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Abstract

Beginning with the sixth decade of life, the human immune system
undergoes dramatic aging-related changes, which continuously
progress to a state of immunosenescence. The aging immune system
loses the ability to protect against infections and cancer and fails to
support appropriate wound healing. Vaccine responses are typically
impaired in older individuals. Conversely, inflammatory responses
mediated by the innate immune system gain in intensity and
duration, rendering older individuals susceptible to tissue-damaging
immunity and inflammatory disease. Immune system aging
functions as an accelerator for other age-related pathologies. It occurs
prematurely in some clinical conditions, most prominently in
patients with the autoimmune syndrome rheumatoid arthritis (RA);
and such patients serve as an informative model system to study
molecular mechanisms of immune aging. T cells from patients with
RA are prone to differentiate into proinflammatory effector cells,

sustaining chronic-persistent inflammatory lesions in the joints
and many other organ systems. RA T cells have several hallmarks
of cellular aging; most importantly, they accumulate damaged
DNA. Because of deficiency of the DNA repair kinase ataxia
telangiectasia mutated, RA T cells carry a higher burden of DNA
double-strand breaks, triggering cell-indigenous stress signals
that shift the cell’s survival potential and differentiation pattern.
Immune aging in RA T cells is also associated with metabolic
reprogramming; specifically, with reduced glycolytic flux and
diminished ATP production. Chronic energy stress affects
the longevity and the functional differentiation of older
T cells. Altered metabolic patterns provide opportunities to
therapeutically target the immune aging process throughmetabolic
interference.
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Human survival is closely linked to a
functional immune system, which protects
the host against infections andmalignancies,
regulates wound healing, and ultimately
separates “self” from surrounding
organisms that compete for space and
resources. The innate immune system
provides fast and effective immune
responses, but lacks discriminative power
and long-term memory. The adaptive
immune system functions by precise
recognition of antigen, memory formation,
and adaptive proliferation of those cells
that provide antigen-specific immunity.
T lymphocytes are the cell type with the

highest proliferative potential in the body
and with a survival span of several decades
are subject to wear-and-tear damage.

At birth the immune system is
equipped with an enormously diverse
repertoire of antigen-reactive T and B cells,
all of which are so infrequent that they
cannot protect the host. Thus, as humans
age and are exposed to infectious organisms
and cancerous cells, antigen-specific
lymphocytes need to expand massively
in frequency and switch from a highly
proliferative naive cell into a less
proliferative effector and memory cell. On
antigen reappearance such effector/memory

cells take responsibility for host protection
through secretory products (e.g., antibodies,
cytokines) and cell-surface molecules
(e.g., costimulatory and coinhibitory
receptors and ligands). Massive clonal
expansion and persistence of antigen-selected
cells for decades impose enormous
proliferative pressure on immune cells,
rendering the immune system highly
susceptible to the aging process.

Aging is associated with several
morbidities that finally lead to organ failure
and death. With progressive deterioration of
protective immunity, older individuals
become susceptible to cancers and infections
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(Table 1). Interestingly, aging is also
associated with increased incidence of
inflammatory disease, most notably
cardiovascular disease (1). Many of the
degenerative diseases of the elderly, such as
Alzheimer’s disease, Parkinson’s disease,
and osteoarthritis, have a strong
component of tissue-damaging
inflammation. Similarly, production of
autoantibodies is much more likely to
occur in older individuals (2). In essence,
immune aging is associated with declining
protective immunity combined with
increasing incidence of inflammatory disease.

Vice versa, it has been proposed that
chronic organ diseases, such as chronic
obstructive pulmonary disease and chronic
kidney disease, accelerate the aging process
and thus lead to analogous phenotypes, such
as muscle wasting, osteoporosis, and vascular
aging (3). Acceleration of organismal aging
due to failure of a major organ system,
such as renal or respiratory impairment,
has obvious implications for the assessment
and care of patients affected by chronic
debilitating diseases. Whether acceleration
of aging in chronic obstructive pulmonary
disease also has negative consequences for the
immunocompetence of the host is not well
understood (4, 5). However, predisposition to
pulmonary infections is likely an accelerator
for many chronic respiratory diseases, such
as late-onset asthma, chronic obstructive
pulmonary disease, and pulmonary fibrosis,
identifying immunosenescence as a critical
risk factor for respiratory disease.

Immunosenescence in
Humans: Rheumatoid Arthritis
as a Model System

While the impact of aging on the innate
immune system remains insufficiently

understood, much progress has been
made in defining and characterizing
molecular processes underlying the aging
of T lymphocytes (6–8). T-cell aging
progresses considerably faster in
patients with a diagnosis of rheumatoid
arthritis (RA), and investigation of such
patients has enabled the definition of
molecular pathways underlying T-cell
immunosenescence (9–11) (Table 2).
Guiding observations were made almost
20 years ago, when T cells in the synovial
lesions of patients with RA were found to
have a unique phenotype, CD41CD28null

(12, 13). Loss of the costimulatory
molecule CD28 is now recognized as a
reliable aging marker on T cells (14).
Subsequent studies revealed that RA T
cells have shortening of telomeric
sequences and that the telomeric loss
affects naive, unprimed T cells as well as
bone marrow precursor cells (15–19).
Remarkably, healthy individuals
typing HLA-DR4, a MHC class II
haplotype associated with RA, share
with patients the faster erosion of
telomeres, already beginning during the
second to third decades of life (16).
These studies have eliminated systemic
inflammation as the root cause of
premature immune aging and gave rise to
the hypothesis that aged T cells may not
be a consequence of RA, but a critical
effector cell in the chronic inflammatory
process (20).

Having RA is associated with the
shortening of life expectancy, mostly
due to acceleration of cardiovascular
disease. CD41CD28null T cells have
also been isolated out of atherosclerotic
plaque in patients with fatal myocardial
infarction, implicating such cells
in tissue inflammation (21, 22).

CD41CD28null T cells acquire cytotoxic
functions, display cytolytic activity
toward endothelial cells, and produce
high amounts of the proinflammatory
cytokine IFN-g (23–26).

Overall, a diagnosis of RA is associated
with profound remodeling of the immune
system, including the accumulation of
clonally expanded effector T cells that are
proinflammatory and tissue destructive.
While there remain unanswered questions
about the “hen-and-egg” relationship
of chronic autoimmune disease and
immune aging (27), RA has emerged as
an ideal model system to study the
molecular characteristics of pre-aged
T cells.

Much of the progress made is in
understanding the molecular pathways
underlying T-cell aging in CD4 T cells.
Curiously, CD8 T cells appear to age faster;
the age-related loss of naive T cells is much
more pronounced in the CD8 compared
with the CD4 compartment. Concomitantly,
end-differentiated CD8 effector T cells
expand to a higher degree than their
counterparts in the CD4 T-cell
compartment (28, 29). Shorter telomeric
lengths among CD8 T cells compared
with CD4 T cells support higher turnover
in the CD8 compartment (30). Indeed,
CD81CD28neg T cells are now recognized
as a typical aging-related population. So far,
there is no evidence that fundamentally
different processes are involved in aging
CD4 and CD8 T cells. Several models
have been proposed to explain why T cells
in the same host may undergo differential
aging. Such models include the speculation
that CD4 and CD8 T cells live in distinct
tissue niches, which are differentially
susceptible to the impact of aging. An
overall larger size of the CD4 compartment

Table 1. Cardinal features of immune
system aging

Weakened antimicrobial immunity
d Susceptibility to respiratory infections
d Reactivation of chronic viral infections

(e.g., shingles)
Impaired antivaccine responses
Insufficient protection against malignancies
Predisposition for unopposed tissue

inflammation
d Atherosclerotic disease
d Osteoarthritis
d Neurodegenerative disease

Failing wound repair mechanisms

Table 2. T-cell aging in rheumatoid arthritis

Accumulation of clonal CD4 T-cell populations that have lost expression of CD28
(CD41CD28null T cells)

Premature shortening of telomeres in
d Naive T cells
d Neutrophils
d CD341 bone marrow precursor cells

Increased DNA breakage in CD4 T cells
Activation of the DNA repair response in CD4 T cells
Metabolic reprogramming of CD4 T cells

d Reduced glycolytic flux due to deficiency in PFKFB3
d Reduced ATP production
d Enhanced shunting into the pentose phosphate pathway
d Excess reductive elements (NADPH) and lack of reactive oxygen species

Definition of abbreviation: PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3.
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may be protective against the loss of
naive cells. And, differences in cytokine
responses maintaining homeostatic T-cell
proliferation may ultimately impose
higher proliferative pressure on CD8
T cells.

DNADamage and Immune Aging

A hallmark of the aging process is the
shortening of chromosomal ends, due to
the loss of telomeric sequence repeats (31).
Human CD4 T cells lose about 3,000 bp
of telomeric sequences between age 20
and age 60, when telomeric length reaches
a plateau at a total length of 5,000–6,000
bp. The curve correlating age and
telomeric lengths in CD4 T cells is shifted
toward higher age in patients with RA
with a 1,500-bp length reduction that is
already evident in early life (15). Human
T cells do not reach telomeric crisis
and those with telomeres shorter than
5–6 kb appear to be culled long before the
chromosomal ends are critically reduced.
The mechanisms leading to prematurity
of telomeric erosion in RA T cells are
not understood. One cause lies in the
impaired induction of telomerase activity
in RA T cells (32). Telomerase activity
in CD4 T cells is directly related to their
survival and with reduced telomerase
activity RA T cells are apoptosis sensitive.
However, telomerase deficiency is insufficient
to provide an explanation for the premature
uncapping of chromosomal ends in RA T
cells. In vitro proliferation stress tests
reveal that the loss of telomeric sequences
is dependent on the differentiation status
of T cells, with telomerase-high naive T cells
shedding many more telomeric repeats
than their memory counterparts. Thus,
failure in telomerase-independent protection
mechanisms may be more relevant for T-cell
aging (33).

Short telomeres represent a special
case of damaged DNA, and molecular
studies in RA T cells have confirmed
that DNA damage sensing and repair
are fundamentally altered (Table 3).
Specifically, measurements of DNA
breakage by comet assay (measuring the
leakage of broken DNA from the nucleus)
have yielded important insights into
genome stability. RA T cells, even in
patients who are only in the third or fourth
decade of life, have a high load of DNA
double-strand breaks (34). This affects

naive as well as memory CD4 T cells, is
present in untreated patients, and is
barely amenable to antiinflammatory
therapy. Screening for DNA repair
molecules has demonstrated that the
serine/threonine protein kinase ataxia
telangiectasia mutated (ATM) is
insufficiently expressed in RA T cells.
Protein levels are reduced to about
40–50%. Overexpression of ATM in RA
T cells corrects the defect and normalizes
the DNA breakage load.

Interestingly, persistent DNA damage
in such pre-aged T cells does not elicit
induction of p53. On the contrary, RA T cells
are distinctly low in the apoptosis inducer
p53 (34, 35). The tumor-suppressive
function of p53 relates to its ability to sense
DNA damage and trigger protective
measures, for example, cell cycle inhibition
or promotion of apoptosis. Why RA T cells
down-regulate p53 is not understood, but
signals multifaceted abnormalities in the
surveillance of genome stability in cell cycle
regulation.

Pre-aged T cells are not mute to the fact
that their DNA is no longer as stable as in
young T cells. Evidence derived from
studies of alternative DNA sensing and
repair pathways indicates that older T cells
are well aware of their precarious situation.
Indeed, RA T cells up-regulate DNA-
dependent protein kinase, catalytic subunit
(DNA-PKcs) (36), a member of the
phosphatidylinositol-3-kinase–related
kinase protein family and a close relative
to ATM. DNA-PKcs is a principal
component of the nonhomologous end-
joining pathway of DNA repair. Mice born
with mutated DNA-PKcs have a shorter
life span and typically develop aging-
related pathologies earlier in life (37). The
prematurely aged T cells from patients
with RA overexpress DNA-PKcs and its
phosphorylated, active form. In a DNA-
PKcs–dependent manner such T cells
activate the stress kinase pathway via
c-Jun N-terminal kinase (JNK). JNK has
been implicated in regulating multiple
key cellular functions, such as cell
growth, differentiation, survival, and
apoptosis (38). Molecules regulated by
JNK include c-Jun, ATF2, SMAD4,
HSF1, ELK1, STAT3, and NFAT,
which in immune cells are responsible
for modulation of cytokine-induced,
mitogen-activated protein kinase
(MAPK), and transforming growth factor
(TGF)-b–dependent signaling pathways.

In essence, the inability to properly repair
DNA initiates chronic stress signaling
in aging T cells that has implications for
most of their functional activities
(Figure 1).

Metabolic Reprogramming of
Aging T Cells

The need to massively proliferate and to
survive for decades imposes high demands
on cellular energy sources and requires
access to biosynthetic molecules as cell
building blocks. To fulfill these needs,
T cells switch their metabolic program
to increased glucose utilization, well known
as the Warburg effect (39). Glucose-
intensive metabolism allows visualizing
inflammatory T cells by positron emission
tomography (PET) imaging. The energy
needs of naive, memory, and effector T
cells are fundamentally different, and
studies deciphering energy regulation and
the connection to functional parameters
must be carefully controlled for the
composition of young and old T-cell
populations. Studies have emphasized that
the metabolism of aging T cells is
fundamentally different from their young
counterparts (Table 4). Naive CD4 T cells
from patients with RA, pre-aged by
about 20 years, generate lower amounts
of lactate and ATP (40), whereas the
accumulation of NADPH is increased (41).
The underlying molecular defect has
been mapped to the imbalance of two
enzymes regulating glucose utilization:
6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3 (PFKFB3) and
glucose-6-phosphate dehydrogenase

Table 3. DNA damage in aging T cells

Increased load of DNA double-strand
breaks

Reduction in the protein levels of the repair
kinase ATM

Lacking activation of p53-dependent
pathways

Chronic activation of the repair kinase
DNA-PKcs

DNA-PKcs–dependent triggering of the
stress kinase JNK

Inappropriate loss of telomeric ends

Definition of abbreviations: ATM = ataxia
telangiectasia mutated; DNA-PKcs = DNA-
dependent protein kinase, catalytic subunit;
JNK = c-Jun N-terminal kinase.
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(G6PD) (41, 42). With decreased activity
of PFKFB3 and enhanced activity of
G6PD, pyruvate production is disfavored.
Such old T cells suffer from insufficient
substrate to feed mitochondrial respiration
and are energy deprived. Instead of
breaking down glucose, they shunt it
into the pentose phosphate pathway,
promoting an anabolic state. One of
the metabolic consequences is the
accumulation of reductive elements,
particularly NADPH and reduced
glutathione, and the scavenging of reactive
oxygen species. Overall, this shift in

the metabolic program deprives old
T cells from oxidant signaling. Multiple
critical functions of proliferating and
differentiating T cells are dependent
on oxidant signaling, leaving individuals
with prematurely aged T cells with a
functionally reprogrammed immune
system (Figure 2).

Notably, PFKFB3 is also involved in
inducing autophagy, and PFK-deficient RA
T cells fail to rely on autophagy as a means
of energy generation (43, 44). The energy
stress of aging T cells is aggravated by
the disproportionate expression of the

ATPase CD39 (45). Located on the cell
membrane of CD4 T cells, CD39 activity
critically controls the survival of effector
T cells and their differentiation into long-
lived memory T cells. In healthy older
individuals, antigen-activated CD4 T cells
overexpress this enzyme and become
markedly apoptosis sensitive, resulting in
poorer survival of effector T cells. This
mechanism may be critically involved in
curbing the induction of protective
immune responses in such individuals,
leaving them susceptible to infection
and malignancy. Conversely, individuals
with a genetic polymorphism in CD39
have improved antivaccine responses,
emphasizing the role of the ATPase in
controlling the pool of protective memory
T cells.

Chronic energy stress in old T cells has
been implicated in other age-dependent
immunodeficiencies. Specifically, energy-
deprived T cells up-regulate activation of the
energy sensor 59-AMP–activated protein
kinase (AMPK) (46). A downstream target
of inappropriately activated AMPK in

Deficiency of G2/M
cell cycle checkpoint

Apoptosis

ATMIo

p53Io

Activation of the repair kinase DNA-PKcs

Activation of Jun amino-terminal kinase (JNK)

Insufficient repair of DNA
double strand breaks

Cell cycle

Figure 1. DNA damage in rheumatoid arthritis (RA) T cells. Deficiency of the cell cycle regulator and DNA repair kinase ataxia telangiectasia
mutated (ATM) changes the fate of T cells in patients with RA. ATMlo T cells bypass the G2/M cell cycle checkpoint and insufficiently repair
DNA double-strand breaks. One of the major consequences is excessive death of the T cells, possibly leading to lymphopenia, proliferative
pressure to compensate for the loss, and thus premature aging. DNA-PKcs = DNA-dependent protein kinase, catalytic subunit.

Table 4. Metabolic reprogramming of aging T cells

Energy deficiency caused by insufficient ATP production
Reduced production of lactate
Impaired glycolytic breakdown due to insufficiency of the glycolytic enzyme PFKFB3
(“anti-Warburg effect”)

Accumulation of reductive elements (NADPH) and reduced glutathione
Loss of activation-induced release of reactive oxygen species and weakening of oxidant
signaling

Definition of abbreviation: PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3.
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aging T cells is the dual-specificity protein
phosphatase 4 (DUSP4) (47), which
negatively regulates members of the
MAPK superfamily, in particular ERK1,
ERK2, and JNK. ERK is also subject to
increased negative regulation by another
dual-specificity protein phosphatase,
DUSP6 (48). ERK is a key regulator
of the T-cell receptor signaling
cascade, and its dephosphorylation
by DUSP4 and DUSP6 functions as
a suppressive mechanism, weakening
the T-cell receptor–induced signal and
dampening T-cell function. Old, DUSP4high

T cells lose their ability to provide
helper function for antibody-forming
B cells, thus undermining protective
immunity (47).

Conclusions

Aging of the immune system is associated
with dramatic changes in the distribution
and competence of immune cells (49). The
overriding theme is the loss of adaptive
immunity and the gain of nonspecific

innate immunity, leaving older individuals
susceptible to infection and cancer and
unprotected from chronic tissue
inflammation. The co-occurrence of
weakened adaptive immunity with a bias
toward nonspecific tissue inflammation is
often captured in the term “inflammaging.”
Mechanisms fostering inflammatory
disease in the old include the loss of
immunoinhibitory capacity, specifically
the deterioration of regulatory T-cell
(Treg) function (50–52). Immune aging
is a risk factor for and amplifies many
of the pathologies associated with the
aging process. Therapeutic interventions
holding or reversing immune aging
would open opportunities to improve the
management of aging-related morbidities
and have a major impact on the health
status of society (53).

Key molecular pathways involved
in T-cell aging have been identified
(Figures 1 and 2). The diversity of the
T-cell repertoire declines markedly,
subtracting from the immune system’s
ability to specifically recognize antigen
(6, 54–56). A major defect in older T cells

lies in the inability to properly repair
damaged DNA (10, 57), which possibly
extends to telomeric ends and identifies
telomeric loss as a manifestation of
age-related genomic instability. Key
enzymes related to defective DNA repair
in aging T cells include ATM and
DNA-PKcs.

A common denominator of T-cell
aging is chronic energy stress (8, 58).
Deficiency in the glycolytic enzyme
PFKFB3 results in low ATP levels.
Dysregulated expression of the ATPase
CD39 aggravates the lack of ATP
production, rendering T cells apoptosis
sensitive and the host deprived of
sufficient T-cell expansion. Favoring of
phosphatases over kinases in aging
T cells emerges as a mechanism elevating
activation thresholds and resulting in low
responsiveness (58). Antiaging therapy
should aim at prolonging T-cell survival
while weakening inflammation-prone
innate immunity (7, 59). n

Author disclosures are available with the text
of this article at www.atsjournals.org.

Glucose

PPP

Insufficient activation of the cell cycle kinase
ATM

G2/M bypass
Hyperproliferation

Proinflammatory effector functions

Impaired redox signaling

PFK low
reduced

glycoloysis

G6PD high
NADPH high

ROS low

Figure 2. Metabolic reprogramming of prematurely aged T cells in rheumatoid arthritis (RA). Glucose imported into the cell can either be broken
down to generate ATP or be shunted into the pentose phosphate pathway (PPP) to generate reductive elements (NADPH). In RA T cells high activity
of glucose-6-phosphate dehydrogenase (G6PD) and low activity of phosphofructokinase (PFK) result in excessive shunting of glucose, leaving the cell
under reductive stress and impairing redox signaling. As a consequence, such cells insufficiently activate the cell cycle regulator ataxia telangiectasia
mutated (ATM), which results in bypassing of the G2/M phase, hyperproliferation, and a bias toward proinflammatory effector functions. ROS = reactive
oxygen species.
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