapid, but still gradual, decline in FoxN1
expression demonstrated accelerated thymic involution and age-associated T-cell defects in
mice. Interestingly, restoration of intrathymic FoxN1 expression in aged mice partially
restored thymic and peripheral CD4+ T-cell function [47].

In humans, a study on individuals thymectomized at an early age demonstrates the early
onset of age-associated immune defects described as ‘premature immune aging’ [48]. Young
adults that were thymectomized at an early age prematurely displayed immune system
characteristics typically seen in the aged immune system, including a reduction in the
absolute number of CD4+ and CD8+ T cells, reduced naive T-cell populations, and increased
populations of oligoclonal memory T cells. Of note was a subset of individuals in the study
with exacerbated characteristics of the aged immune system, comparable to that seen in the
elderly (age 75 years and older). There was also a correlation between these individuals and
CMV infection, including a strong CMV-specific T-cell response. These results are
consistent with prior findings that show a reduction in recent thymic emigrant CD4+ T cells
in individuals thymectomized at an early aged, compared with healthy age-matched controls
[49,50]. As such, both clinical and murine studies strongly support the influence of cell-
extrinsic factors in the aging of the immune system.

Naive CD8+ T cells
With age, the naive CD8+ T-cell compartment also decreases in proportion to decreased
thymic output [51,52], similar to age-associated changes in the naive CD4+ T-cell
compartment. This decrease in size is accompanied by a similar decrease in TCR repertoire.
However, in comparison to changes in naive CD4+ T cells, dysregulation in the homeostatic
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proliferation of naive CD8+ T cells results in clonal expansions similar to that seen in
memory/effector CD8+ T cells (discussed later) [51]. One population study of peripheral
blood T-cell subsets found an increased sensitivity to aging in CD8+ versus CD4+ T cells
caused by differences in homeo-static stability and gene expression [52]. Instability of the
naive CD8+ T-cell population has also been attributed to increases in TNF-α- [53] and
CD95-mediated [54] apoptosis. Naive and central memory CD8+ T cells in older, but not
younger, individuals were more apoptosis sensitive, whereas effector memory CD8+ T cells
did not display any age-associated changes in sensitivity to apoptosis. This provides further
explanation, beyond decreased thymic output, for the decrease in naive and increase in
effector CD8+ T cells observed with age. Importantly, these population changes are
accompanied by significant functional changes. In an infection model that requires a strong
primary CD8+ T-cell response to clear the intracellular pathogen Listeria monocytogenes,
CD8+ T cells in aged B6 mice exhibit reduced proliferation and increased apoptosis in
response to novel antigen [55]. Similarly, a study on vaccination efficacy in normal versus
aged primates demonstrated that there was a strong correlation between the strength of the
early CD8+ T-cell response to novel (vaccine) antigen and the frequency of naive CD8+ T
cells in the aged, but not young, immune system [56]. Collectively, these findings indicate
that the age-related changes to the naive CD8+ T-cell population result in a decreased
functional capacity to respond to novel antigen.

Memory T cells
In addition to the observed loss of naive T cells in old age, there is also a well-documented
phenotypic transition from naive to memory T cells [57]. As mentioned previously, the size
of the overall T-cell compartment remains constant with age [1,28,29], and changes in T-cell
sub populations result in a shift from a naive to memory or activated effector T cells (Figure
1). Decreased thymic output and cumulative antigenic exposure all contribute to this
transition. Existing memory T cells may also proliferate without antigen-specific TCR
engagement through the process of homeostatic proliferation, similar to that seen in naive T
cells [29]. The functional changes resulting from this transition are evident in the reduced
proliferation and IL-2 production seen in aged T cells stimulated in vitro [57]. Similarly,
there is a transition towards the suppression of immune responses as indicated by an
increase in Foxp3+ regulatory T cells (Tregs) [58]. The increase in Tregs with age is relevant
as this population has been demonstrated to increase with cancer as well as age, and
represents an immunosuppressive strategy utilized by tumors [59]. Consistent with the
concept of immune surveillance in cancer prevention, patients with colorectal cancer
experienced a gradual increase in Tregs with disease progression [60].

In contrast to an increase in memory T cells is a diminished capacity for normal recall
responses. With age there is a progressive loss in primary responses to novel antigen as well
as a subsequent decrease in memory formation. For example, seroconversion following
influenza vaccination has been reported to be 50% in those aged 61–70 years, and as little as
11% for those 80 years and older [36]. This may, in part, be caused by an increased
frequency in central memory CD4+ T cells and decreased frequency of CD4+ effector
memory T cells postvaccination in elderly versus younger individuals [37]. Indeed, memory
responses that are formed early in life are maintained in the aged immune system and
provide better memory responses than memory cells formed in the aged immune system
[40]. There are significant implications of this defect for cancer prevention by the immune
system. The process of immunoediting indicates that tumor cells, probably caused by their
genetic instability, regularly produce novel antigenic targets that are subsequently presented
to the immune system. The inability to generate an effective memory response to newly
evolving antigenic targets may critically impair, in an age-dependent manner, the immune
system's ability to prevent tumorigenesis.
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The aforementioned increase in the memory T-cell compartment has significant implications
for the cytokine profile. As mentioned previously, there is an increase in inflammatory
cytokine production with age. Both accumulating memory CD4+ T cells and terminally
differentiated CD8+ T cells may contribute to the inflammatory state. For example, aged
CD44hi CD8+ T cells produce IFN-γ in response to IL-12 production, even in the absence of
specific TCR stimulation [61]. Similarly, the frequency of CD4+ T cells producing the
proinflammatory cytokine IL-17 increases with age [62]. Memory T cells may also act as a
source of IL-17 as well [62]. IL-17 has been demonstrated to support the development of
cancer in a proinflamma-tory environment [63] and CD4+IL17+ T cells are associated with
the progression of certain cancer types [64]. While the precise role of IL-17 in cancer
remains controversial [65], inflammatory conditions are associated with the etiology of
many forms of cancer [66].

Terminally differentiated effectors
The accumulation of terminally differentiated CD8+ effector T cells represents a third
mechanism of age-related immunosenescence. Specifically, there is a progressive loss of
CD8+ T-cell repertoire diversity concomitant with the amassing of T-cell clonal expansions
with age [2,3,67,68]. Oligoclonal CD8+ T cells, specific for persistent viral antigen,
including CMV and Epstein–Barr virus, are dysfunctional and occupy space in the T-cell
compartment [2,3,67]. This may include up to 50% of the peripheral T-cell repertoire in the
elderly and up to 80% of the repertoire in aged mice [68]. Subsequent loss in immune
competence causes complications in clearing new infectious pathogens. Yager et al.
demonstrated that aged mice exhibited a five-fold reduction in the CD8+ T-cell response to
immunodominant influenza virus epitopes after primary influenza virus infection as
compared with young mice. This effect was attributed to reduced thymic output as the study
excluded clonal expansions, which, if taken into account, would further diminish the
antiviral repertoire diversity [69].

Age-associated CD8+ T-cell dysfunction has been linked to changes in CD28 costimulation
and telomerase activity at the cellular level. CD28 costimulation provides a necessary signal
for CD8+ T-cell activation and expansion [70]. However, with aging, the expression of
CD28 decreases dramatically in the CD8+ subset [71]. This is associated with shorter
telomeres and diminished proliferative capacity, a condition referred to as replicative
senescence. In addition, CD8+CD28- suppressor T cells can render T-helper cells unreactive,
thereby suppressing their activity [72]. Several deleterious clinical outcomes result,
including decreased vaccine responsiveness and control over infection [2,70]. Blocking
CD28 interaction with its ligand on antigen-presenting cells almost entirely blocks
telomerase activity [71]. Recently, a central role of CD28 in replicative senescence and its
link to telomerase has been elucidated by Parish et al. This group found that the insertion of
the CD28 gene into human CD8+ T cells delays the onset of replicative senescence in cell
culture, and observed that telomerase activity and prolifer ation are maintained after
subsequent stimulation [70].

Recent findings have shed light on alternative costimulatory pathways and signaling
pathways that contribute to CD8+ T-cell senescence. Increased expression of CTLA-4
(CD152), a negative regulator of T-cell activity that can compete with CD28 ligands on
antigen-presenting cells, is associated with replicative senescence [70]. This supports the
existence of an inverse relationship between CTLA-4 and CD28. The same group also
demonstrated the importance of adenosine deaminase (ADA) – an additional costimulatory
receptor that converts adenosine to inosine – in modulating the function of T cells [73].
ADA deficiency is an autosomal recessive metabolic disorder that results in severe
combined immune deficiency. Exposure to adenosine accelerated the loss of CD28
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expression, reduced telo merase activity and reduced IL-2 gene transcription [73]. The
CD8+CD28+ADA+ subset had higher telomerase activity than the CD8+CD28+ADA- subset
[73]. In addition, it has been demonstrated that adenosine is found at increased levels in
certain tumor microenvironments, where it suppresses T-cell function on tumor cells [74].
Thus, deficient ADA function on tumor-specific T cells may allow adenosine to persist,
thereby not allowing the initiation of an antitumor response. With regard to specific
signaling pathways, decreased Akt (Ser473) phosphorylation is associated with loss of
telomerase activity in highly differentiated CD8+CD28-CD27- T cells [75]. These findings
highlight the highly complex nature of the pathways that regulate end-stage differentiation
of CD8+ T cells.

The implications of CD8+ T-cell senescence and the subsequent accumulation of terminally
differentiated effector cells in the T-cell compartment on cancer are twofold. First, the
diminution of the CD8+ TCR repertoire with age limits the response of the cytotoxic T-
lymphocyte branch of the adaptive immune system to novel cancer antigens. Consistent with
this notion, CD8+ T cells with features of senescence/terminal differentiation have been
isolated from the tumor microenvironment of several different human cancers that fail to
effectively respond to tumor antigen. Particularly, a marked increase in the subset of
suppressive CD8+CD28- cells has been found in the peripheral blood of lung cancer patients
[76] and large proportions of apoptosis-sensitive CD8+CD28- T cells that lack the ability to
kill tumor targets have been isolated from the circulation of patients with head and neck
cancer [77]. In addition, tumor-infiltrating lymphocytes lacking CD28 expression were
found in endometrial carcinoma [78], cutaneous T-cell lymphoma [79], colon carcinoma
[80] and primary melanoma [81]. It is important to note that these findings are correlative
and not mechanistic. Furthermore, other features of terminal differentiation, namely a
CD8highCD57+ population, have been demonstrated to indicate poor prognosis in terms of
recurrence-free survival in renal cancer [82] and bladder carcinoma patients [83]. It has also
been speculated that chronic antigenic stimulation of CD28+CD8+ T cells within the tumor
microenvironment leads to terminal differentiation, loss of CD28 expression, resulting in
diminished costimulation and subsequent sensitivity to activation-induced apoptosis [77].
Second, production of proinflammatory cytokines, including IFN-γ and TNF-α, by CD8+ T
cells contributes to the age-associated low-level systemic inflammation frequently seen in
the elderly [2]. Increased TNF-α levels correlates with poor prognosis of hematological
malignancies and increases the risk of multiple myeloma, hepatocellular carcinoma, and
gastric, breast and bladder cancer [84]. Blocking TNF-α through the use of a receptor
inhibitor or neutralizing antibody greatly increases the proliferative potential as well as the
telomerase activity of CD8+ T cells, thus acting as a novel therapeutic approach to retarding
or slowing the process of T-cell senescence [71]. However, there is also evidence that TNF
blockers may increase the risk of certain malignancies or cause serious toxicity [85,86].

Terminally differentiated CD8+ T cells that accumulate with age exhibit diminished
functionality and have altered cytokine production profiles, including increased IFN-γ and
TNF-α [2], that contribute to a proinflammatory state. These dysfunctions also contribute to
the decreased ability to control infections, lowered vaccine responsiveness and ability to
mount an effective antitumor response in the elderly. Much is still unknown about the
specific mechanisms of immune surveillance and cancer in the aging process. However, it is
becoming clear that chronic antigenic stimulation leads to extensive proliferation of large,
nonfunctional oligoclonal T-cell populations that may contribute to the onset or progression
of cancer.

Foster et al. Page 8

Aging health. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Role of the tumor microenvironment
Recently, there has been increasing interest in the role of the microenvironment with respect
to tumor initiation and progression. Once thought to be an inactive bystander, it is now
believed that the microenvironment is not only permissive of tumor development but may
also actively promote it. As such it is pertinent to ask whether age and/or age-related
changes in the immune system alter the local microenvironment in ways that permit or
promote cancer. Prostate cancer, and various animal models of it, provides one such
example of the importance of the tissue microenvironment. Indeed, an ana lysis of RNA
transcripts and secreted proteins from primary prostate stromal fibroblasts from younger
(<55 years of age) versus older (>65 years of age) individuals by Begley et al. demonstrate a
greater proinflammatory pattern in the older group [87]. A transgenic murine model of
prostate cancer and benign prostate hyperplasia demonstrates an age-related increase in
TGF-β1 that resulted in altered tissue architecture consistent with local inflammation [88].
This included increased fibrosis and altered matrix deposition associated with the onset of
benign prostate hyperplasia and prostate cancer. Normal C57BL/6 mice also display age-
dependent disorganization of the prostate stromal extracellular matrix, an increase in
inflammatory infiltrates and increased expression of inflammatory mediators [89]. A follow-
up study by McDowell et al. using an in vitro model that included aged primary fibroblasts
(stroma) to mimic the prostate microenvironment found that the CD4+ T cells attracted to
this site promoted the proliferation of prostate epithelial cells whereas CD8+ T cells,
macrophages and neutrophils promoted the proliferation of prostate cancer cells [90]. These
age-dependent changes in the interaction between T cells and components of the local
microenvironment may play a critical role in providing the early inflammatory events
necessary for the initiation of cancer while concomitantly failing to adequately respond to
newly emerging tumor-specific antigen. As such, further investigation of these interactions
may be helpful in developing novel therapeutic strategies.

Conclusion & future perspective
A causal link between declining immunity with age and increased incidence of cancer,
although currently controversial, is suggested by some studies. In some cases, tumors are
able to limit the function of T cells, including those specific for tumor antigen. CD8+ T cells
specific for prostate tumor antigen, following removal from the tumor microenvironment,
were unable to respond to tumor antigen in vitro by IFN-γ production or proliferation in one
murine study [91]. Similarly, microvesicles isolated from human tumor cells are able to
induce the generation and expansion of Treg that are capable of suppressing T-cell responses,
and to convert CD4+CD25- T cells into CD4+CD25highFoxp3+ Tregs [92]. As such, the
immunoregulatory effects of the tumor and its environment on T cells, combined with the
decreasing ability to replace the naive T-cell population, may allow cancers to progress in
the face of a fixed T-cell immune repertoire associated with age-related immunosenescence.

The precise mechanisms that lead to the three main features of declining cellular immunity
remain unclear. However, it is apparent that the progressive decline in thymic output is the
primary event leading to immune senescence in old age. As production of new naive T cells
declines, peripheral T cells undergo repeated rounds of proliferation in order to maintain the
overall size of the T-cell compartment. Over time, prolonged survival in the periphery leads
to a series of defects in T cells of all activation states (naive through to terminally
differentiated). The decline in functional immunity is not only more permissive to tumor
formation, but may also actually promote it by contributing to chronic low-level
inflammation. Despite a decline in bone marrow precursor cells with age [2], there is
evidence to suggest that aged precursor cells will develop into normal T cells in the young
thymic environment [40]. As such, improving resistance to cancer in old age may depend on
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therapeutic options that restore thymic function. For example, IL-7, growth hormone, IGF-1
and KGF have been employed to improve thymopoiesis [3]. Substantial efforts have been
made to improve homeostatic peripheral expansion for generating naive T cells outside the
thymus in the context of immune reconstitution following bone marrow transplantation [93].

Going forward, many efforts are in progress to improve recovery from malignancy and
enhance resistance to it. One approach is the development of effective cancer vaccines,
which could significantly reduce the incidence of a specific malignancy. However, given the
limited vaccine response observed in old age, it is fair to question whether such a strategy
would be effective for this group. Since immunological memory developed at a younger age
is more effective than that generated in later years, vaccination strategies that are applied
earlier in life could result in better long-term outcomes. Another potential strategy to limit
the incidence of cancer in advanced age is to reduce the proinflammatory environment
through the use of specific cytokine blockers. Although this has the benefit of improving
other inflammatory conditions, including rheumatic diseases, it comes at a cost to the
immune system [86]. Certain cytokines have been demonstrated to have a paradoxical role
in the context of cancer. As mentioned previously, TNF-α promotes antitumor responses via
apoptosis, which has allowed its use in cancer therapies [86]. Conversely, accumulating
evidence shows that TNF-α may, in fact, promote tumor formation through several pathways
[86]. Further elucidating the exact role of cytokines will allow better targeted therapies to be
developed. Finally, replicative senescence in T cells may be delayed if therapeutic strategies
that sustain telomerase activity, possibly through the upregulation of CD28 expression, are
achieved [71]. While much has been learned about the role of age-related declining
immunity as it relates to cancer incidence, the precise cellular mechanisms through which
this occurs remain to be fully characterized. As research in the field progresses, from animal
models to human clinical trials, new therapeutic strategies to enhance immune function,
especially T-cell induction in the aged, may become powerful tools to reduce cancer
incidence.
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Executive summary

Changes in the T-cell compartment with aging

• Age-associated immune senescence includes three major changes in the T-cell
compartment that include a reduction in naive T cells, an expansion of memory
T cells and the accumulation of terminally differentiated effector T cells.

• The decline in naive T cells is principally caused by the gradual decline in
thymic output.

• Aged naive CD4+ T cells also exhibit defective function, including reduced IL-2
production, reduced proliferation and impaired B-cell help.

• Memory T cells that develop in the aged immune system are less effective than
memory cells formed in earlier years, making vaccination less successful in the
elderly.

• Oligoclonal T cells that accumulate in the elderly have diminished functional
capacity against infectious disease and malignancies.

• Multiple costimulatory and signaling pathways may contribute to T-cell
senescence including CD28 and CTLA4.

Age-related immune senescence & cancer

• Defects in both naive and memory T-cell populations impair the immune
systems response to specific antigen, including tumors.

• Diminished T-cell receptor repertoire diversity compromises response to novel
cancer antigen.

• The production of inflammatory cytokines by aging memory T cells and
terminally differentiated CD8+ T cells contribute to a chronic inflammatory state
that may promote tumor development.

Future perspective

• Effective cancer vaccines administered at a young age may prevent
tumorigenesis during later years.

• Strategies aimed at restoring thymopoiesis in the elderly may result in a more
‘youthful’ immune system.

• Delaying T-cell replicative senescence by upregulating CD28 and telomerase
activity may be useful therapeutic approaches.
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Figure 1. Age-associated changes characteristic of immunosenescence occur in T-cell populations
The young thymus supports more robust thymopoiesis with naive cells, which have the
greatest T-cell receptor repertoire diversity and comprise the largest proportion of T cells.
With aging, thymus involution occurs and there is progressive loss of T-cell receptor
repertoire diversity with the decreased population of naive T cells and there is an enlarged
memory component that secretes most type 1 and 2 cytokines. With repeated stimulation,
the memory cells give rise to activated effector T cells, which are oligoclonal and have the
most restricted T-cell receptor repertoire.
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