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Abstract

The immune system of an organism is an essential component of the defense mechanism aimed at combating
pathogenic stress. Age-associated immune dysfunction, also dubbed ‘‘immune senescence,’’ manifests as in-
creased susceptibility to infections, increased onset and progression of autoimmune diseases, and onset of
neoplasia. Over the years, extensive research has generated consensus in terms of the phenotypic and functional
defects within the immune system in various organisms, including humans. Indeed, age-associated alterations
such as thymic involution, T cell repertoire skewing, decreased ability to activate naı̈ve T cells and to generate
robust memory responses, have been shown to have a causative role in immune decline. Further, understanding
the molecular mechanisms underlying the generation of proteotoxic stress, DNA damage response, modulation
of ubiquitin proteasome pathway, and regulation of transcription factor NFkB activation, in immune decline,
have paved the way to delineating signaling pathways that cross-talk and impact immune senescence. Given the
role of the immune system in combating infections, its effectiveness with age may well be a marker of health and
a predictor of longevity. It is therefore believed that a better understanding of the mechanisms underlying
immune senescence will lead to an effective interventional strategy aimed at improving the health span of
individuals. Antioxid. Redox Signal. 14, 1551–1585.
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I. Introduction

Longevity is determined by an effective cross-talk be-
tween deleterious processes that act on an organism over

its lifetime and the physiological responses that promote
effective homeostasis. Aging represents the progressive
functional decline in a variety of organ systems that occurs
with advancing time. While the accumulation of damage to
macromolecules is considered as a marker of conserved ag-
ing phenotype across species (75), the type of damage most
crucial in initiating the aging process, the driving force for
maintaining and sustaining these damages, and the under-
lying basis of the damage resulting in physiological aging is
an area of intense research. As depicted in Figure 1, age-
associated degenerative processes resulting in the loss of
function impacts immune responses. In fact, one of the well-
documented physiological declines of immense importance
in response to stress or damage, which impacts negatively on
the health span of individuals, is the decline in function of
the immune system (73, 230, 396). Immune system, by virtue
of its property as a sensor and defender of pathogenic sig-
nals, is a key sentinel in detecting declines that manifest
during aging (76, 103, 104). As stressors often define the

boundaries in a system, a failure to defend against imping-
ing noxious and infectious agents often defines immune
dysfunction that accompanies aging (314). Figure 2 com-
pares the immune function observed in young versus elderly
humans, and outlines challenges posed by declining im-
munity in the elderly. In fact, owing to its central role in
defense, together with the increased susceptibility to infec-
tious diseases with advancing age, studies regarding aging
of the immune system have been the focus of research in a
great number of laboratories. As recent projections estimate
that the proportion of aged population (65 years and older)
will double from 7% of the total world population now to
14% in 2040 (Fig. 3), understanding and ameliorating im-
mune senescence will likely contribute to improved health
span of the elderly population.

II. Aging and Immunity

It has been well established that the immune system is
compromised in aged individuals. While changes occur in
both arms of immunity, innate and adaptive, studies have
demonstrated that certain specific immune responses are di-
minished, leaving others unaffected or exacerbated. This de-
crease in immunity that occurs for the large part, often
referred to as ‘‘immune senescence,’’ has been attributed to be
the basis of increased frequency and severity of infections,
lowered immune surveillance of malignant cells, and de-
creased efficacy of vaccination in the elderly (72, 194, 232,
394). The focus of a large amount of research in immune se-
nescence has centered on T cells largely due to their role in
mediating and regulating antigen-specific responses. The
central role of T cells is further underscored by fewer age-
associated deficiencies in the antigen presenting cell (APC)
compartment. As robust adaptive immunity relies on effective
communication among T cells, APCs, and B cells, dysfunc-
tional T cells significantly impact adaptive immune responses.
In this review we have attempted to provide an overview of
the defects in the immune system with regard to both innate
and adaptive immunity that accompanies advancing age, and
discuss the molecular mechanisms that contribute to declin-
ing function in the aged. We have also addressed some of the
potential interventions that may forestall, retard, or reverse
the onset of degeneration and enhance vaccination efficacy in
the elderly.

Functional and effective immunity to a plethora of patho-
genic insults that are encountered over the lifetime of an in-
dividual is dependent on the well-orchestrated interplay
between innate and adaptive immune systems. Age-related
malfunction and=or dysregulation has been documented in
both the innate (79, 104, 276, 287, 335, 383, 384) and adaptive
immune systems (194, 327, 397), which ultimately impact

FIG. 1. An overview of alterations impacting immune
status in humans with advancing age. Key changes that
have been reported to occur in humans during advancing
age, affecting the immune status and resulting in overall
decline in immune function, are depicted. DHEA, dehy-
droepiandrosterone.
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resistance to disease, onset of malignancies, and recognition of
autoimmune specificities.

III. Aging of the Innate Immune System

As the front line of defense, the cells and cellular factors
(cytokines, chemokines, and antimicrobial peptides) of the
innate immune system are the sentinels of the body, standing
guard against the onslaught of microbes. As we live in a mi-
crobial world and are continuously exposed to microorgan-
isms, the effectiveness of antimicrobial defense mechanisms
takes a front seat in defining the wellness of an individual.
Failure to mount an effective response often can prove to be
fatal as seen in victims of severe burn injuries. Invasions by

microorganisms are initially countered by innate defense
mechanisms that preexist in all individuals. This response
manifests rapidly within minutes of the encounter with in-
vading organisms. The cells and cellular factors (cytokines,
chemokines, and antimicrobial peptides) of the innate im-
mune system, as first defenders, provide the basis for an ad-
equate response to pathogens. As aging is often associated
with a decrease in function of epithelial barriers such as those
of the skin, lung, and gastrointestinal tract (90, 122, 264), de-
mands placed on the innate immune cells are significantly
increased and are constantly on vigil to defend against the
manifestation of a full blown infection. Although significant
changes in antimicrobial peptide generation have not been
well documented, an indirect correlation appears to exist be-
tween altered epithelial surfaces and the protection afforded
by layers of these epithelial cells, as mechanical barriers to
infection. Reports of definitive alterations in other innate im-
mune cells and=or factors have been rather controversial, with
some laboratories reporting little or no change, and yet others
reporting a significant decline in functional status, with ad-
vancing age (112, 180, 218, 246, 342, 356, 382). In the light of
increased bacterial infections and chronic inflammatory con-
ditions that often accompany aging, defects in the functional
response, but not in the numbers, of neutrophils has long been
demonstrated in human aging.

Similarly, specific cytokines and chemokines, which are
signal molecules produced by innate immune cells, have been
reported to substantially alter with age, especially proin-
flammatory cytokines such as interleukin (IL)-6, IL-1b, tumor
necrosis factor (TNF)a, and TGFb, leading to chronic inflam-
mation, and thus contributing to the inflamm-aging pheno-
type, often observed in the elderly (36, 93, 103, 266). Increases
in proinflammatory cytokines have been attributed to be the
underlying basis of the progression of degenerative geriatric
diseases that often accompany advanced age.

A. Granulocytes: neutrophils, eosinophils,
and basophils

Granulocytes are key participants in the earliest responses
to microbial infections. As central and rapid mediators of
antimicrobial defense system, they are endowed with the
ability to generate reactive oxygen species (ROS), nitrogen

FIG. 2. A synopsis of immune se-
nescence and its role in host defense.
A summary of observed pathological
manifestations attributed to altered
immune function during advancing
age is depicted. Immune dysfunction
in the elderly that often results in in-
creased morbidity and mortality due
to infections is contrasted with robust
immune function in the young that
includes an effective response to vac-
cination and an enhanced ability to
resist infections.

FIG. 3. Projected increase (%) in aged population during
the period 2008–2040. The proportion of elderly individuals
aged 65 years and older is expected to increase during the
next three decades. Projected increase in the total world
population is contrasted with that of the elderly population
(65 years and older or 80 years and older) during the next
three decades using data obtained from the U.S. Census
Bureau report. During the period from 2008 to 2040, the
population of individuals aged 65 years and above is pro-
jected to increase by 160%, whereas that of individuals aged
80 years and older will be over 230%.

IMMUNE SENESCENCE AND INTERVENTIONS 1553



species, a wide range of degradative enzymes, and significant
number of antimicrobial peptides.

Neutrophils or polymorphonuclear neutrophils, referred to
as polys or PMNs, are the most abundant leukocytes in the
blood. They migrate rapidly to the sites of infection where
they mount defense against the invading organisms, includ-
ing ingestion of the microbes by phagocytosis and the release
of microbicidal granules. Upon phagocytosis, neutrophils
produce a range of toxic products that aid in the killing of the
ingested microbe. The most important toxic products are ni-
tric oxide, super oxide, oxy halides, and hydrogen peroxide.
Neutrophils are short-lived leukocytes with a half-life of
about 8–12 h, and their life span is extended by signals in-
duced upon exposure to pro-inflammatory cytokines such as
granulocyte–macrophage colony-stimulating factor (GM-
CSF), at the sites of inflammation. This enhanced life span of
neutrophils, mediated by proinflammatory signals, is crucial
for mounting an effective and persistent antibacterial activity
during infection.

A detailed analysis of the literature with regard to a role for
neutrophils in immune dysfunction in aged individuals
demonstrates that these cells do not show any alteration in
numbers, when assessed either as precursors or as mature
effectors (50). Thus, while neutrophil counts in the blood
of the elderly appear to be comparable to those in healthy
young individuals, neutrophil function is significantly com-
promised in older humans and aged mice. The reported de-
cline during aging in neutrophils appears to encompass major
functional attributes and include lowered chemotaxis, de-
creased phagocytosis of microbes, and reduced generation of
superoxide in response to pathogen-associated molecules
such as lipopolysaccharide (LPS), formyl peptide receptor 1
(FMLP) or opsonized bacteria (102, 215, 333) (Fig. 4). Although
a majority of studies demonstrate lower ROS production with
age, some recent studies appear to indicate increased sponta-
neous ROS production by aged neutrophils, with little or no
change in FMLP or LPS induced ROS production (267).
However, impact of low-grade inflammation in these subjects
could not be categorically ruled out. Additionally, in kinetic
studies reported by Fulop et al. (112), lower ROS was dem-
onstrated at early time points (2 and 24 h) but not at later time
points (48 h). Response of neutrophils to GM-CSF has also
been demonstrated to decline with age, resulting in an increase
in apoptosis at the site of infection. This increased apoptosis of
neutrophils observed in aged humans may account for the
long-term persistence of inflammation in the elderly (100, 216,
373). The underlying basis for defects in neutrophil function in
the elderly has been attributed either to modulation=s in cell
membrane-mediated events or to defects in proximal signal-
ing mechanisms, since stimulators such as phorbol esters are
fully capable of inducing a relatively robust response in the
elderly, primarily by overriding early receptor-mediated and
membrane-associated activation events. Decline in priming
and activation of neutrophils in response to LPS, granulocyte
CSF (G-CSF), FMLP, and ligation of triggering receptor ex-
pressed on myeloid cell 1 has also been reported in elderly
humans (101, 112, 158). Recent studies have implicated de-
fective recruitment of signaling intermediaries into lipid rafts
as a potential unifying defect in the signals generated at the
membrane (9, 343). Future studies will likely establish whether
these defects are attributable to altered membrane fluidity,
cytoskeletal changes, or altered protein domains.

Neutrophils obtained from aged mice appear to demon-
strate distinct alterations in numbers and is in stark contrast to
that described in older humans (27). There is an effective de-
crease in numbers of neutrophils recruited to infection site in
aged mice. This, combined with altered neutrophil generation
in the aged mouse microenvironment, appears to indicate that
both extrinsic as well as intrinsic factors impact on effective
immunity mediated by neutrophils, by altering their numbers
in mouse models (180). However, in contrast to declining
neutrophil numbers, age-associated alterations in the func-
tional responses of neutrophils in mice are relatively minor,
and as suggested by Kovacs et al. (180) in their excellent review,
studies in mice might not reflect neutrophil immune senes-
cence in humans, since human neutrophils demonstrate func-
tional deficits with no contraction in numbers during aging.

Eosinophils and Basophils are derived from precursors that
are similar to that of neutrophils however unlike neutrophils
they are present in smaller numbers in blood under normal
conditions. They play a central role in the pathogenesis of
airway inflammation and in the defense against parasites, for
the most part.

As opposed to neutrophils, there is a paucity of information
on cellular function with advancing age, with regard to other

FIG. 4. Age-associated alterations in innate immunity: I.
Neutrophils and macrophages. Neutrophils: A summary of
reported changes in neutrophil function resulting in alter-
ations in innate immune responses during advanced age in
humans and mice is presented. Age-associated alteration in
neutrophils manifests as a decline in most functional re-
sponses with a consistent and significant increase in pro-
inflammatory cytokine production. Macrophages: A summary
of age-associated alterations in macrophages is depicted.
While a minimal decline in numbers is reported in some
studies, consistent functional deficits ranging from decreased
TLR expression to phagocytosis is observed. Additionally,
TLR-induced pro-inflammatory cytokine production has
been demonstrated to decline with age. FCR, Fc receptor;
ROS, reactive oxygen species; TLR, toll-like receptor.
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members of the granulocyte family, that is, eosinophils, ba-
sophils, and mast cells. A decline in eosinophil function with
respect to degranulation, but not superoxide production in
asthma, has been demonstrated in the elderly (228). Reports
on basophil function, on the other hand, have been contro-
versial with some data suggesting impaired activity in
the aged, yet others reporting a high immunoglobulin E-
mediated releasability=degranulation in older subjects (225,
334). In the light of recent information on a central role at-
tributed to basophils in the presentation of protease-digested
antigenic peptides (349), it is important that future studies
focus on the role of basophils in allergen-induced T helper
responses in the elderly, with an eye on dissecting its role in
antigen presentation, during aging. This is especially impor-
tant, given that basophils generate IL-4 and IL-13, cytokines
that are important for T helper type 2 (Th2) polarization.

B. Monocytes and macrophages

Macrophages and monocytes function not only as phago-
cytic cells in innate immunity, but are also important de-
fenders with specialized functions at various sites in the body
such as bone, lung, liver, brain, and skin. Macrophages ma-
ture continuously from monocytes that leave the circulation to
migrate into tissues throughout the body. They are found in
large numbers in connective tissue, the sub-mucosal layer of
the gastro-intestinal tract, lung, liver, and spleen. Owing to
their distinct tissue localization, heterogeneity appears to exist
not only in terms of their function, but also in age-dependent
changes in their function. Along with neutrophils, macro-
phages form a large family of phagocytic cells. Macrophages,
located in the sub-mucosal tissues, are the first cells to en-
counter invading pathogens, but they are soon reinforced by
large numbers of recruited neutrophils. By virtue of expres-
sion of pathogen recognition receptors on their surface,
macrophages function as ‘‘pathogen sensors’’ and play im-
portant roles in the initiation of inflammatory responses,
eradication of infectious organisms, and as regulators and
effectors in adaptive immunity (24, 270). Declines in macro-
phage surface receptor expression, such as major histocom-
patibility class (MHC)-II, have been reported in both mice and
humans during advancing age (143, 350). Additionally, upon
stimulation with interferon (IFN)g, the number of MHC-II
molecules expressed on the surface of macrophages from
aged mice was reported to be lowered by 50% of that seen in
young mice, potentially impacting their antigen presenting
capacity (143). Further, decline in the ability to generate super-
oxide anion and lowered bacterial killing due to decreased
respiratory burst have also been reported to occur in both
aged animals and elderly humans (283, 286). Combined with
this, a decline in phagocytic ability (297) accompanies re-
duction in the generation of macrophage-specific chemokines,
such as macrophage inflammatory protein (MIP)-1b, MIP-1a,
Eotaxin, and MIP-2 during aging (363). With regard to in-
flammatory cytokines and chemokines, while studies in
humans have demonstrated a significant increase in levels of
IL-6, IL-1, TNFa, regulated upon activation normal T cell ex-
pressed and secreted (RANTES), MIP-1a, and IL-8 in mono-
cytes obtained from peripheral blood of older subjects, studies
from rodents appear to demonstrate an overall decrease in
cytokine and chemokine production by macrophages with
age [reviewed in (180, 283)].

A recent study evaluating the effect of age on surface ex-
pression of pathogen recognition receptor, toll-like receptor
(TLR) 1, 2, and 4 in peripheral blood monocytes from human
volunteers reported lower levels of TLR1 expression, with
TLR2 and TLR4 only minimally affected by age (276). This
observation is similar to previous studies that demonstrated
no decrease in TLR4 expression on macrophages in mice, with
age. Cytokine production after ligation of TLR1=2 demon-
strated a significant decrease in the generation of TNFa and
IL-6 with age (383), despite an increase in constitutive or basal
proinflammatory cytokine production. This may well be at-
tributed to increased IL-10 generation during aging. This re-
sult is in contrast to studies employing activation through
ligands for TLR2=6, TLR4, and TLR5 receptors, which dem-
onstrated no discernable effect of advancing age on activa-
tion, in humans. Given that an increase in basal levels of
proinflammatory cytokines accompanies aging, alterations
in the microenvironment, availability of other chronic stim-
ulators, and the potential cross-talk need to be considered.
Further, recent studies indicate that macrophages differen-
tiate either into M1 and M2 type subsets, under appropriate
cytokine milieu (221), or into professional APCs such as
dendritic cells. Thus, the impact of microenvironment and
the shortening of telomeres in the aged is likely to affect
M1=M2 differentiation of macrophages, as also the pres-
ence of higher levels of circulating IL-6 and other proin-
flammatory factors (180).

Proximal signaling events after activation of macrophages
have demonstrated either decreased or increased induction of
nuclear factor kappa B (NFkB) (362, 406). A recent microarray
analysis performed from resting and LPS-activated splenic
macrophages, obtained from young and aged mice, demon-
strated decreased expression of genes involved in the TLR-
signaling pathway leading up to the activation of NFkB,
including TNF receptor associated factor 6, myeloid differ-
entiation primary response gene 88, and other members of the
NFkB pathway. The negative regulator IL-1 receptor-associ-
ated kinase 3 was only expressed in cells from the aged but not
in young mice (52). Overall, these observations suggest that
TLR-dependent activation of downstream signaling is com-
promised in the macrophages from the aged, and may be
attributable to the increase in intracellular ROS concentration
within the aging macrophage. A summary of salient declines
and alterations with age in monocytes=macrophages are de-
picted in Figure 4.

C. Natural killer and natural killer T cells

Natural killer (NK) cells, as mediators of innate host de-
fense against viral and tumor targets, play an important role
in immune surveillance. NK cells are heterogeneous and dif-
fer in their proliferative potential, homing properties, func-
tional capabilities, and their responses to various cytokines.
Based on their relative density of CD56 surface expression,
they can be divided into two major subsets. In humans, pe-
ripheral blood NK cells are comprised of around 10%
CD56bright and 90% CD56dim cells (39). While CD56dim NK
cells are highly cytotoxic and show less proliferation and
produce fewer cytokines, CD56bright NK cell subset are highly
proliferative, produce a range of cytokines, such as IFNg,
TNFb and IL-10, and chemokines, such as RANTES and MIP-
1a, but show relatively minimal cytotoxic activity.
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NK cytolytic activity appears to be preserved in human
aging (181). Studies conducted in humans have demon-
strated an increase in overall numbers of circulating NK
cells, with little or no loss in cytolytic activity, either toward
sensitive tumor targets or when non-MHC restricted activity
was assessed (105, 106). A detailed phenotypic analysis of
peripheral blood mononuclear cell (PBMC) demonstrated
little or no age-related alteration in NK cell activity in healthy
subjects recruited per strict SENIEUR protocol adherence
(206). These studies for the first time also demonstrated that
in centenarians, increased number of NK cells was observed,
and that these NK cells were of comparable activity to that
seen in young donors (19–36 years). Unexpectedly, this
study found lowered NK activity in healthy middle-aged
donors, but not in elderly donors. In contrast, in the elderly,
disease states appeared to be associated with lowered NK
activity, and were indeed predictive of increased morbidity
and mortality (201). The increase in NK cell numbers ob-
served in the elderly has been attributed to an increase in
CD56þdim population of NK cells, a mature highly cytotoxic
subset. Research has now demonstrated that this subset of
NK cells (CD56þdim) compensates for the overall decrease in
activity contributed by other subsets during aging (236).
Analyses of NK cell function, on a per cell basis by cloning,
however, demonstrated defects in both cytotoxicity and
lymphokine-activated killer cells activity (224). Further ex-
amination led to the demonstration of defects in inositol
phosphate metabolism, in the context of spontaneous cyto-
toxicity, but not antibody dependent cytotoxicity of the NK
cell (222). These studies highlight the distinct and differential
effect of aging on multiple signaling pathways in NK cells,
which may be subset dependent and disease dependent, in
the aging host.

As cytokines produced by NK cells act to bridge innate and
adaptive immunity, any deficits in the generation of cytokines
by NK cells during aging can ultimately impact and modulate
the regulation of adaptive immunity. It has been previously
reported that IL-2-induced IFNg, IL-2- and IL-12-mediated
secretion of chemokines such as MIP-1a, RANTES, and IL-8
are decreased in NK cells from the aged (182, 223), thus ex-
plaining the basis of skewed Th2 responses observed in el-
derly individuals.

Natural killer T (NKT) cells are a subset of cells that exhibit
properties of both T cells and NK cells. Analysis of NKT cells,
a population that comprises of CD1d-restricted heterogenous
T cell population expressing invariant T cell receptor (TCR)
(iNKT) and responsive to a-Galactosyl Ceramide, has been
carried out during aging and found to be decreased in the
blood of elderly subjects (77). In addition, recent studies ap-
pear to indicate altered proliferation of these NKT cells and a
skewing of the cytokine profile from Th1 to Th2 type in older
individuals compared to those observed in NKT cells from
young individuals (163). Thus, aging impacts both NK and
NKT cell numbers and function. Figure 5 summarizes age-
associated alterations in NK cell function. Further research is
clearly warranted to elucidate their role and contribution to
immune decline in the elderly.

D. Dendritic cells

Dendritic cells (DCs) are specialized to take up antigens,
process it, and present it for recognition by the T cells. Im-

mature DC migrate from the blood to reside in tissues and are
both phagocytic and micropinocytic. Upon encountering a
pathogen they rapidly mature, express costimulatory mole-
cules, and migrate to the lymph nodes. By virtue of their
ability to phagocytose antigens and mature to interact with
adaptive immune cells, DCs are considered as bridging innate
and adaptive arms of immune response.

Given the variation of subsets of DC and their occurrence at
different sites, such as myeloid DC (mDC) and plasmacytoid
DC (pDC), reports on the effect of aging on the numbers and
function of DCs have been rather inconsistent. Some studies
have reported no change in pDC, and a concomitant increase
in mDC, with the appearance of a more mature phenotype,
whereas others have reported either an increase in pDC with
no change in mDC, or no change in both the numbers or
function, in cells derived from the elderly (78, 342). This dis-
crepancy may be attributable to the protocols employed for
generating DC ex vivo. However, tissue-specific DC popula-
tions, such as Langerhans cells observed in the epidermis of
the skin, have been reported to consistently decline in density,
with age (26). This decline appeared to accompany decreased
branching and increased expression of maturation markers.
However, in terms of antigen presenting function and ability
of antigen-specific stimulation of T cell proliferation, DC re-
main unaffected by age (218, 356). In the context of specific
response to infection and to TLR agonists such as LPS and
single-stranded RNA, DC from aged individuals demonstrate

FIG. 5. Age-associated alterations in innate immunity: II.
NK cells and dendritic cells. NK cells: Aging is not only
accompanied by a significant increase in NK cell numbers,
but significant functional deficits have also been reported to
occur in these cells. Dendritic cells: A compilation of changes
in function of the dendritic cell population during advanced
age in humans is presented. Unlike other immune cells,
numbers of dendritic cells remain relatively unchanged with
age. However, dendritic cell functions, including antigen
processing, antigen presentation, and phagocytosis, appear
to be significantly affected by advanced age. IL, interleukin;
NK, natural killer.
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decreased generation of some cytokines, including IFNa and
IL-12, and an increased secretion of others such as IL-6 and
TNFa (78, 342). An examination of TLR density as the basis for
the decline revealed no change, implicating downstream
signaling deficits after receptor activation.

Micropinocytosis, phagocytosis, and migration are de-
creased in DCs from the elderly. Phosphatidyl inositol 3 kinase,
implicated in both micropinocytosis and phagocytosis, has
been demonstrated to be impaired in its ability to phosphory-
late its target serine=threonine protein kinase=PKB (AKT) in
DC from the elderly. This defect may also contribute to the
altered innate immune response of DC from elderly humans
(4). While scant information is available about the impact of
aging on antigen processing and presentation in DC from the
elderly, alterations in proteasomal proteolysis and autophagy
occurring during aging is likely to negatively impact antigen
processing ability, and perhaps limit the repertoire of specifi-
cities generated and presented in the elderly (Fig. 5).

The previous section outlines the impact of aging on innate
immune cells and their contribution to overall immune de-
cline during senescence. However, one must also consider the
role of adaptive immunity and its influence on overall defense
capacity, given the constant cross-talk and regulation that
occurs between innate and adaptive immune systems, which
ultimately defines the outcome of host defense.

IV. Adaptive Immunity and Aging

Unlike the components of innate immunity that are present
before the onset of infection and are not specific to any given
pathogen, in adaptive immunity the specific response com-
ponent is triggered only when there is a recognized antigenic
challenge=threat. Thus, elements of the adaptive immune
system respond to challenges with a high degree of specificity
and memory, and are mediated by B cells and T cells within
the immune apparatus. Innate and adaptive immunity do not
operate independently, but function as a highly integrated
and cooperative system.

The specificity and regulation of adaptive immunity is
dependent on the interaction of fully matured DC with T cells,
cytokines, and others signaling molecules. Aging appears to
alter this interaction. A classic example of this is the po-
tentiation observed in inflammatory cytokines, leading to an
inflamm-aging phenotype. The increased rates of common
infections in the elderly is a testimony to poorly orchestrated
host defense, and has been attributed to alterations in both
innate and adaptive arms of immune response and the cyto-
kines that mediate the effects. The strength and balance of
cytokine signals orchestrate immune outcomes. In general,
activation of adaptive immunity that involves cell-mediated
immune responses referred to as Th1 or type 1 response is
predominated by the production of cytokines IL-2, and IFNg,
whereas Th2 or type 2 associated with allergic or parasitic
infections is accompanied by high levels of IL-10, IL-4, and IL-
5. The relative contribution of cytokines dictate final outcome
by counter-regulating each other, such that either Th1 or Th2
type predominates (6).

A. B lymphocytes

B lymphocytes arising from hematopoietic stem cells in
the bone marrow as pro-B cells differentiate into pre-B

and then B cells after immunoglobulin gene rearrangement.
Immunoglobulin expressing naı̈ve B cells migrate to the pe-
riphery and form the nexus for the development of humoral
immunity.

B lymphocytes are thus essential mediators of antibody
responses. Declining antibody responses in B lymphocytes
during aging has been well documented in both humans and
mice [reviewed in (40, 107)]. While effects of a decline in T cell
functional help have been attributed to lowered humoral
immunity with age, B cell intrinsic defects contributing to
declining antibody affinity with age have also been reported
(20, 133).

Levels of serum immunoglobulin and secreted antibody
have been analyzed during aging. In both mice and humans,
although serum immunoglobulin levels remain relatively
unchanged with age, antibodies generated in the aged are
often of lower affinity (117). As antibody affinity is dictated by
somatic hyper-mutation and isotype switching, decreased
antibody affinity during aging has been attributed to lower
isotype switching and diminished somatic hyper-mutation.
Age-related decline in affinity maturation due to diminished
germinal center reaction also contributes to this loss in affinity
(308). There is also evidence suggesting a shift in B cell se-
lection, resulting in higher frequency of auto-reactive clones in
the aged. Additionally, recent results appear to demonstrate
that the alteration in intrinsic properties of B cells in aged mice
and elderly humans may also account for defects in the
transcription factor E47 (108). E47, which regulates immu-
noglobulin class switch, is downregulated in murine splenic B
cells during aging, due in part to reduced mRNA stability.
Since specific targets such as activation-induced cytidine
deaminase, E47, and defects in immunoglobulin class switch
recombination have now been identified in B cells, it will
be interesting to examine the extent to which modulation of
these targets may account for reversal of B cell dysfunction in
the aged.

In murine models of aging, the frequency of precursors
capable of generating B cells, pre-B cells, appears to decline
with age, resulting in fewer naı̈ve B cells, without affecting the
peripheral population of B cells. Thus, it appears that the B cell
compartment in the elderly is composed largely of antigen-
experienced memory B cells (358). This disproportionate in-
crease in antigen-experienced B cells limits new repertoire
expansion and skews it toward pre-existing specificities due
to homeostatic proliferation. In addition, failure of memory B
cells to undergo apoptosis allows for the accumulation and
long-term survival of these aberrant cells at the expense of
generating new specificities (153, 175). The inability of the
elderly to effectively respond to vaccination, contributing to
the immune compromised phenotype, could well be due in
part to such alterations in the B cell compartment.

Recent studies in mice have also demonstrated that
expression of genes vital to lineage commitment and differ-
entiation are significantly reduced with age, impacting neg-
atively on B cell generation (60, 189). Thus, alteration in
hematopoietic stem cell potential to generate myeloid cells at
the expense of lymphoid precursors affects early B cell pro-
genitors. These age-associated defects have also been reported
to be due both to microenvironmental alterations, that is,
niche alteration, as well as cell intrinsic defects (60, 189).
For instance, both the generation and response to IL-7 in the
aged microenvironment and in B cell precursors appear
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compromised (60). Additionally, B cell signaling downstream
of receptor activation is also significantly altered in the aged
(354, 402). In humans, similar to these observations in mice, a
pronounced decrease in peripheral B cell numbers and per-
centages and an increase in B cell intrinsic defects are known
to occur with advancing age (107, 108) (Fig. 6).

B. T lymphocytes

As mediators of adaptive immunity, T cells take center
stage as both regulators and effectors. It is because of this
important role that they have been the focus of studies in
immune senescence. Altered T cell function has been the most
dramatic and consistent change reported during aging.

Being the primary site of T cell development, the thymus
plays a crucial role in determining self-tolerance and MHC
restriction. Therefore, it is not surprising that of all age-
associated changes in the immune system, involution of the
thymus is cited as being central to immune senescence.

A decrease in thymopoiesis and a progressive involution of
thymus has been demonstrated to be the reason for naı̈ve T
cell decline during aging. In support of this key observation,
studies have shown that systemic administration of cytokines
and hormones or bone marrow transplantation increases
thymic activity and naı̈ve T cell output with advancing age
(17, 219). Further, surgeries resulting in thymic ablation or
thymectomy result in premature aging, in keeping with the
contribution of the thymus in immune and naı̈ve T cell decline
associated with advancing age. A contraction of TCR diver-
sity with age accompanies a concomitant appearance of oli-
goclonal specificities in the elderly (252, 381). Added to this
skewing of repertoire, appearance of KIR (Killer inhibitory

receptor) akin to that seen in NK cells has also been reported
in T cells during aging (272, 273). Whether KIR expression is
attributable to alterations in expression of receptor genes or
due to epigenetic modification of regulatory silencing, or truly
a compensatory mechanism for overall contraction in TCR
diversity, remains to be investigated further.

An overview of T cell defects accompanying aging is pro-
vided in Figure 6 and summarizes the notable changes pre-
viously reported. Some of the studies in support of the noted
changes are described in the following paragraphs.

In parallel with thymic involution, reduction in naı̈ve T
cell numbers occurs in the periphery of aged individuals, and
is associated with an increase in the number of antigen-
experienced memory and effector T cells, with little or no
change in absolute numbers of total T cells (360). Expanded
memory and effector cells accompany aging within both the
CD4 and CD8 subsets, with greater number of dividing cells
in the elderly contributing to greater antigen-independent
basal proliferation (322). In studies of naı̈ve CD4þ T cells in
mice, there is increasing support for the observation that,
while newly generated CD4þ T cells in aged animals manifest
no defects, an age-associated increase in the life-span of naı̈ve
CD4þ T cells in contributing to T cell homeostasis, also drives
functional deficits (378).

Within the expanded memory T cell subpopulations are the
CD8þCD28� subset having shortened telomeres, which is
suggestive of previous replicative history. The loss of CD28
costimulatory molecule on the surface of CD8þ T cells with
age has been observed consistently, and is now employed as a
key predictor or prognostic indicator of immune competence
in the elderly (322). These CD8þ CD28� T cells also appear
to have receptor specificities for cytomegalovirus (CMV)

FIG. 6. Summary of age-
associated alterations in
adaptive immunity: T lym-
phocytes and B lympho-
cytes. Observed alterations in
B and T lymphocyte pheno-
typic and functional attributes
during advancing age in hu-
mans that contribute to the
immune senescence pheno-
type are presented. B lympho-
cytes: While both signaling
within B cells and antibody
affinity maturation decline
in advanced age, increases in
auto-antigen specificities as
well as memory B cell num-
bers appear to accompany ag-
ing. T lymphocytes: Defects
ranging from T cell emigration
to the periphery to aberrant
signaling within the TCR acti-
vation pathway have been
demonstrated to be largely re-
sponsible for the reported age-
associated functional deficits.
IFN, interferon; NFAT, nucle-
ar factor of activated T cells;
NFkB, nuclear factor kappa B;
TCR, T cell receptor.
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antigens, implicating chronic antigenic stimulation as a basis
for repertoire exhaustion in the elderly. A recent microarray
analysis of the T cell population obtained from elderly subjects
demonstrated that the gene expression profiles were similar
between CD8þ CD28� T cells obtained from young and el-
derly donors, but differed considerably from the young, when
CD8þCD28þ T cells were compared. Hierarchical clustering
of the data between the subsets identified three major groups,
with Young CD8þCD28þ T cells being at one end of inexpe-
rienced naı̈ve expression profiles, and the CD8þCD28� T cells
from young and the elderly being at the other end of experi-
enced stimulated profile, and the CD8þCD28þ T cells ob-
tained from the elderly, being intermediate (197).

With the significant increase in the number of memory and
effector T cells with age, there is a concomitant decline in
functional responsiveness to new antigens, as evidenced by
decreased responses to vaccination (145, 327, 394). As cyto-
kines modulate immune responses, it has been postulated that
alterations in their induction may dictate functional defects in
the T cell compartment. Reports from both aged mice and
elderly humans indicate that there is a shift in cytokine in-
duction profile to predominantly IL-4 and IL-10 (Th2 type
profile), with increased production of TGFb and IFNg in the
mix. This alteration in the bias of T cell cytokine response
toward Th2 type, rather than Th1 (IL-2, IFNg) type, may ac-
count for some of the decline in responsiveness to Th1 type
activation during aging (42, 304, 400).

Evaluation of regulatory T cells (Tregs) during aging has
provided some inconsistent results. In one recent study, nat-
urally occurring CD4þ Tregs expressing high levels of CD25þ

and Forkhead box p3 (Foxp3)þ were comparable in young
and elderly subjects, however, the ability of these Tregs to
inhibit IL-10 production in a coculture with CD4þ T cells, was
significantly higher (156) in cells derived from elderly sub-
jects. Similar observations were also reported in a study em-
ploying mouse cells (262). However, in another independent
study using cells from elderly donors (70 years of age), the
authors demonstrated a slight increase in frequency of Foxp3þ

cells (191). Clearly, more studies are required to resolve these
inconsistencies. Given the importance of Tregs under patho-
logical conditions, it is believed that a clearer picture on the
dynamics of these cells with age and their contribution to the
overall immune status will only emerge from studies using
cells either obtained from healthy elderly with minimal un-
derlying disease or by employing protocols that adhere to
strict donor recruitment guidelines.

Given that pro-inflammatory conditions accompany aging,
another T cell subset of interest in immune senescence is the
recently identified Th17 subset. Recent studies by Huang et al.
(150) have demonstrated that Th17 induction and cytokine
secretion is significantly higher in T cells from the aged than
that from young mice. These studies implicated a role for
NFkB in Th17 cytokine generation. Given the increased con-
stitutive levels of NFkB during aging, regulation of IL-17
generation may be clearly impacted. Additionally, pro-
inflammatory cytokine milieu present during aging may
underlie the observed increase in Th17 induction. Since IL-6 is
an important cytokine for Th17 subset skewing, increased IL-6
during aging may contribute to the amplification of Th17
subsets with age.

Analysis in the context of activation and signaling at the
cellular level has been a subject of research for several years,

since the first observation that IL-2 production decreases
significantly with age in both mice and human T cells upon
activation (3, 208, 247). Studies in mice have demonstrated
that age-related decline in signaling events starts at the
membrane, with decreased recruitment of TCR associated
signaling molecules to the immunological synapse, the site of
activation cluster (89). While such direct evidence for lowered
signaling at the synapse during aging is lacking in human T
cells, T cells exposed to oxidative stress manifest reduction in
signaling, leading to lowered IL-2 production (71, 98). The
decline in IL-2 production has been attributed to be one of the
major factors underlying immune decline in T cell functional
response (141, 370).

IL-2 generation and proliferation in T cells marks the cul-
mination of a series of biochemical events that constitutes
intracellular signaling. Our laboratory has demonstrated that
irrespective of the activating stimuli, induction and regulation
of the immune response gene inducer, NFkB, is significantly
compromised. This is in clear contrast to increased nuclear
levels of NFkB under basal conditions (93). Our recent studies
delineating this paradox in aging have provided some
mechanistic insight into the role of 26S proteasomal defects in
NFkB -mediated pro-inflammatory cytokine induction during
aging (66). Clearly, our studies and those of others have im-
plicated a central role for the 26S proteasome in T cell func-
tional response in the elderly (71, 294). Recent studies in flies,
mice, and our own studies on human T cells ex vivo in culture
indicate that restoration of proteome maintenance genes and
antioxidant response element (ARE) activators, such as nu-
clear factor erythroid-2-related factor 2 (Nrf2) modulators,
may be beneficial in retarding or restoring functional activity
(199, 364) (unpublished data from our laboratory).

In evaluating T cell signal transduction machinery, investi-
gators have demonstrated that cells from healthy aged mice
and humans manifest several defects in early kinase activation,
calcium mobilization, and transcription factor generation (142,
401). The molecular basis for the decline in signaling events is
largely unresolved, although it is recognized that the contri-
bution of ROS is rather high. It is hoped that future studies will
likely shed more light on the contribution of signaling deficits
on the generation of effectors and in immune decline.

V. Causes and Mechanisms Underlying
Immune Senescence

Complex physiological phenotypes of immune senes-
cence that manifest during organismal aging are the result
of cooperative as well as antagonistic changes in multiple
pathways. The entire pathway underlying senescence re-
mains to be fully delineated. Investigation of the mecha-
nisms that contribute to and=or regulate senescence can be
broadly attributed to thymic involution, oxidative stress,
proteostasis, telomere attrition, DNA damage signaling,
epigenetic alterations, increased inflammation, and tran-
scriptional deviations. Figure 7 provides an outline of the
triggers, mechanisms, and cross-talk that result in altered
immune regulation during aging, and are discussed in the
following sections.

A. Thymic involution in immune senescence

During aging, the integrity and function of the immune
system declines progressively. This decline in innate and
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adaptive arms of immunity arises from alterations in almost
every component of the immune apparatus, but the pre-
dominant, significant, and most consistent change manifests
in the T cell compartment (86, 396). The underlying thymic
involution and loss of T cell education and repopulation that
occurs with age accounts for this decline (17, 219, 357).

The homeostatic maintenance of peripheral T cells is de-
pendent on a regular and continuous supply of cells from the
thymus. Thymus is a vital organ in which T cells develop and
are schooled extensively and exquisitely to recognize antigens
before they are exported to the periphery. This export of T
cells ensures that a viable, effective, and functional immune
system is ready and poised to fend off invaders. One of the
well-documented features of the thymus is its ability to un-
dergo atrophy fairly early in an individual’s life. This atrophy,
referred to as thymic ‘‘involution,’’ results in lowered naı̈ve T
cell output due to lowered development and emigration,
ultimately impacting the maintenance of naı̈ve T cells in
the periphery in elderly subjects (10, 17, 86). While the impact
of this loss in naı̈ve T cell output is minimal in terms of
previously encountered antigenic specificities, that is, recall
antigens, its effect appears to be more significant on newly
encountered infections, or when demands for repopulation
are high, such as after major insults that deplete cells, that is,
after exposure to rigors of chemotherapy and ionizing radia-
tion (21, 59, 87, 132, 140, 219).

Early studies on the histology of the thymus clearly de-
marcated regions that are important for thymopoiesis and
those, such as the nonepithelial peri-vascular spaces, that are
not active participants in this process (99, 339). In fact, studies
demonstrated a clear loss in epithelial spaces as early as the
first year of one’s life with >75% decline occurring up to
middle age, and then a gradual decline for the rest of one’s life
(219). As a consequence, epithelial spaces are progressively
lost and peri-vascular nonepithelial spaces fill up the elderly
thymus, accounting for about 90% of the space (160, 219).

Due to thymic involution there is a direct impact on the
generation of double positive thymocytes and in situ loss of
TCR rearrangements essential for T cell repertoire diversity.
Using TCR excision circles (179), laboratories of Sempowski
and Aspinall have reported a steady decline in circulating T
cells with advancing age (17, 338). However, an important
question that has yet to be investigated is whether declining
output in quality and=or quantity of the cells is responsible for
the contracting space in the thymus or if it is vice-versa.

In searching for an underlying cause for the decline in
thymic output of T lymphocytes with age, researchers have
focused on mechanisms that range from depletion of thymic
progenitors, loss of self=nonself recognition, and failure of
selection process, decrease or an inherent inability for TCR-
rearrangement, and a declining communication between
thymic stroma=nurse cells in the thymic cortex and medulla

FIG. 7. An outline of the biochemical and molecular mechanisms reported to impact immune function during ad-
vancing age, resulting in immune senescence. A schematic representation of the molecular basis of aging in the immune
system is presented. Reported studies implicate a significant role for altered transcription factor induction, increased gen-
eration of ROS, altered DNA repair mechanisms, and telomere attrition in the dysfunctional immune system. Cross-talk and
feedback regulation among these mechanisms appear to manifest as immune dysfunction, and impact a series of functional
mechanisms and targets within the immune system that may account for increased susceptibility to infections and the
development of an inflammatory phenotype. APC, antigen presenting cell.
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with the developing thymocytes. Of these mechanisms, thy-
mic milieu and thymopoietic factors have been intensely re-
searched, and several studies appear to point to these as being
key to the decline observed with age (160, 177).

Studies employing murine models have been useful in
detailing the precise nature and type of T cell decline in the
thymus. These studies have outlined a more dramatic decline
in the CD8 subset as opposed to those of the CD4 subsets. It
appears that while a constant level of TRECs (TCR excision
circles: a readout for recent thymic emigrants) is maintained
for up to about 1 year in CD4 subpopulations, a decline is
noticed much earlier in the CD8 subpopulation in mice. While
experimental models of thymic involution are well estab-
lished in animals, a recent study documents reduced thymus
activity and infection in a group of young adults who un-
derwent thymic removal in their infancy, during corrective
surgery for a congenital heart defect (124, 325). This study, for
the first time, demonstrated that compared with age-matched
adults, thymectomized subjects had immunologic abnormal-
ities reminiscent of immune senescence observed in the el-
derly (325), providing the much needed proof of concept for
the role of thymic involution in human aging.

Research has also demonstrated that thymopoiesis is
regulated by cytokines produced by the cells of the thymic
stroma (129, 339). This cytokine milieu is required and helps
maintain and sustain effective thymopoiesis. However,
changes in cytokine patterns accompanying age impact thy-
mic environment, affecting maturation as well as thymic
education. The cytokines demonstrated to be crucial are
the cytokines central to hematopoiesis, including GM-CSF,
G-CSF, IL-1, IL-13, IL-6, IL-7, stem cell factor, macrophage
CSF (M-CSF), oncostatin M, and leukemia inhibitory factor
(LIF). Studies evaluating and profiling cytokines in human
thymus during aging have demonstrated a shift in cytokine
expression patterns to predominantly LIF, oncostatin M, stem
cell factor, IL-6, and M-CSF. Levels of thymic stimulatory
cytokine such as IL-7 essentially remain unchanged with ad-
vancing age (339). Thus, alterations in IL-7 appear not to
overtly contribute to thymic involution in the elderly, whereas
IL-6 family of cytokines has been shown to play a role. Not
only are patterns of IL-6 expression altered with age, but also
exogenous administration of IL-6 family of cytokines induces
thymic involution both acutely and rapidly, significantly re-
ducing T cell output to the periphery (129, 328). In addition to
IL-6, other cytokines such as LIF and hormones such as cor-
ticosteroids have been implicated in thymic involution (339).
Recent studies in murine models demonstrate a direct role
for TGFb in regulating thymic involution (185). Whether
the effects of these factors involve cross-talk remains to be
established.

Increased adipogenesis in the thymic stroma and increased
IL-6 production by the adipocytes in the thymic stroma of the
aged have also been attributed to the increase in IL-6 in the
thymic milieu and decline in thymic output and atrophy (412).
Further investigations are clearly warranted to resolve the
role of intrinsic and extrinsic cytokine production in the thy-
mus and the impact of niche during aging.

While involution and atrophy are common place in the
thymus during aging, more recent studies have demonstrated
that thymopoiesis, nevertheless, continues to occur at very
low rates in the remnants of functional tissue during ad-
vanced age. Additionally, studies have also demonstrated

that caloric restriction (CR) is successful in retarding thymic
involution by decreasing adipogenesis within the thymic
milieu (412). These data are indicative that thymus is sensitive
to manipulation by exogenous agents. Therefore, interven-
tional therapies aimed at rejuvenating the immune system can
be achieved by enhancing thymopoiesis or decreasing thymic
involution.

B. ROS, aging, and immune dysfunction

The metabolism of oxygen is central to life in aerobic or-
ganisms; however, one of the unpleasant side effect is the
production of ROS that has been implicated in deleterious
effects ranging from cardiovascular disease to cancer and
aging (97). The free radical theory of aging posits that a single
modifiable process by genetics and environmental factors in
cell, in which the accumulation of endogenous oxygen radi-
cals occur, could be the basis for the deleterious effects ob-
served during aging in living organisms (135, 136). However,
to this date, it is unclear whether increased ROS is the cause or
a consequence of aging, and the debate still rages on. More
recently, however, it has come to be appreciated that not all
ROS are deleterious, and a gradation of ROS induction occurs,
with smaller and milder amounts acting as a mediator in
cellular signaling, and excess or imbalance resulting in dele-
terious effects (58, 71, 157, 237, 279, 374). Corroborating this
idea, recent evidence suggests that hematopoietic stem cells
and early progenitors contain lower levels of ROS than their
more differentiated progeny, and that these may be critical in
maintaining their ‘‘stemcell-ness,’’ or stem cell potential (82).
Thus, both the more differentiated effector cells and the naive
stem cells appear to share a common principle, that is, ROS
induction in the context of cellular signaling, but clearly differ
in the extent or magnitude of ROS induction. Increasingly,
age-associated accumulation of ROS appears to be attribut-
able to an imbalance between the free radical generation and
antioxidant defenses induced by the phase-II enzymes, with
an increase in the former and a concomitant decline in the
latter (71, 199). This accumulation of ROS during aging ac-
counts for the generation of oxidatively modified proteins and
DNA. Proteins undergo oxidative modifications upon expo-
sure to ROS, and failure to remove oxidatively modified
proteins impacts function. This is especially true for mito-
chondria, the site of ROS generation (380). Increased ROS also
causes oxidative stress, which has been demonstrated to be
the driving force of deleterious effects, including inflamm-
aging, the chronic inflammatory condition accompanying
aging in the immune system (66, 205, 410). As ROS serve
important effector functions in cellular metabolism and sig-
naling within the immune system ranging from apoptosis to
cell proliferation, aberrant modulation appears to impact
widely, affecting host defense [reviewed in (283)]. Aging of
the immune system appears to accompany imbalance in re-
active oxygen intermediates, which may skew lymphocyte
repertoire, impact innate immunity, induce chronic inflam-
mation, and be a forerunner of autoimmunity, as described
below. Further, pathological mechanisms that accompany
imbalance of reactive oxygen intermediates appear to have a
larger impact on regulatory mechanisms within networks,
more during advancing age than in young cohorts. In innate
immune cells, this oxidative stress=imbalance can be observed
as altered phagocytic capacity, due to altered intracellular
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signaling pathways, which impact pathogen killing capacity
(111, 248, 340). Additionally, alterations in cell adhesion cas-
cades and defective ROS metabolism appear to affect further
the functional capacity of the cell during aging (51). Similarly,
deficits attributable to ROS are also implicated in DC matu-
ration, T cell-DC interaction, immunological synapse for-
mation, intracellular signaling in T cells, and functional
responses (46, 193, 301). Activation of T cell signaling is de-
pendent on cognate antigen recognition and costimulatory
signals, leading up to differentiation into effector and memory
cells. Many of the parameters of T cell activation that decline
with age are also downregulated significantly by exposure to
oxidative stress (126, 127, 188), suggesting that the deleterious
effects of these two salient processes on T cell functional re-
sponses are indeed comparable (217, 278). In fact, evidence
suggests that alterations in intracellular as well as surface
thiols may be vital to T cell dysfunction in senescence (47, 131,
195, 303, 403). Considering that T cell activation is exquisitely
dependent on the initiation of biochemical events that are
uniquely reliant on the mobilization of Ca2þ and phosphor-
ylation of immune-tyrosine activation motifs on the signal
transducing module, alteration in the availability of the kinase
or phosphatase is critically important.

Oxidative stress, resulting from redox disequilibrium, has
been demonstrated to play a significant role in the induction
of lowered T cell responsiveness. ROS-mediated response is
observed not only in aging but also in chronic pathological
conditions (116). This seems to be contradictory in the face
of recent reports that clearly outline T cell activation after
receptor engagement, to be redox-dependent. In fact, rapid
and acute production of ROS appears to be necessary for
downstream activation of signals culminating in nuclear
translocation of transcription factors and induction of gene
expression (92, 403). Thus, regulated and exquisitely balanced
generation of ROS is presumed to be vital in discriminating
noxious pathological effects from physiological effects, in key
cellular processes. Therefore, it seems that the immune system
demonstrates very diverse response to ROS, depending on the
cellular context, microenvironment, and their exposure to
external stimuli. Thus, human T cell functions, like those
demonstrated in mice, are equally sensitive to oxidative stress
and sublethal levels of hydrogen peroxide (H2O2), which have
been shown to be both inhibitory and deleterious (46), further
emphasizing the impact of ROS imbalance in pathological
outcomes. H2O2 released from monocytes after activation
have also been shown to be suppressive in T cells, impacting
IL-2 production after mitogenic activation (96, 414). A role for
secreted antioxidant glutathione (GSH) and its regulation by
Tregs have been implicated in T cell proliferation (411). Fur-
ther, altered oxidative stress in T cells from acquired immu-
nodeficiency syndrome patients has been shown to impact
conformational alteration of p56lck in T cells accounting for
lowered tyrosine kinase activity (123). Similarly, alterations in
linker for activation of T cells and in TCR z chain expression
have been demonstrated in pathological conditions such as
rheumatoid arthritis and cancer, where a role for oxidative
stress has been demonstrated, unequivocally (126, 271, 309).

Oxidative stress resulting from the depletion of intracellu-
lar stores of GSH is inhibitory for T cell proliferative response
(131, 403), and more recently decreased GSH has been linked
to displacement of linker for activation of T cells from mem-
branes, interfering with T cell activation. Besides the impact

of redox equilibrium on proximal steps in T cell signaling,
redox-sensitive transcription factor NFkB that regulates T cell
function appears to be a central mediator of transcription,
including the induction of IL-2 and IL-2 receptor (120, 161,
293, 376). Redox conditions strongly influence CD4 T helper
cell polarization. As T helper cells can be distinguished
by their ability to mediate predominantly inflammatory re-
sponses (Th1 type) or anti-inflammatory responses (Th2
type), based on their cytokine generation profile, skewing of
cell types to either predominantly Th1 or Th2 type can impact
immune outcomes. Differentiation of CD4 T helper cells in
the presence of low chronic oxidative stress modulates their
cytokine profile and chemokine receptor expression skewing
them toward a more Th2 type than Th1 type, similar to that
observed during aging (274). In mice with reduced ROS
generating capacity, Th1 type responses appear to predomi-
nate, whereas in humans, supplementing ROS scavenger
vitamin E appears to increase Th1 responses in elderly indi-
viduals (407). However, reports of treatment with ROS scav-
engers, vitamins C and E, in human DC, induced Tregs with a
Th2 cytokine profile (367). Clearly, more work is needed to
confirm polarization to the Th2 type cytokine profile upon
ROS exposure.

C. Inflammaging and the paradox of NFkB signaling
in immune senescence

One of the consequences of ROS generation is the futile
induction of proinflammatory cytokines such as TNFa, IL-6,
and IL-1 and the ensuing chronic inflammation (283, 324),
which may lead to autoimmunity. This low-grade chronic
inflammation accompanying aging has been attributed to the
cells of the innate immune system as well as nonimmune cells.
Under physiological conditions, acute inflammation is a
highly orchestrated, tissue-specific response to invasion by
microbes or injuries. However, uncontrolled inflammation is
injurious to the host cells that could result in pathology, in-
cluding autoimmunity. Therefore, cells are endowed with
mechanisms that permit the resolution of such injurious re-
sponses. It is now becoming increasingly clear that either
such regulatory mechanisms or cross-talk, necessary for the
resolution of inflammation, are dysfunctional during aging.
While a host of factors such as activated protein-1, hypoxia-
inducible factor-1, peroxisome proliferator-activated receptor
(PPAR), NFkB, and signaling intermediaries such as p38-
MAPK (mitogen activated protein kinase) have been impli-
cated in the cross-talk that results in inflammation, we have
largely restricted our discussion to NFkB, as NFkB pathway
has been considered to be a prototypical proinflammatory
signaling pathway. Additionally, studies identifying gene
expression motifs identified NFkB across various organisms
and tissue types, as detailed below.

Studies examining the cross-talk between PPAR and its
impact on proinflammatory gene induction have been ex-
tensively studied in cells such as monocytes and adipocytes.
These studies have demonstrated significant cross regulation
between oxidative stress, PPARs, and NFkB (54). Given that
PPARg is a negative regulator of macrophage activation and
with an observed decrease in the induction of PPARs during
aging, it is not surprising that NFkB is dysregulated and may
underlie increased inflammatory responses during aging.
This, coupled with p38-MAPK-mediated inactivation of tris-
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tetraprolin, may also account for increased post-transcrip-
tional induction of proinflammatory cytokines. In a recent
meta-analysis of age-related expression profiles of 27 datasets
from rats, mice, and humans, de Magalhaes et al. (75) found
overexpression of inflammation and immune response genes
as the most common age-related genetic signature. An inde-
pendent study conducted by Adler et al. (2), employing cis-
regulatory motif modules for identifying motifs that drive
age-dependent gene expression across various tissues and
organisms, identified the transcription factor NFkB. This ob-
servation is paradoxical, considering that induction of NFkB
after antigenic exposure is clearly inhibited during aging.
Studies reported from our laboratory have demonstrated that
in T cells from the elderly, induction of NFkB is significantly
compromised due to a decline in proteasomal proteolysis of
the inhibitor IkB (294). Thus, it appears that while inducible
NFkB is downregulated, constitutive low-grade activation of
NFkB accompanies aging. However, the precise mechanism
for the induction of constitutive NFkB induction in the elderly
has remained unexplained. While several studies have im-
plicated a role for oxidative stress in the induction of this
redox-sensitive transcription factor, studies to date have
failed to explain the basis of a robust NFkB induction under
conditions of proteasomal functional loss or ablation. As the
canonical pathway to NFkB induction involves both the
proteasome and robust ubiquitination and deubiquitination
activities (393), loss in proteasomal activity in the face of active
NFkB induction has remained a paradox. Recent studies from
our laboratory have provided evidence for the involvement of
an atypical NFkB pathway in inflammatory cytokine induc-
tion, when mediated by oxidative stress through a tyrosine
kinase dependent pathway (66). These studies, for the first
time, outline a role for the inhibitory 26S proteasome in sub-
stantially augmenting the generation of proinflammatory
cytokine generation, through the absence of negative regula-
tion during aging. A similar impact of proteasomal regulation
of NFkB at the transcriptional level has been demonstrated by
Natoli’s group in a cell culture system (313). Thus, while
studies of transcriptional feed forward reactions have been
the major focus in several laboratories, negative feedback
regulation and regulatory molecules that are being discovered
may also impact aging. Thus, under conditions of aging or
when proteasomal proteolysis is compromised, induced ac-
cumulation of ROS due to proteotoxic stress may mediate
the induction of NFkB and NFkB-dependent genes indis-
criminately, due to a failure in the negative feedback regulation.

D. Telomere attrition in immune senescence

Telomeres are located at the ends of linear chromosomes,
constituted by nucleoproteins consisting of short tandem re-
peats of hexa-nucleotides (TTAGGG) and associated proteins
that protect the ends of chromosomes in eukaryotes. The
length of telomeres shortens with each cell division. Studies
have demonstrated that telomere length inversely correlates
with age and occurs both in in vitro and in vivo aging (14, 134).
Telomeric shortening has been demonstrated in numerous
cell types, including hematopoietic stem cells, lymphocytes,
keratinocytes, epithelial cells, endothelial cells, and human
fibroblasts in culture (15). One of the mechanisms that over-
rides telomeric loss in malignant cells and germ cells has been
attributed to telomerase, a ribonuclear enzyme that can gen-

erate telomeres based on an RNA template (TERC) and a re-
verse transcriptase (TERT) (12). While most somatic cells in
humans do not express telomerase activity, in immune cells
telomerase activity is induced upon activation (37, 399). One
of the postulated mechanisms by which genomic instability at
telomeres promotes aging is through the continuous activa-
tion of DNA damage (68). Mice deficient in TERC have dys-
functional telomeres and show premature aging. This
premature aging phenotype is reversed in telomere-deficient
mice due to the lack of 50-30 exonuclease 1 (29). Thus, telo-
meres, TERC, and TERT are all interconnected with cellular
senescence and aging.

Analysis and comparison of telomerase activity and telo-
mere length in the immune system, that is, human T and B
cells, demonstrated that age is unrelated to low telomere
length in B cells or CD4þ T cells. However, low telomere
length and age is related in CD8þ T cells and PBMC. While B
cells demonstrated the highest telomerase activity and longest
telomere length, CD8þCD28� had the lowest telomerase ac-
tivity. CD4þ T cells from the elderly showed higher telomer-
ase activity than CD8þ CD28þ T cells, although their telomere
lengths were similar. Low telomere length is now emerging as
a biomarker of aging in most tissues. In T lymphocytes, it
appears that stress-induced by proliferation may indeed
dictate telomere length, as naı̈ve T cells but not antigen-
experienced T cells, have longer telomeres (207). Studies of
x-linked lymphoproliferative syndrome further corroborate
this link between proliferation stress and telomere length with
younger individuals with the disease demonstrating shorter
telomere lengths than the older normal subjects (288).

B lymphocytes show slower telomere loss than T lympho-
cytes, with no real difference between naı̈ve and memory B
cell subsets (351, 352, 398). Germinal center B cells demon-
strate the highest telomerase activity. While the precise
molecular mechanisms for the difference in T and B cell tel-
omerase activity and telomere length regulation remain to be
fully defined, it is unknown at this time if differential induc-
tion and regulation of NFkB in these two cell types may un-
derlie the noted difference in telomeres and telomerase
activity. As telomerase induction involves NFkB activation
through PKCh and PI-3kinase signaling pathways (5, 341),
and AKT-mediated regulation is required for the phosphor-
ylation of human TERT resulting in its activation, it is con-
ceivable that agents such as ROS that regulate and impact
NFkB, AKT, and PKCh will likely influence telomerase
activity and telomere length in cells. In fact, loss of telomerase
activity in highly differentiated CD8þCD28� CD27� T cells has
been demonstrated to be due to decreased AKT phosphorylation
(289).

It is now established that telomere length in human pe-
ripheral blood is genetically determined (347), and that age-
related erosion is proportional to baseline telomere length
(19). However, the question of how original telomere length
and life span are related remains unresolved. Studies dem-
onstrate that nongenetic factors, such as oxidative stress or
free radical exposure, clearly influence the outcome. ROS in-
fluences telomeric ends due to the susceptibility of the GGG
site to 8-oxoguanine lesions (268, 284). Additionally, since
redox regulates the transcription factor NFkB, ROS may also
influence telomerase activity. Thus, ROS may participate in
both driving aging and regulating telomere length mainte-
nance mechanisms.
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Besides activation mechanisms, it appears that hTERT
transcriptional regulation may also account for the decline
in telomerase activity, since transduction of hTERT in lym-
phocytes extends the proliferative potential of replicative
senescent cells. However, some studies have demonstrated
chromosomal abnormalities in these hTERT-transduced T
cells (332). Additionally, long-term hTERT-transduced T cells
show accumulation of cyclin-dependent kinase inhibitors
such as p21 and p16ink4a. Thus, while interventions to sta-
bilize telomere length may be a useful strategy, given the
potential side effect mechanisms other than those employing
genetic approaches may prove to be useful. In fact, recent
studies by Effros’s group demonstrating that pharmaco-
logic enhancement of telomerase activity by TAT2, a small
molecule activator obtained from a chemical screen, mod-
estly retards telomere shortening and increases proliferation
potential in CD8 T cells appear to be a step in the right
direction (94).

E. Accelerated T cell aging due to repeated exposure
to antigenic insults

Recent studies have attributed repeated antigenic insults
and clonal repertoire skewing that occurs with age, to a pre-
ponderance of virally activated T cell clones (260, 396).
Chronic activation of T cells due to lifelong viral persistence in
immune-competent hosts appears to influence and shape the
T cell repertoire (7, 220, 234). Although a variety of persistent
infections occur, the most common pathogens often associ-
ated with a skewed expansion of T cells in the elderly are
CMV, Herpes simplex virus, and Epstein-Barr virus (396).
Evidence that chronic CMV infection may accelerate aging of
the immune system, allowing subclinical infection to persist,
is fast gaining credence in the field of immuno-gerontology. In
fact, the similarity in the predominant phenotype of subsets of
CD8þ T cells in individuals chronically infected with CMV
and elderly subjects has been reported (213). Occurrence of
CMV infection and aging share similarities in that both con-
ditions lead to skewing toward CD8þ CD28� phenotype (119,
171). In CMV-infected sero-positive elderly individuals, about
25% of the CD8 population demonstrates specificity to CMV
epitopes, and is similar to that seen in CMV-infected young
adults. While aging of the immune system may accompany
such expansions impacting responses to other commonly

encountered antigens, whether such expansions are the sole
cause of immune dysfunction observed during aging is hotly
debated and warrants more research. If persistent viruses are
indeed the driving force in immune senescence, antiviral
therapy at an early age against common Herpes viruses may
be a successful intervention strategy.

F. Proteostasis and aging in the immune system

Proteostasis or protein homeostasis is essential for the
maintenance of cellular homeostasis. Deficiencies in protein
homeostasis accompany metabolic, geriatric, cardiovascular,
neurodegenerative, and oncological disorders (118). Recent
studies reveal that cells possess proteostasis maintenance
capacity and that challenges that result in demands exceed-
ing this capacity lead to a functional decline (48). An age-
associated breakdown or collapse in proteostasis, concomi-
tant with an increase in protein oxidation, resulting from
oxidative stress or other modifications, accounts for the ac-
cumulation of misfolded proteins during aging (38, 240).
Additionally, alterations in ubiquitin proteasome pathway
(UPP), chaperone overload, and aberrant autophagy may
impact proteostasis, as depicted in Figure 8. Protein stability
and resistance to stress-mediated accumulation of misfolded=
aberrant proteins have been attributed to longevity deter-
minants in mole rats (282). Additionally, aberrant protein
accumulation, due to impaired proteostasis, may result in
pro-inflammatory cytokine generation. As the breakdown
in proteostasis impacts cells in both the adaptive and innate
arms of immunity affecting the induction and effector arms of
immune response to pathogenic insults, understanding pro-
teostasis in the immune system is of import in delineating
immune senescence.

The major contributors to altered proteostasis during aging
are the malfunction of the UPP, the chaperone machinery, and
the modulation of autophagy. The following paragraphs
provide a brief review of each of these pathways in immune
senescence.

G. UPP in aging and immune senescence

Protein degradation by the UPP is an essential cellular
mechanism mediated by the 26S proteasome, whose activity
decreases with advancing age in several organisms, including

FIG. 8. Schematic representation
of mechanisms reported to modu-
late proteostasis during aging. Pro-
teostatic mechanisms and the control
of protein stability during aging are
presented. Factors such as ROS, ac-
cumulation of aberrant proteins,
failure of the ubiquitin proteasome
pathway, chaperone overload, and
decline in autophagy have all been
reported to contribute to some extent
to the decline in protein homeostasis
and to overall functional alteration
during advanced age. Recent studies
highlight the important roles for
BAG3, sequestosome, and HDAC6
in regulating aggresome formation.
;, decreased; :, increased; HDAC6,
histone deacetylase 6.
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humans (70, 166, 292). The proteasome is a conserved pro-
teolytic machinery with a central 20S proteolytic barrel con-
taining the catalytic sites, the capped 19S regulator, and a 11S
activator complex. Proteins targeted to the proteasomes
are for the most part tagged with multiple ubiquitin, a
8.5 kDa protein moiety (251). Impaired function of ubiquitin
proteasome system (UPS) has been implicated in the late life
onset of neurodegenerative diseases and proteotoxicity (69).
In addition, age-related decline in the catalytic activity of the
proteasome has been observed in tissues of humans and aged
flies (110, 290, 294, 388). While the mechanisms for the decline
in proteasomal activity are under investigation, a recent study
has provided genetic evidence showing that age-related de-
cline in proteasome activity causes accumulation of ubiquiti-
nated proteins (372). These studies also demonstrated that
26S abundance attenuates with age, which is associated with
impaired assembly of the 20S proteasome with the 19S regu-
lator. Overexpression of this 19S regulator subunit (Rpn-11)
suppressed age-associated reduction in proteolysis, with a
resultant decrease in the accumulation of ubiquitinated pro-
teins, and extension of lifespan in flies by 30%. As a corollary,
loss of function of Rpn11 caused an early reduction in 26S
activity and premature accumulation of ubiquitinated pro-
teins, with shorter (60% decrease) life span. As histone dea-
cetylase 6 (HDAC6) has been demonstrated to play a crucial
role in the clearance of ubiquitinated protein deposits, further
study of HDAC6 under these conditions of Rpn-11 over- and
under-expression is warranted (32, 229).

Interest in the UPP for immunologists has been stimulated
by the recognition that besides maintenance of proteostasis,
the generation of antigenic peptides, the regulation of key
proteins that regulate cell cycle (p27 kip, p21), apoptosis, cell
transformation (p53), and gene transcription (NFkB), is also
involved in the pathogenesis of inflammation (275) and in
immune surveillance for virus and cancer (69, 307). Ad-
ditionally, when cells are stimulated with pro-inflammatory
cytokines, most of the constitutive proteasomes in the 20S
catalytic core are replaced by immuno-proteasomes subunits
b5i, b2i, and b1i, affecting the peptide production for antigen
presentation. Recent reports demonstrate that cortical thymic
epithelial cells selectively express a type of proteasome known
as the thymoproteasome in place of b5i, called b5t (128, 245,
371). This subunit of the proteasome appears to be necessary
for positive selection in the thymus. In addition, studies also
appear to show that these specialized proteasomes in the
thymus not only shape the T cell repertoire of cytotoxic T cells,
but may also influence cytokine production, T cell differenti-
ation, and T cell function.

Although our knowledge of the proteasomal system and
regulation of intracellular protein turnover in the immune
system, and in particular in T cells, is still emerging, several
studies demonstrate that the function of the proteasome sig-
nificantly declines with advancing age in T cells and subsets
of T cells (290, 294). Similar declines in proteasome function
have been demonstrated in other cell types such as rat liver
hepatocytes, human dermal fibroblasts, skeletal muscles, and
central nervous system during aging (43, 110, 154). While
previous studies in cells other than T cells indicate that the
defects occurring in the aged were related to overall decrease
in specific subunit expression, recent studies from our labo-
ratory indicate that a decrease in expression of specific pro-
teasome subunits and alterations in the association of heat

shock protein 90 (HSP90) may underlie some of the age-
associated decline in activity (unpublished results). Given that
immuno-proteasome subunits have been implicated in pro-
inflammatory cytokine induction, autoimmunity, and induc-
tion of Th17 subsets, it is likely that age-associated alteration
in immuno-proteasome will likely impact immune response
to pathogens. In fact, studies by Pang et al. have demonstrated
that deficiencies in immuno-proteasome subunits affect dif-
ferentially two immuno-dominant influenza virus-specific
CD8þ T cell responses (277). Given that alterations in CD8þ T
cells accompany aging, it is likely that modulation of pro-
teasomal subunit expression may well underlie this functional
alteration in immune response.

Besides tagging substrates targeted for proteolytic degra-
dation by the proteasome, ubiquitination is an important post-
translational modification necessary for mediating protein–
protein interaction and in endocytosis (70, 125). Recent studies
demonstrate that both ubiquitination and deubiquitination
play central roles in signal transduction, leading to the acti-
vation of NFkB in the immune system (346). Depending on the
type of ubiquitin chain linkage (K63, K48, K11, etc.) and
whether the targets are mono- or poly-ubiquitinated, various
effector functions of protein substrates have been reported and
range from receptor internalization, transcriptional regulation,
to DNA repair. By virtue of their role in mediating NFkB in-
duction and their involvement in DNA repair, regulation of
ubiquitin levels and ubiquitination of substrates might be
linked to the immune aging process. Additionally, since levels
of free ubiquitin in the cell are limiting, changes in demands for
ubiquitin placed by cells under stress will influence ubiquitin
modifications. Studies by Salomons and colleagues have
demonstrated that under proteotoxicity, polyubiquitination in
the cells increase, impacting histone ubiquitination and alter-
ing chromatin remodeling, transcriptional fidelity, and DNA
repair (320). Since aging in the immune system is accompanied
by a loss in proteasomal proteolysis, accumulation of ubiqui-
tinated proteins is often observed. Impact of such ubiqui-
tinated protein accumulations during aging on histone
ubiquitination and=or DNA repair remains to be delineated.

Studies now provide a link between autophagy and ubi-
quitination by virtue of the demonstration that autophagy
receptors such as sequestosome and neighbor of BRCA1 gene
1, bind ubiquitin, and autophagy-specific ubiquitin mod-
ifiers (microtubule-associated protein 1 light chain 3=g-
aminobutyric acid type A receptor-associated protein),
simultaneously (192). With both proteasome and autophagy
mechanisms being involved in aging, it is likely that ubiquitin
may take center stage in regulating protein cargo in normal
and senescent conditions involving stress. The idea that the
ubiquitination pathway is important in longevity and aging is
supported by a study demonstrating a role for WW domain
containing E3 ubiquitin protein ligase, a HECT E3 ubiquitin
ligase, as a positive regulator of life span in C.elegans in
response to dietary restriction (44). Thus, studies outlining
a role for stress defense in aging bring to the forefront
ubiquitination mechanisms that may regulate stress and thus
impact longevity.

H. Autophagy, aging, and immune response

The lysosomal system, like the UPP, is an important facet of
the cellular quality-control mechanism. These two systems,
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acting in concert, are responsible for most intracellular protein
turnover (57).

Autophagy is a lysosomal-mediated cellular catabolic
process that mediates the bulk destruction or turnover of
long-lived proteins, organelles, and other components of the
cytoplasm to sustain metabolism during starvation and met-
abolic stress (198, 200). In mammalian cells, three different
autophagic pathways have been described, primarily based
on the manner in which the intracellular materials targeted
for degradation are delivered to the lysosomes. These are
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA) (62, 176, 238). In mammalian cells, micro-
autophagy is the least characterized of the three forms (298).

In macroautophagy, subcellular double-membrane struc-
tures called autophagosomes are formed to sequester cyto-
plasmic constituents that are targeted for degradation and
transported to the lysosomes for degradation. This type of
autophagy is inducible under stress conditions. In micro-
autophagy, materials targeted for degradation are seques-
tered and delivered to the lysosomes through the direct
invagination of the lysosomal membrane (176). CMA, on the
other hand, is highly selective and is restricted to proteins
bearing a KFERQ-like sequence motif (81). Specific chaperone
proteins, heat shock cognate protein 70, and its cochaperones
bind to the penta-peptide motif expressing proteins and are
transported to the lysosomal surface, where they bind lyso-
some-associated membrane protein type 2A (LAMP2A) (64,
139). With the assistance of other lysosomal chaperones, these
proteins are individually transported into the lysosome for
degradation (64).

Efficiency of protein synthesis and degradation systems
determines the quality of cellular housekeeping. The effi-
ciency of functioning of both the proteasomal and autophagic-
lysosomal systems are compromised with age (65, 290, 291,
294, 390), leading to less efficient cellular housekeeping and
accumulation of waste products. Several reasons have been
suggested for the autophagic decline with age. These could be
attributed in part to the decreased rate of autophagosome
formation and lowered efficiency of fusion between the au-
tophagosome and the lysosome, leading to a failure in the
degradation of the cargo targeted to the lysosome [reviewed
in (226, 298)]. Additionally, an increase in the concentration of
free radicals (ROS) and the lipofuscin pigment within the ly-
sosome with age (35) also leads to a decrease in the lysosomal
degradation of proteins.

A decrease in the levels of LAMP2A has been attributed to
decreased CMA with age (65, 173, 369). LAMP2A, in addition
to facilitating the transfer of proteins across the lysosomal
membrane into the lumen for degradation, is also required for
the maturation of autophagosomes and their fusion with the
lysosomes. Finally, age-associated dysregulation in macro-
autophagy has also been attributed to changes in hormonal
regulation [reviewed in (63)].

Recent studies by Zhang and Cuervo (415) demonstrate
that overexpression of LAMP2A in livers of aged mice
not only increased CMA but also macroautophagy and the
ubiquitin-proteasome system, thus improving overall organ
function, underscoring the importance of the cross-talk
among all protein quality-control systems (192) in the main-
tenance of overall cellular homeostasis with age.

Malfunction of autophagy has been shown to result in
increased susceptibility to infections and premature aging.

Recent studies have demonstrated that autophagy family
members are suppressors of innate immunity and that NFkB
signaling can inhibit autophagy (244, 317, 385). Absence of
autophagy results in ROS-dependent amplification of RIG-I
like receptor signaling. Autophagy-related gene (Atg)5�=�

cells exhibit enhanced retinoic acid-inducible gene-like re-
ceptor signaling, increased IFN secretion, and resistance to
infection by vesicular stomatitis virus, all of which have been
attributed to ROS-associated dysfunctional mitochondria in
Atg5�=� cells (366). Additionally, since significant involve-
ment of autophagy members has been demonstrated in anti-
gen presentation via MHC-II pathway (330), as well as during
cross presentation (204), any alteration or malfunction in au-
tophagy is likely to impact adaptive immune function. Evi-
dence from Atg5�=�mice demonstrates that CD4þ and CD8þ

T cell development is compromised (295, 296). Further, not
only is there a decrease in T cell numbers, but their prolifer-
ation is also significantly affected in these mice. These studies
underscore the importance of autophagy in T cell develop-
ment and functional response. Studies also indicate that
during starvation, Th2-polarized cells accumulate increased
amounts of autophagosomes resulting in death, whereas Th1-
polarized CD4 T cells are protected from death (202). As ra-
pamycin treatment induces autophagy, a role for activation of
autophagy in life span extension is implicated in recent
studies employing rapamycin fed in late life, that is, beginning
at 600 days of age in genetically heterogeneous mice (137).
While the authors posit that this late life feeding with rapa-
mycin may induce life span extension by a combination of
antineoplastic effects and effects on cellular stress resistance
and nutrient dynamics, its impact on autophagy or inflam-
matory cytokine induction was not evaluated. However, since
rapamycin is a strong immunosuppressive drug (408) that, on
the one hand, inhibits type-1 IFN (41), modulates T cell traf-
ficking (345), and regulates expression of Foxp3 in Tregs (138,
326), but on the other, upregulates and improves the quality of
CD8 memory T cell differentiation (13), it is not yet clear how
this feeding regimen impacts immune senescence. Given the
counter regulatory role of NFkB in inhibiting autophagy, a
cross-talk between the inflammatory and autophagy pathway
is likely to occur, since inducers of autophagy such as FOX-
O3a and sirtuin 1 (SIRT1) can inhibit NFkB signaling (28,
315–318) and enhance autophagic degradation. Increased in-
flammatory responses observed during advanced age and
increased inflammatory disease onset and progression during
aging may well be an outcome of this cross-talk.

I. Chaperone activity and immune senescence

Molecular chaperones are an evolutionarily conserved
class of proteins that guard against protein misfolding and
degradation in the cell (250). As sentinels of proteostasis in the
cell, they fulfill an essential role during conditions that place
severe demands, such as environmental insults (184), when
their production is significantly upregulated. These proteins,
often referred to as stress or HSPs, are increasingly being
identified as key players in aging phenotypes, in a variety of
species (22). HSPs are targets of the heat shock factor and their
expression and function influences a range of activity in the
cells of the immune system, from signaling to antigen pre-
sentation (80, 285, 331, 405). Given their broad range of ac-
tivity, forced expression of HSPs has demonstrated increased
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life span and decreased proteotoxicity under conditions of
chaperone overload in several model organisms (25, 38).

HSPs, as sensors of both extrinsic and intrinsic stress, are
clearly essential for stress resistance. With advancing age, as
one’s ability to combat stress deteriorates, HSPs are signifi-
cantly affected (240). In fact, lifespan has been positively
correlated with stress resistance and thus HSP expression and
functional activity (241). In the immune system, molecular
chaperones have been reported to participate in signal trans-
duction, antigen generation and presentation, and maturation
of APCs. By virtue of their ability to bind both protein and
nonprotein molecules, HSPs serve an important role in de-
livering antigen ligands and TLR ligands in the cell. This
property, besides their role in chaperone activity and protein
maintenance, accounts for their varied effects on immune
function (250). Thus, age-associated decline in chaperone
function is likely to impact antigen presentation, signaling,
and innate immune responses. Studies carried out employing
PBMC have demonstrated that HSP expression after heat
shock is significantly decreased during aging (263). Repetitive
mild heat shock appears to protect lymphocytes from stress
(353). Additionally, by virtue of their central role in chaper-
oning the 26S proteasome, HSP90 chaperone protein appears
to play a vital role in protein degradation in the cell and in the
activation of the immune response gene regulator, NFkB
(319). Thus, any modulation in the generation of molecular
chaperone in response to stress or environmental or cellular
insults will likely impact immune outcomes. Additionally,
by virtue of their role in antigenic peptide generation and in
cross presentation, chaperones also regulate the outcome of
immune responses (80, 285, 331, 405). Reports of immune
deficits in heat shock factor 1�=� mice, including lower anti-
body production, decreased IL-6 production, and inefficient
cross priming of CD8þ cells, are indicative of the wide
reaching effects of a decrease in molecular chaperones with
age (196, 250, 417). Given the broad range of substrates reg-
ulated by various chaperones, any imbalance in molecular
chaperones may have profound long-term consequences, and
interventions designed to regulate these imbalances will likely
affect diverse cellular activities during aging in the immune
system.

J. Epigenetics in immune senescence

Epigenetic alterations such as DNA methylation and his-
tone acetylation appear to accumulate with age and clearly
impact immune function often contributing to unwanted side
effects such as risks of auto immunity. Recent evidence sug-
gests that epigenetic changes may be critical determinants of
organismal and cellular senescence. While studies have
demonstrated an accumulation of epigenetic changes with
advancing age, total genomic–methylcytosine has been found
to decrease in various organisms and appears to be inversely
proportional to maximum life span (231, 302, 404). Repetitive
element methylation, particularly in Alu sequences, decreases
throughout aging. The decrease in global methylation during
aging has been attributed to the reduction in DNA (cytosine-
5-)-methyltransferase 1 activity with age (45, 214).

As opposed to DNA methylation, information on site-
specific histone modification in aging is still emerging. The
abundance of trimethylated form of histone H4 (H4K20Me)
has been demonstrated to increase in liver and kidneys of

aging rats, resulting in transcriptional repression (323). His-
tone acetylation (H3K9ac) was demonstrated to decrease and
H3 ser phosphorylation appeared to increase, in concert with
the accumulation of heterochromatin with age (170).

Growing evidence also supports the premise of epigenetic
dysregulation as an underlying mechanism for increased
autoimmune manifestations, along with a greater incidence
of neoplasia in the elderly. Hyper-methylation of the pro-
moter of tumor suppressor gene such as RB, p16, and
wnt-associated factors, as well as aberrant DNA (cytosine-5-)-
methyltransferase 1 activity, appears to link aging and cancer
(95, 211, 306). Recent studies on micro-RNA (miRNA) impli-
cate epigenetic modifications as being central to miRNA-in-
duced lifespan alterations (30, 168). Treatment with HDACs
appears to extend life span in several organisms (49, 416). An
aging-like phenotype and shortened lifespan has been re-
ported in SIRT6-deficient mice. Additionally, it was demon-
strated that SIRT6 repressed NFkB-mediated transcriptional
activity, and that the target genes involved were significantly
similar to those associated with human aging (169). Taken
together, these studies implicate a central role for NFkB
transcriptional regulation in human aging and life span po-
tential. Given that NFkB plays a central role in inflammatory
cytokine induction in aging, epigenetic mechanisms that
regulate NFkB may likely prove to be important targets not
only in controlling inflammation, but also for devising inter-
ventional strategies to ameliorate immune dysregulation.

K. DNA damage and repair, genomic instability,
and immune aging

Despite continuous surveillance and repair, a wide range of
DNA damage accumulates with age, leading to genomic in-
stability and contributing to the dysregulated phenotype that
accompanies aging (115, 212, 389). The combined effects of
alterations due to DNA damage affecting the sequence per se
and the accompanying epigenetic changes in the chromatin
structure clearly impact cellular function and may underlie
age-associated functional declines (344). Studies of human
progeroid syndromes and mouse models that have defects in
DNA repair pathways have provided insight into under-
standing the role of DNA damage pathways (74, 91, 210, 281,
368). Mice engineered for defects in DNA damage response
(DDR) genes demonstrate premature aging phenotypes
comparable to that observed in aging wild-type litter mates
(257, 336). As stress resistance and longevity are intimately
linked, mechanisms to counter DDRs may well provide op-
portunities for intervention. As DNA damage repair is in-
volved in genomic rearrangements during the development
of the immune system, any defect in DDR would result in
immunodeficiency (23, 329). For example, mouse model sys-
tems of the progeroid syndromes, Nijmegen breakage syn-
drome (NBS1) animals, demonstrate immunodeficiency and
increased risk for cancer onset with age (159, 258). Cells from
these NBS1 mice manifest defects in double-strand break re-
pair and activate a major DNA damage checkpoint pathway
kinase. Additionally, patients with NBS are prone to, some-
times fatal, infections due to defects in class switch recombi-
nation and impaired immunity. Thus, DDR defects impact
immune function adversely (310). Additionally, many cancers
arising in progeroid conditions have been demonstrated to be
lymphomas or leukemias of B and T cell origin, which can
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result from impaired V(D)J recombination (159). Thus, defects
in DDR may be a driving force in immune senescence during
aging. Understanding details of how DDR proteins are reg-
ulated in the immune system will provide us with avenues for
channeling DDR functions for delaying and managing func-
tional impairment of the immune system during aging.

L. miRNAs in immune senescence

Noncoding miRNAs constitute an important class of reg-
ulators of cellular processes through their ability to regulate
transcription and translation. Emerging studies in this nascent
field show the importance of miRNA in fine-tuning immune
responses. It is estimated that possibly more than 1000 miR-
NA exist in humans. miRNAs present a unique mechanism
that can regulate diverse functions by impinging on multiple
pathways simultaneously (114, 409). Recent studies suggest
that miRNA may play a vital role in a variety of stress re-
sponses, making them a target during advancing age. In terms
of immune responses, evidence for the role of miRNAs in cell-
mediated immunity is depicted by T cell deficiency in con-
ditional Dicer�=� mice (243). Expression of several miRNAs
has also been demonstrated to be regulated by IFNa and IFNb
(265). Further, studies also demonstrate that some miRNA,
such as mi146a=b, may be regulated by NFkB (67, 365). Given
the central role of NFkB in immune dysfunction accompa-
nying aging, it is envisioned that miRNA may well underlie

immunomodulation in senescence. In fact, recent studies on
pathway analysis of senescence associated miRNA targets
revealed common processes to different senescence induction
mechanisms (190). In the context of immune senescence, re-
cent reports of miRNA-mediated regulation of the generation
of memory cells, inflammatory gene induction, chromatin
remodeling, and MHC expression (146, 377) implicate a role
for miRNA in regulating immune decline in aging. Ad-
ditionally, miR 17–92 cluster has recently been implicated
during aging in various human cell types, including CD8þ T
cell subsets (130). Future innovative and comprehensive
studies in this field will help delineate specific miRNA in
regulating pathways to senescence in the immune system.

VI. Interventional Strategies for Reversal of Immune
Dysfunction Accompanying Advancing Age

Strategies that retard or reverse age associated dysfunction
of the immune system will likely improve the health-span of
individuals, with improved response to vaccination, de-
creased susceptibility to infectious diseases, and decreased
onset and progression of autoimmunity. Some of the true and
tested modulators of aging such as CR, antioxidant therapy,
nutraceutical intervention, induction of telomerase activity,
and cytokine and hormone administration have been at-
tempted in retarding immune dysfunction with moderate
success. Figure 9 outlines some of the interventions attempted

FIG. 9. Mechanisms contributing to immune dysregulation during aging and some intervention strategies reported to
override age-associated immune dysfunction. The underlying causes, mechanisms, and functional impact of age-related
immune dysregulation and potential interventional strategies reported to override specific age-related immune dysfunction
are outlined.
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and their effects on retarding immune dysregulation. Readers
are directed to some recent reviews on intervention studies in
overall aging and lifespan extension. A list of interventional
strategies ranging from antioxidant administration to CR
that have been attempted to modulate life span in various
organisms and in human cells, ex vivo, and their ability to
extend life span is provided in Table 1 (18, 33, 88, 137, 148,
149, 167, 172, 183, 209, 227, 321, 387, 392, 395). A few of these
interventions, in the context of immune aging are discussed
below.

A. CR and its impact on immune aging

CR, which represents decreased dietary calorie intake at a
maximum range of 30%–50%, has been shown to increase
longevity in a multitude of organisms ranging from C. elegans
to nonhuman primates and humans (355). However, the basis
for this increase in longevity is a subject of intense research.
For overall response to CR during aging, readers are referred
to recent reviews in the field. We have restricted our survey to
literature in the context of immune senescence, which is not
very extensive. While studies in nonhuman primates have
demonstrated a decline in the loss of naı̈ve T cells with age
upon CR, with a concomitant preservation of repertoire di-
versity, antigen presentation, and decreased proinflammatory
cytokine production, they failed to evaluate its impact on the
susceptibility to diseases or onset of autoimmunity (233).
Additionally, recent studies in old rhesus monkeys demon-
strated that when CR was initiated late in life, it produced
lymphopenia, thus having an adverse effect (261). Therefore,
while CR appears to retard the loss of naı̈ve T cells in the aged,
depending on the time of CR initiation, the proof of concept
for retarding immune impairment, that is, improved efficacy
to vaccination and capability to fight and fend off attack by
pathogenic organisms, is still far from being established. Also
needed are studies that dissect the underlying molecular basis
for the retardation and improvement in immune function.
Recent experiments by Yang et al. (412) have demonstrated
that CR in aged mice either decreased or inhibited thymic
adipogenesis, and this was postulated to be directly respon-
sible for retarding thymic involution and enhancing naı̈ve T

cell output in murine models. Studies by Ritz and Gardner
(305) called into question the extent of CR and its effect on
energy restriction, since it resulted in increased mortality.
These studies demonstrated that although CR, without mal-
nutrition-restricted energy, was previously demonstrated to
improve T cell functional correlates, exposure to influenza
virus infection under these conditions resulted in increased
mortality. This energy restriction during acute stress ap-
peared to impact NK cell function and also increased the se-
verity of the influenza infection. Thus, although it appears
that CR is an effective antiaging strategy in several animal
models and does demonstrate some beneficial effects on
immune response, questions still linger with regard to its
utility. Clinical studies have demonstrated that CR leads to
attenuation of inflammatory responses (147, 239). More recent
data implicate a role for CR on NFkB signaling pathways (56,
165). Thus, while it appears that CR positively impacts
on stress response pathways in the aged, including pro-
inflammatory cytokine generation, it is not clear if all the
benefits of CR are due to a reversal in stress response pathway
(355). Mechanisms underlying CR on mammalian immune
senescence are clearly multifaceted, involving both cell au-
tonomous as well as cell-dependent effects. In fact, CR has
been demonstrated to exhibit protective action against cellu-
lar damage, while boosting antioxidative mechanisms (55).
However, their precise mechanisms of action await further
investigation. Attenuation of ROS production, inhibition of
NFkB activity, and downregulation of inflammatory genes
have all been demonstrated following CR, with SIRT1 being
implicated as a mediator of these CR effects (61). As CR
positively impacts SIRT1 in life span studies (31), the potential
link between NFkB and SIRT1 may offer a more mechanistic
insight into the role of pro-inflammatory cytokines in aging
(317, 413). Clearly, a more thorough and controlled evaluation
of the risk–benefit ratio is needed to determine if CR will be
a mode of successful intervention for human health-span
studies, in the context of the rejuvenation of the immune
system. Additionally, given the length and degree of CR
necessary to improve immune function, whether CR will
emerge as an effective strategy in humans to preserve im-
mune function to at least a modest degree necessary to fend
off infections is still debatable.

Table 1. Some Reported Interventional Strategies Aimed at Increasing Life Span

Factor Organism=cell origin Life span extension (yes=no) References

Exercise Mus musculus No 321
Rattus norvegicus Yes 148

Heat shock Caenorhabditis elegans Yes 209
Drosophila melanogaster Yes 172

Mild repeated heat shock Human cells No 387
Vitamin C Human cells Yes 167
Tea extract D. melanogaster Yes 227
N-acetyl cysteine D. melanogaster Yes 33
N-t-butyl hydroxylamine Human cells Yes 18
Resveratrol Saccharomyces cereviseae Yes 149
Rapamycin Outbred mice Yes 137
Spermidine Human peripheral blood mononuclear cell Yes 88
Caloric restriction M. musculus Yes 183, 395

Homo sapiens Not assessed 392
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B. Cytokines, growth factors, and hormones
as interventions in immune senescence

As thymic involution is a well-established prelude to de-
clining T cell numbers and functional activity in the elderly,
rejuvenation of the thymus to a fully functional organ will
likely override the loss in T cell emigration to the periphery.
Some of the potential strategies would be to exploit the rap-
idly developing knowledge of stem cell biology and the aging
niche, to introduce thymic progenitors for repopulating the
thymus in the elderly. Growth factors such as keratinocyte
growth factor (KGF) have been demonstrated to increase
thymopoiesis in old mice and improve T cell-dependent an-
tibody response (235, 311). As KGF receptor is present on
thymic epithelial cells that secrete IL-7, treatment with KGF
has been shown to augment IL-7 production within the thy-
mus in these studies. In mice, KGF protein administration
appears to impact thymopoiesis after bone marrow trans-
plantation (8, 162). Recent studies indicate that treatment with
KGF is associated with a bimodal increase in Tregs due to its
effect on Treg proliferation and due to an impact on increased
numbers exiting the thymus (34). In an elegant study con-
ducted by Seggewiss et al. (337), beneficial impact of KGF on
thymic restoration was demonstrated in a primate model. As
some studies clearly pointed to a decline in intrathymic de-
cline in IL-7 during aging, intervention studies with IL-7 were
attempted. These studies provided mixed results, with some
showing no effect, while others demonstrating that adminis-
tration of IL-7 in old mice reversed thymic atrophy, resulting
in increased thymic output and improved T cell responses
(11). Recent studies using nonhuman primate models are not
as equivocal, since they demonstrate a positive impact on
thymic output after IL-7 adminstration (16). In a clinical trial,
administration of IL-7 led to an expansion in CD4 and CD8
subset of T cells, but a contraction in CD4þTregs (121). Studies
with old rats showed that treatment with growth hormone
resulted in thymic regeneration and reconstitution of hema-
topoetic cells in the bone marrow (109, 259). In addition, a
clinical trial showed that growth hormone increased the size
of thymus and stimulated robust peripheral immune re-
sponses in humans (249). Thus, strategies employed to en-
hance thymic output have proven to be useful in overriding
thymic decline in aging.

Ghrelin is a polypeptide hormone that has been demon-
strated to have a positive effect on immune restoration. Stu-
dies demonstrate the Ghrelin promotes secretion of growth
hormone and can block the NFkB pathway, inducing anti-
inflammatory effects and a decline in Th1 and Th17 cytokine
secretions (83–85, 178, 348). Evidence that Ghrelin-deficient
mice show thymic atrophy and peripheral proinflammatory
cytokine induction and that exogenous administration of
Ghrelin significantly improves thymopoiesis, thymic emi-
gration of T cells to the periphery, and peripheral T cell
numbers indicates a positive role for Ghrelin in immune res-
toration during aging (85).

Hormones such as melatonin and insulin-like growth factor
1 have been employed to rejuvenate immune system with
mixed results. Other hormones with strong immunomodu-
latory effects are estrogen and insulin that essentially affect
cell signaling. Dehydroepiandrosterone (DHEA) has also
been used in immune restoration during aging in murine
models. Studies involving humans have not yielded consis-

tent results to date. Vitamin D administration has been
demonstrated to improve immune function through its effect
on APCs and in the regulation of APC–T cell interactions
(144). Vitamin D deficiency has been recognized as a common
correlate of aging in humans and has been attributed to un-
derlie chronic inflammation in the elderly (152). Recent rec-
ommendations of Vitamin D supplementation may shed light
on its role in immune reversal in the elderly in the not too
distant future.

C. Immunotherapy as a potential
intervention mechanism

As T cell proliferation and expansion significantly declines
with age, there has been an effort underway to propagate
autologous activated T cells in vitro, followed by suggested
infusion in the elderly. While such a restorative therapy may
be useful in the short-term, its long-term viability, however,
needs to be validated. Alternatively, as chronic infection has
been demonstrated to account for clonal expansion in the el-
derly, preventive strategies, such as vaccination, to decrease
chronic infections with persistent viruses such as CMV may
be an alternate mechanism (113).

D. Induction of proteome maintenance
and antioxidant response genes as an intervention
for ameliorating immune senescence

Nrf1, 2, and 3 are members of a subgroup of Cap ’n’ collar
(Cnc) family of transcription factors that mediate adaptive
responses to cellular stress. Nrf2 is the most studied of the
family of Nrf proteins and coordinates the transcriptional
response of cells to oxidative stressors and electrophiles.
Several recent studies have implicated Nrf2 in defense against
aging-associated disorders such as neurodegeneration, can-
cer, and oxidative stress (1, 164).

Homozygous disruption of Nrf2 in mice was demonstrated
to abolish the induction of GSH-S-transferase and NAD(P)H
dehydrogenase, quinone 1, demonstrating a central role in
antioxidant induction and chemoprevention. Since the first
observation, several recent studies have now established the
increased susceptibility of Nrf2�=� mice to toxicity, DNA
adduct formation, and cancer development to chemically in-
duced carcinogenesis, further underscoring the contribution
of Nrf2 in detoxification, chemoprevention, and augmenta-
tion of cellular antioxidant capacity (253).

The Nrf2-ARE signaling pathway regulates expression of
genes involved in the detoxification and augmentation of
cellular antioxidant capacity (253). Nrf2 controls both the in-
ducible and constitutive gene expression of proteins mediated
by the ARE (255, 256, 386). Alteration of the cellular redox
status due to persistent or elevated ROS and=or a reduced
antioxidant capacity are important triggers for the transcrip-
tion of ARE-mediated genes (312). Nrf2 regulates the induc-
tion of about 200 ARE genes, including g-glutamyl cysteine
synthethase, heme oxygenase 1, NAD(P)H dehydrogenase,
quinone 1, several proteasomal subunits, and phase-II en-
zymes (242, 269). Activity of Nrf2 is regulated by its interac-
tion with its partner Kelch-like ECH-associated protein 1
(KEAP1). Nrf2 is highly unstable, with a half-life of about
15 min in unstressed cells, and being subjected to proteolysis
by the UPS (254, 359). KEAP1 targets Nrf2 for degradation by
promoting Nrf2 ubiquitination (253). While Nrf2�=� mice
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develop normally, they are highly susceptible to ROS and
die prematurely (299, 300). Studies have implicated Nrf2 in
the pathogenesis of multiple sclerosis (151). In a recent study
in rats, it was demonstrated that agents that induce Nrf2
appear to induce GSH in aged animals (361). Increased Nrf2-
ARE induction has also been suggested to contribute to the
benefits of CR on cancer chemo-protection, but not life span
extension (280). Although, C. elegans lacks Nrf2 regulator
KEAP1, SKN-1 (the Nrf2 homolog in C. elegans) is necessary
for diet restriction-induced longevity. Similarly, over-
expression of SKN-1 was reported to increase life span
through the disruption of insulin like signaling pathway
(379). While these studies set the stage for identifying a role
for Nrf2 in life span extension, absence of KEAP1 homolog
makes the interpretation and extrapolation of these findings
to mammals rather complex. A recent study in Drosophila
showed that knock down of the Nrf2 regulator KEAP1
(KEAP1�=�) led to an increase in life span in males (364). In
another study in mice, it was shown that knock-out of Nrf2
(Nrf2�=�) made the animals highly susceptible to oxidative
stress and decreased their life span and demonstrated an
autoimmune phenotype (203). KEAP1�=� mice, on the con-
trary, die within 3 weeks postnatal due to esophagal hy-
perkeratosis resulting from elevated keratin expression
(391). Using skin-derived fibroblasts from Snell Dwarf long-
lived mutant mice, a recent study demonstrated elevated
Nrf2 levels with enhanced GSH levels and resistance to
plasma membrane lipid peroxidation (199). Thus, it appears
that Nrf2, an electrophile sensor, regulates antioxidant re-
sponse and may underlie increased stress resistance in long-
lived mutants.

To analyze the regulatory role of Nrf2 in immune senes-
cence, studies have demonstrated that inducers of Nrf2, such
as sulforaphane (SFN), are potent inducers of antigen pre-
senting activities in old mice, restoring Th1 immunity (174).
The authors in this study demonstrated that dendritic cells
from old mice have lower thiol levels. SFN treatment of these
cells resulted in an increase in thiol levels and restored antigen
presentation. This restoration in functional activity was ab-
rogated in cells from Nrf2�=� mice in an adoptive transfer
experiment. The reversal of functional response by SFN sug-
gests that, despite a decline in Nrf2 levels in the aged, exog-
enous activators of Nrf2 can be exploited to modulate
antioxidant responses. Experiments from our laboratory have
demonstrated that agents such as 1,2-dithiol-3-thione (D3T)
and Oltipraz (Nrf2 activators) demonstrate beneficial effects
on proteasomal functional activity (unpublished results) in T
cells obtained from elderly human donors. As Kwak and his
colleagues have demonstrated significant induction of pro-
teasome subunits after activation of Nrf2-ARE pathway, we
believe that inducers of Nrf2 may exert their beneficial effects
by regulating the UPS (187). Since aging is accompanied by
decline in UPS and alterations in UPS accompany immune
senescence, it is possible that inducers of Nrf2 such as D3T
(Fig. 10), oltipraz, and SFN (Fig. 10) (375) may be beneficial in
restoring proteostasis, in addition to antioxidant signaling in
aged cells within the immune system. Agents such as D3T and
SFN perform their function by transcriptional induction of
phase-2 detoxification enzymes, such as GSH-S-transferases,
quinone reductase, and epoxide hydrolases, through the
transcriptional activation of an enhancer element involving
Nrf2. A common chemical property of all the compounds,

including D3T and SFN, is the ability to react either covalently
or through redox reactions with thiols in the cell. Targeted
disruption of Nrf2 gene leads to lower constitutive expression
of phase 2 enzyme genes and a significant loss of dithio-
lethione-mediated inducibility. The precise chemical basis by
which D3T stimulates phase 2 enzyme induction is still un-
clear; however, studies appear to indicate the role of thiols in
initiating this activity. Additional studies have attributed the
generation of ROS, after interactions with the thiols in the
cellular milieu, as an ARE induction event.

The precise mechanism for the upregulation and im-
provement in proteolytic activity after D3T treatment is still
an active area of investigation in our laboratory. A schematic
representation of potential targets affected by Nrf2 modula-
tors in mediating their effects during immune senescence is
depicted in Figure 11, and appears to involve activation of not
only phase II enzymes but also proteome maintenance genes,
thus overriding defects in proteostasis.

E. Induction of UPS as a mechanism
for intervention in immune senescence

Aging in the immune system is accompanied by significant
declines in proteasome function and assembly. In fact, ROS,
which increases significantly in T cells from the elderly, may
have a direct role in defective proteasome function (71). Given
that several organisms demonstrate a decline in UPS with
advancing age, overexpression of immunoproteasome sub-
units has resulted in the extension of cellular lifespan by about
20% (53). Dietary restriction, in extending life span, has been

FIG. 10. Chemical structure of Nrf2 inducers SFN and
D3T. D3T and SFN are potent inducers of Nrf2, which
through the activation of antioxidant response element leads
to the induction of antioxidant genes. By virtue of their
ability to bind cellular thiols, D3T and SFN act as antioxidant
inducers of Nrf2, both in vivo and ex vivo. It has been pro-
posed that the sulfur motifs of D3T and SFN interact with the
sulfhydryls of the cysteine residues on Keap1, leading to its
dissociation from Nrf2. This results in the stabilization and
nuclear translocation of Nrf2, culminating in the induction of
phase II enzyme genes. D3T, 1,2-dithiol-3-thione; SFN, sul-
foraphane; Nrf2, nuclear factor erythroid-2-related factor 2.
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demonstrated to negatively impact the accumulation of ubi-
quitinated proteins in various organs, and in naked mole rats
that are relatively long-lived, proteasomal proteolytic activity
is preserved well into later stages in life (282). Thus, it appears
that mechanisms that preserve or positively upregulate pro-
teasomal proteolytic activity without any adverse side effects
on protein homeostasis may be a successful strategy for in-
tervention in aging. Given the role of proteasome in the gen-
eration of antigenic peptides, thymic-positive selection and
NFkB induction in signaling, it is clear that mechanisms that
reverse or retard proteasomal deterioration will be effective in
rejuvenating immunity. Overexpression of catalytic subunits
of the proteasome has demonstrated not only an effective
improvement in proteolysis in the cells, but also confer re-
sistance to oxidant-induced damage (186). Further, recent
studies have shown that restoration of normal levels of pro-
teasomal subunits and activity are responsible in the reduc-
tion of aging biomarkers in a cellular model of senescence
(155). Kwak and colleagues have demonstrated that cancer
chemopreventatives, such as oltipraz and D3T, are potent
inducers of proteasome genes (187). In fact, promoters of
proteasome subunits have AREs, indicating that they respond
to ARE activators. Recent studies employing Nrf2 activators
have successfully demonstrated increase in lifespan in flies
and snell dwarf mutant mice (199, 364). However, these
studies did not analyze the nature of proteasome reversal or
the impact of Nrf2 on immuno-proteasome distribution and
function. Studies initiated in our laboratory with Nrf2 acti-
vators implicate a positive role for these activators in T cells
from the elderly. Further studies will be required to confirm
these findings and in establishing Nrf2 activators as potent
inducers of immune activation in the elderly.

VII. Conclusions and Future Perspectives

A number of important activators and signaling pathways
that mediate immune senescence are now well defined.
Nevertheless, newer signaling modules and pathways within
the realm of miRNA, transcriptional regulation, chromatin

remodeling, autophagy, Ubiquitin-Proteasomal system, etc.,
continue to emerge. Lately, the role of the aging-milieu in
directly impacting immune cells, leading to loss of function,
is also garnering more attention. However, questions still
linger as to whether the observed decline in immune func-
tion is a cause or a consequence of cross-talk among various
systems within the aging organism. For instance, is the pro-
inflammatory phenotype accompanying aging a response
to perpetual noxious stimuli or is it a result of cues gone
awry?

Finding commonality between genes responsible for alter-
ing the aging milieu and those responsible for aging within
the immune system may be important in addressing the
complex process of aging of the immune system (immune
senescence). Since genes that regulate longevity also modu-
late the ability to combat stress, it is believed that under-
standing the role of these genes in the immune system may
shed new light on immune decline during aging, leading to
the development of effective restorative strategies.

A consistent change across species implicates aberrant re-
dox regulation as an important player in aging. Interventions
designed to counter age-associated dysregulation in redox
status have begun to show promise in improving health span
in model systems.

A systematic review of cell autonomous mechanisms and
those of the aging immune niche will help identify and de-
lineate pathways that are modulated during aging. These
pathways may well be suitable targets for manipulation in the
immune system to either slow or reverse the deleterious ef-
fects of aging.

Overall, there still remain some of the important questions
to be addressed: (a) What are the natural stressors that ac-
celerate immune defects observed during aging and what are
the molecular mechanisms and signatures that signal these
changes? (b) What is the relationship between immune cell
aging and immune-niche aging? (c) What is the relevance of
animal models to the aging of the immune system in humans?
(d) Can interventional strategies directed at reversing im-
mune deficits also impact the niche alongside cells?

FIG. 11. Nrf2 modulators and their mode of action in overriding immune dysfunction during aging. Nrf2 modulators
such as D3T and SFN inhibit ROS generation and persistence by inducing phase II enzymes, proteome maintenance, and
antioxidant genes through the antioxidant response element. Induction of these genes and enzymes aids in overriding
defects due to aberrant accumulation of misfolded proteins, decreased proteasomal proteolytic activity, and increased pro-
inflammatory activity, thus contributing to the reversal of immune senescence. ;, decreased.
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It is hoped that questions such as these will merit in depth
analyses in the future.
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Abbreviations Used

AKT¼ serine=threonine protein kinase=PKB
APC¼ antigen presenting cell
ARE¼Antioxidant response element
Atg¼ autophagy related gene

CMA¼ chaperone-mediated autophagy
CMV¼ cytomegalovirus

CR¼ caloric restriction
D3T¼ 1,2-dithiol-3-thione
DC¼dendritic cell

DDR¼DNA damage response
FMLP¼ formyl peptide receptor 1
Foxp3¼ Forkhead box p3
G-CSF¼ granulocyte colony stimulating factor

GM-CSF¼ granulocyte–macrophage CSF
GSH¼ glutathione

HDAC¼histone deacetylase
HSPs¼heat shock proteins

hTERT¼human telomerase reverse transcriptase
IFN¼ interferon

IL¼ interleukin
KEAP1¼Kelch-like ECH-associated protein 1

KGF¼ keratinocyte growth factor
LAMP2A¼ lysosome-associated membrane protein

type 2A
LIF¼ leukemia inhibitory factor
LPS¼ lipopolysaccharide

M-CSF¼macrophage CSF
mDC¼myeloid DC
MHC¼major histocompatibility class

MIP¼macrophage inflammatory protein
miRNA¼micro-RNA

NFkB¼nuclear factor kappa B
NK¼natural killer

Nrf2¼nuclear factor erythroid-2-related factor 2
PBMC¼peripheral blood mononuclear cell

pDC¼plasmacytoid DC
PPAR¼peroxisome proliferator-activated receptor

RANTES¼ regulated upon activation normal T cell
expressed and secreted

ROS¼ reactive oxygen species
SFN¼ sulforaphane

SIRT1¼ sirtuin1
TCR¼T cell receptor

TERC¼ telomerase RNA component
TERT¼ telomerase reverse transcriptase

Th¼T helper type
TLR¼ toll-like receptor
TNF¼ tumor necrosis factor

Tregs¼ regulatory T cells
UPP¼ubiquitin proteasome pathway
UPS¼ubiquitin proteasome system
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