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Abstract

Many of the aging-related morbidities, including cancer, cardiovascular disease,
neurodegenerative disease and infectious susceptibility are linked to a decline in immune
competence with a concomitant rise in proinflammatory immunity, placing the process of immune
aging at the center of aging biology. Immune aging affects individuals over the age of 50 years
and is accelerated in patients with the autoimmune disease rheumatoid arthritis. Curiously,
immune aging results in a marked decline of protective immune responses and in a parallel
increase in tissue inflammatory responses. By studying immune cells in patients with rheumatoid
arthritis several of the molecular underpinnings of the immune aging process have been
delineated, such as the loss of telomeres, and inefficiencies in the repair of damaged DNA. Aging
T cells display a series of abnormalities, including the unopposed upregualtion of cytoplasmic
phosphatases and the loss of glycolytic competence which alter their response to stimulating
signals and undermine their longevity. Understanding the connection between accelerated immune
aging and autoimmunity remains an area of active research. With increasing knowledge of the
molecular pathways causing immunosenescence therapeutic interventions can be designed to slow
or halt the seemingly inevitable deterioration of protective immunity with aging.

One of the megatrends affecting the global population is a redistribution of age strata, with
declining frequencies of children under 5 years and expansion of those that are older than 65
years of age. Advancing age is the key risk factor for developing cancer, cardiovascular
disease, type-2 diabetes, and degenerative disease of the musculoskeletal and nervous
system. The rise in the morbidities of the elderly imposes an enormous burden on essentially
all societies. The ability to slow the pace of aging or even reverse aging-related organ
decline would have a major societal impact and would affect all fields of medicine. Progress
has been hampered by the lack of understanding the molecular pathways that lead to the
aging phenotype. There is general agreement that the aging process is complex and
multifactorial, but a much better understanding is needed before the aging-associated decline
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in organ function can be turned into a modifiable condition. As a first step, it seems more
conceivable to prevent aging-related loss than to regain lost function. To make advances
towards that goal, appropriate model systems are needed. The aging process needs to be
quantified and monitored over time. The immune system appears particularly vulnerable to
aging-related decline, manifesting with the inability to fight malignancy and infection and
instead inducing a state of chronic, smoldering inflammation. Immune cells are easily
accessible in humans and failure of immune protection is measurable in human cohorts.
Thus, advancing the understanding of how the immune system ages may fill an important
knowledge gap and may provide unique opportunities to counteract aging-related functional
decline.

Much has been learned about the immune aging process through disease states that are
associated with acceleration of aging. Best studied is the premature immune aging in
patients with the autoimmune syndrome rheumatoid arthritis (RA).} Individuals affected by
RA, on average, advance the immune senescence process by about 20-30 years.2 In healthy
individuals, age-induced loss of immunocompetence becomes obvious after the age of 50
years and manifests with a progressive increase in the risk for viral reactivation (e.g. herpes
zoster), a steady decrease in anti-cancer immunity and a dimensional increase in the risk for
cardiovascular disease.3 In patients with RA, markers of immune aging, such as loss of
telomeric sequences in immune cells, appear during middle age, are present in untreated
patients and often do not correlate with the activity of the disease process itself.1 Molecular
insights into the immune aging process have also arrived from studies of individuals affected
by progeroid syndromes, rare monogenic disorders causing features of progressive aging
early in life.# Several causative genes have now been identified and they fall into two crude
categories, including genes coding for DNA repair molecules and genes contributing to the
structure of the nuclear envelope.® Progeria syndromes have focused attention to the
following processes: genome instability, telomere attrition, prematurity of cellular
senescence and defective stem cell homeostasis. Diseases such as RA in which the aging
process appears accelerated provide valuable tools to probe the molecular pathways
underlying the aging phenotype and its functional consequences and provide an opportunity
to explore novel therapeutic interventions to fight the functional loss of immune protection
in aging humans.

Chronological and Biological Age

Modern medicine has allocated considerable resources towards defining risk factors for
diseases, but none of these risk factors comes close to progressing in age. Crossing the age
barrier of 50 years renders individuals susceptible to a myriad of pathologies, including
cardiovascular diseases, cancer or musculoskeletal diseases.? So far, aging is seen as a linear
process that happens to a similar extent to everyone.® Recent research has clarified that
individuals age differently.” Even the aging process within the organs of an individual is
happening at different speeds.8 Therefore, it is important to not only determine the calendar
age of an individual, but to assess the biological age and the aging status of the organs as
well.
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The most accessible biological aging parameter in cells is their telomeric length.® Telomeres
are the natural ends of chromosomes, protecting the integrity of chromosomal DNA and
avoiding replicative loss of vital information at chromosomal ends.1? Replicative loss of
DNA ends is caused by the functional properties of DNA polymerase, which cannot
replicate to the very end of the chromosome.1! Therefore, every proliferation cycle is linked
to a loss of about 100 bp of telomeric DNA.12 Telomeres are a distinct DNA substructure
consisting of multiple repeats of TTAGGG. Following an initial double stranded telomeric
part, which can be replicated by conventional DNA polymerase, the telomere ends in a 3’
single stranded overhang. This overhang can only be replicated by telomerase, an enzyme
complex exclusively elongating this substructure.® Telomerase activity is minimal in most
somatic cells, but is readily detected in stem and progenitor cells, cancer cells and cells of
the immune system.2 With telomerase activity repressed, somatic cells do not have the
capability of elongating their telomere. If a cell reaches a critical telomere length, it will
enter “telomeric crisis”, become senescent and halt cell cycle progression.?

Cells of the blood are the most easily accessible sources for telomere length determination,
providing ample information about the biological age of immune cells. Remarkably,
published results have shown a surprising close correlation of telomere length in immune
cells and disease risk.1% Reduced telomeric length has been linked to an increased
probability of developing cancer,13 coronary artery disease,1 hypertension,1°
atherosclerosis1® and stroke.1” In patients with a diagnosis of RA telomeres of CD4 T cells
are shortened by about 10001500 bp when compared to age-matched controls.18 In a recent
longitudinal animal study, shorter telomeres and greater rates of telomere shortening
predicted future mortality.19

Aging of the Immune System

The immune system appears to be particularly susceptible to undergo aging-induced changes
(Figure 1). Research in vaccination has been very helpful in shedding light onto the process
of immune aging.3 Both the adaptive and the innate immune system are affected by aging,
but functional consequences appear to be more pronounced in the adaptive immune system.
Already the initial steps of immune cell production are altered with age, including a skewing
of the hematopoietic stem cells towards the myeloid lineage.29 Stem cells of the
hematopoietic compartment show an increase in oxidative damage, accumulation of
genomic DNA damages and telomere erosion.2! Such cell intrinsic factors might be strong
contributors towards the reduced regenerative capacity of aged stem cells. In addition, the
bone marrow microenvironment is subject to age-related changes. Increased production of
CCL5 in the aging bone marrow environment may be a contributing factor in favoring the
myeloid lineage.22 Decreased 1L-7 secretion by stromal cells has been implicated in B cell
lineage aging.23

Following their production in the bone marrow and thymus, naive B and T cells migrate to
secondary lymphoid organs, including the spleen. While this is a robust process in the
young, involution of the thymus, beginning during the 2" decade of life and progressing
steadily thereafter, limits the generation of novel T cells.24 As a consequence, the
composition and the quality of the B and T cell pool are profoundly altered by aging.2> After
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the age of 40 years, the immune system relies on a process of homeostatic proliferation to
produce new T cells and avoid lymphopenia.2® In essence, this process generates T cells by
duplicating available T cells. Given the large number of lymphocytes the adult host has, the
process can secure filling of the T cell compartment. However, if homeostatic proliferation
is nonrandom, it will eventually restructure the diversity of the compartment and promote
selective expansion of a few clones. The overall result is the steady decline in naive T cells,
continuous enlargement of the memory compartment and eventually oligoclonality. T cell
proliferation, particularly when triggered by antigen encounter is associated with
differentiation of the cells into committed effector cells. A characteristic feature of old T
cells is the loss of the CD28 costimulatory receptor.2” CD28~ T cells are now recognized as
a useful index of immune aging. T cells lacking CD28 expression display a number of
characteristics that identify them as being presenescent.2 They have short telomeres and
their threshold to undergo apoptosis is altered. Most significantly, they have a functional
signature of proinflammatory cells. They produce copious amounts of IFN-y, express
surface receptors of the killer immunoglobulin-like family and have cytotoxic capacity.28 29
Overall, aged T cells acquire functional abilities of NK cells, endowing them with fast and
less-specific reaction patterns.28: 30 Notably, aging-induced modifications in the functional
profile of T cells is not restricted to the memory compartment, but even affects T cells that
are still naive, supporting the concept that the environment in the old host shifts cellular
functionality. As an example, with increasing age, naive CD4 T cells have been reported to
be biased towards differentiation into the Th17 lineage. One of the underlying mechanisms
has been attributed to an increase in the Th17 differentiation dependent factor basic leucine
zipper transcription factor ATF like (BATF).31 32

Recent work has shed light on the role of aging-related changes in the function of
phosphatases as a means of modifying T cell function in the elderly. Detailed studies have
identified the role of two dual specific phosphatases (DUSP) in T cell aging. The general
function of DUSPs is to deactivate target kinases. Aging naive CD4 T cells display a
defective ERK signaling caused by an increase of DUSP6.33 Enhanced DUSP6 activity in
the elderly T cell has been attributed to a loss of the regulatory micro RNA miR181a.
Increased DUSP6 levels have been successfully reduced by siRNA knockdown or by
allosteric inhibition of DUSP6 with the small chemical inhibitor BCI. After knockdown of
DUSP®, elderly T cells show an improved proliferative response as well as an increase in
activation markers and are able to effectively differentiate towards the Thl commitment.
The aging-dependent functional reduction is not only manifested at the naive T cell level.
Recent results describe DUSP4 as a key modulator of reduced T cell dependent B cell
responses.34 The ability of CD4 memory T cells to support B cell differentiation is impaired
in the elderly due to an increase in DUSPA4.

Animal models have clarified the susceptibility of the aging host to viral infections, e.g.
West Nile Virus or Listeria monocytogenes.3 Old mice are prone to viral infection; possibly
due to the lower abundance and contracted TCR diversity of CD8" T cells.3® In addition,
several environmental factors, including changes in dendritic cells and T regulatory cells,
might negatively affect CD8 T cell response in the old.36 Recent data document a cell
intrinsic defect in aging CD8 T cells that contributes to impaired primary antiviral responses
including reduced virus specific CD8 T cell proliferation in aging mice.3” This altered
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immune response was observed in CD8 T cells that have increased expression of CD44, an
indicator of memory cell differentiation. Also, CD8 T cells with high levels of CD44 have
increased expression of inhibitory receptors, including PD1, LAG3, 2B4 and CD160.38

A prototypic change leading to premature aging, reduced telomere length and telomere
dysfunction is the infection with human immunodeficiency virus (HIV). HIV patients
display reduced telomere length and increased aging amongst CD8* cells.39 More
specifically, HIV-1-specific CD8 T cells in HIV progressors have significantly shorter
telomeres compared to autologous cytomegalovirus-specific CD8 T cells with telomere
length having a strong association with proliferative and cytotoxic activities of the CD8 T
cell.40 In addition to shortened telomeres, HIV-1-specific CD8 T cells display a p16!NK4a
mediated growth inhibition due to increased 53BP1 recruitment to the telomere and a
reduction in shelterin components TRF2 and TPP; indicating marked prematurity of aging in
this cell compartment.41

Another important effect of aging on the immune system seems to be a loss of DNA double
strand repair capability. Whereas single strand damage repair appears to be retained over
age, double strand repair declines with increased aging.42 Functional implications of this
dichotomy between single and double strand break repair are not understood, but the
biochemical machinery involved in fixing these two different type of breaks are
fundamentally different. This would imply that selected DNA repair mechanisms are more
sensitive to aging-imposed deterioration. Insufficiency in repairing DNA double strand
breaks exposes the aging immune cells to considerable genomic stress. The functional
consequences of chronic genomic stress in naive and adaptive immune cells are difficult to
predict and more data are needed to unravel the role of dysregulated DNA repair activity in
the immune aging process.

Inflammation and Aging

Many of the aging-associated morbidities are inflammatory in nature, such as
neurodegenerative disease, cardiovascular disease and osteoarthritis, suggesting that the
threshold to develop inflammation is markedly lowered in the elderly.2 As all inflammation
is ultimately mediated by the immune system, this seems counterintuitive to the concept that
immune aging implies loss of immune competence. Work over the last decade has clarified
that an aging immune system is prone to support chronic, persistent inflammation and that
senescent cells are programmed to function as inflammatory drivers.*3 The emerging
concept of the senescence-associated secretory phenotype (SASP) describes that old cells
have a tendency to produce high amounts of inflammatory cytokines and that they are
actively involved in promoting tissue damage.** Numerous studies in vitro, in animal
models and data from patient cohorts support the notion that the aging host is exposed to an
array of proinflammatory proteins.*® Proteins that are associated with SASP include TNF-a,
IL-6, MCP-1, PAI-1 and multiple MMPs.#8 The source of these cytokines can often be
traced directly to senescent cells. Cellular senescence is an irreversible process that includes
growth arrest and it is currently thought that this is nature’s response to the increasing risk of
old cells to have accumulated sufficient mutations to give rise to a malignancy. The price
that the host pays for being able to paralyze old cells and stop their proliferative expansions
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is the accumulation of senescent cells which, through several mechanisms, seem to be able
to fuel aging.** In support of this concept, removal of senescent cells can delay aging and
the onset of aging-related diseases.*>

Senescence can be induced by repeated cell division, strong mitogenic signals, telomere
shortening and DNA damage.*’ These insults induce activation of the p53 and p16/NK4a
pathways, which ultimately force the cell to enter senescence.?® In the final stages of
senescence, cells show an altered and reorganized chromatin structure which leads to
changes in gene expression, protein content and cell size.#%: 49 Senescent cells are not
functionally inactive, as outlined above, and release copious amounts of cytokines into the
tissue environment (Figure 2). They also affect organ function by occupying space. In the
immune system, senescent T cells can outcompete other cells and thus bias the T cell
repertoire and reduce T cell diversity. SASP can be triggered by persistent but not transient
DNA damage response.®? Persistent DNA damaged foci can be either located within the
genome or at telomeres. Maintenance of SASP requires the damage response proteins Ataxia
telangiectasia mutated (ATM), NBS1 and CHK2, but not p53. Recent evidence points
towards a possible transmission of senescence, as senescent cells have been described to
induce senescence in bystander cells by inducing DNA damage via gap junction-mediated
cell-cell contacts.5?

The SASP likely has a large impact on cells of the immune system. A proinflammatory
milieu will affect the threshold setting of most cells in the immune system and in the tissues
in which immune responses occur. Especially monocytes and macrophages are prone to
activation when encountering senescent cells that display the SASP. As a benefit to the host,
macrophage activation may enhance clearance of senescent cells. On the other hand, there is
now much better understanding about macrophage heterogeneity and macrophage
populations that are activated in an inflamed tissue site may not necessarily provide
clearance functions. Activation of monocytes and macrophages has been shown to change
with the age of the host. Aged macrophages have a decreased reaction to GM-CSF together
with a decreased phosphorylation of STAT5a, but increased susceptibility to oxidants.>2

Taken together, senescent cells provoke tissue inflammation through the release of
proinflammatory mediators and through their inability to support tissue repair. DNA damage
plays a critical role in the induction of the SASP. Age-induced loss of function combined
with the gain of novel, but proinflammatory functions impact the immune system through
several mechanisms. On one hand, senescent nonimmune cells will cause tissue injury and
facilitate the accumulation of inflammatory infiltrates. On the other hand, each cell of the
immune system is subject to aging and possibly amplifies, instead of dampening, aging-
associated inflammation. Senescence mechanisms are particularly important in long-lived
cells, such as T cells, which persist in the body for decades and are the carriers of immune
memory. An overall theme of immunosenescence is the loss of specificity and the gain of
nonspecific inflammation. It is possible that the gain of inflammatory activity by senescent
T cells is a “last ditch” attempt to provide a defense mechanism in view of failing adaptive
immunity. This hypothesis has not been addressed experimental and remains to be explored.
The principle of loss-of-specificity and gain-of-nonspecificity has important implications as
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we begin to design interventions to rejuvenate the immune system and regain immune
competence in the aging human.

Rheumatoid Arthritis — A Model System of Premature Aging

Rheumatoid arthritis is considered a prototypic autoimmune disease. Patients suffer from
destructive inflammation in the joints but, equally important, have a shortened life
expectancy due to acceleration of cardiovascular disease.! The disease affects approximately
1% of the population in the Western world.53 One of the hallmarks of the disease is a
premature aging phenotype of stem and immune cells.2 Similar to the physiologic aging
process in the hematopoietic system, hematopoietic stem cells in RA are skewed towards the
myeloid lineage, as demonstrated at bone marrow sites adjacent to RA joints.>* An
important question is whether bone marrow abnormalities are the cause or the consequence
of the disease process. In a murine model of autoimmune arthritis, hematopoietic progenitor
cells retained the capacity to differentiate into different lineages, however they acquired a
disease dependent propensity to generate myeloid cells.%® In addition, bone marrow cultures
from RA patients fail to support normal hematopoiesis.>® Changes in the bone marrow are
accompanied by an increase in bone marrow stromal cell®” and plasma CCLS5 levels in
RA,%8. 59 which again supports the myeloid skewing similar to the events occurring in the
healthy elderly.

More than a decade ago, we described that the telomeres of CD4 T cells are age-
inappropriately shortened in patients with RA. The premature loss of 1000-1500 bp at the
telomeric ends allowed to estimate how much “older” the T cell compartment is in such
patients and arrived at a 20-30 year time span.80 Subsequent studies have drawn attention to
mechanisms of accelerated telomeric erosion, including the insufficient induction of the
telomerase enzyme already relevant in naive, antigen-unprimed T cells.61 Naive CD4 T cells
of RA patients are inefficient in upregulating telomerase during T cell proliferation. This
causes, in addition to the missed elongation of the telomere, a loss of apoptotic resistance
and a reduced proliferative expansion. Interestingly, this telomerase deficiency seems to be
specific for naive T cells, as both memory T cells and CD34* hematopoietic progenitor cells
have normal transcript levels of hnTERT and normal telomerase activity. Of note, even with
intact telomerase, hematopoietic progenitor cells have reduced telomere length.62 CD34*
cells show further signs of cellular senescence. In response to hematopoietic growth factors,
RA-derived CD34* cells have reduced capability of expanding together with reduced levels
of cell cycle genes.%2 In addition, CD34* cells have reduced basal levels of phosphorylated
ERK, an important target of hematopoietic growth factors, and this reduction is sustained
after stimulation with hematopoietic cytokines. This observation of impaired function of
hematopoietic progenitor cells is in line with previous results indicating increased
senescence in the stem and progenitor compartment of patients with RA. This includes a
reduced frequency of CD34* cells and an increased apoptotic index of early bone marrow
myeloid precursors.56: 64

In line with a premature aging phenotype of immune cells, CD4 T cells have a decreased
capability of repairing DNA double strand breaks.®> Molecular studies have pinpointed the
underlying mechanism to a defect in the DNA repair machinery. Specifically, RA T cells
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express low levels of the PI3 kinase related kinase ATM. ATM is a central kinase in the
molecular network that senses and repairs DNA double strand breaks and carries the
causative mutation in the DNA instability syndrome Ataxia telangiectasia (Figure 3A).
ATM regulates an extensive downstream signaling network, and accordingly, ATM-
deficient RA T cells are characterized by low expression of the repair factors RAD50 and
MRE11 and, strikingly, also lack sufficient levels of p53.%5 This would indicate that naive
CDA T cells from patients with RA can progress through the cell cycle even with damaged
DNA. ATM overexpression has been shown to be sufficient to restore DNA repair.
Conversely, to the downregulation of the homologous recombination pathway protein ATM,
RA T cells seem to compensate by upregulating alternative DNA repair processes,
specifically the nonhomologous end joining protein DNA-PKcs.%8 Upregulation of DNA-
PKcs in naive CD4 T cells in RA patients co-occurs with a diminished expression of Ku70/
Ku80 heterodimers, thereby curtailing the capability to fix DNA lesions (Figure 3B). In
addition, increased DNA-PKcs levels lead to an increase of apoptosis via the JNK pathway
and activation of Bim and Bmf. In essence, RA T cells accumulate damaged DNA and
chronically activate the DNA-PKcs-JNK pathway. Functional consequences included a
lowering of the apoptotic threshold and a reduction in the clonal size that each T cell can
give rise to. RA patients should be lymphopenic, unless they can compensate and fill the T
cell compartment with long-lived T cells. Here, CD4*CD28~ T cells, which are typically
clonally expanded to a large clonal size, fulfill a role by protecting the patient from
lymphopenia. However, the T cell pool is overall older and less diverse, rendering the
patient relatively immunoincompetent. To which extent this process has clinical implications
in that it renders RA patients susceptible to infections is difficult to assess as essentially all
patients are being treated with potent immunosuppressives. Increased susceptibility for
infection has traditionally been attributed to be iatrogenic, but may be an intrinsic defect in
the pre-aged RA immune system.

It is of great interest that T cells from RA patients are able to proliferate despite being
presenescent. Here, the lack of p53 may actually be helpful for the patient as it avoids cell
cycle arrest of cells with a high load of DNA strand breaks. The prediction would be that
RA T cells would die at an even higher rate, if p53 expression were to be restored to normal
levels. Conversely, weakening the role of p53 should definitely have negative consequences
for the repertoire of surviving T cells, as p53 appears to be critically involved in culling out
unwanted T cells.

Whereas the immune aging process in healthy individuals is typically associated with a loss
of efficiency in ERK signaling, T cells from RA patients have higher levels of
phosphorylated ERK, both in the resting and in the poststimulation phase.®” In support of a
reduced threshold setting in the ERK signaling pathway, RA T cells express higher levels of
ERK target genes. Molecular analysis of RA T cells identified an increase in two major
ERK pathway components, K-RAS and B-RAF, and levels of these signaling molecules
correlated with ERK phosphorylation. Overexpression of K-RAS and B-RAF in normal T
cells amplified TCR signaling and facilitated T cell response to citrullinated peptides.5” Of
note, the cytokine environment appears to have a major impact on the readiness of the ERK
signaling pathway to respond to stimuli. Preexposure to the cytokines IL-7 or IL-15
sensitized T cells to hyperrespond to T cell receptor activation.58
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Similar to the Th17 bias reported for the elderly, patients with RA show increased
prevalence of IL-17* Th1 T cells.%9 Interestingly, the skewing towards Th17 cells in RA
patients is accompanied by a functional loss in regulatory T cells. The loss of function has
been attributed to a TNF-a mediated increase in PP-1, which in turn can dephosphorylate
the T regulatory cells (Treg) specific transcription factor FoxP3.70 The effect of aging on
Treg function has so far not been addressed in great detail.” However, given the central role
of the SASP cytokines IL-6 and TNF in Th17 cell development and maintenance, skewing
towards the Th17 lineage is expected to be part of the immune senescence process.

Recent studies have proposed the model that T cell aging is connected with a metabolic
rewiring of the cells. Naive CD4 T cells from RA patients utilize lower amounts of glucose,
generate less lactate and produce less intracellular ATP.72 In essence, they are “hungry” and
energy deprived. Mechanistic studies have identified the underlying defect as a lack of
upregulating the glycolytic enzyme phosphofructokinase/fructosebiphosphatase (PFKFB3).
PFKFB3 has kinase and phosphatase activity, regulates levels of fructose-2,6-bisphosphate,
an allosteric activator of phopshofrucyokinase-1, and thus determines the glycolytic flux.”3
PFKFB3 has been implicated in mediating the Warburg effect, a metabolic abnormality
typically encountered in cancer cells. The repression of PFKFB3 is mechanistically linked
with reduced autophagy, further disabling the T cells to generate energy and
macromolecules needed for their functional differentiation.”? With reduced glycolytic flux
RA T cells shunt glucose towards the pentose phosphate pathway and produce higher levels
of NADPH. This leads to a major shift in their redox balance and imposes reductive stress.”?
How these metabolic abnormalities relate to the accelerated aging process in RA T cells and
whether aged T cells from non-RA individuals share this metabolic rewiring needs to be
examined (Figure 4).

Whereas changes in naive CD4 RA T cells are well documented, less is known about the
effect of premature aging in the CD8 cell compartment. Recent evidence from studies in
juvenile idiopathic arthritis (JIA) indicates an increased aging propensity in CD8 T cells.”*
Muitotically restricted nondividing T cells in JIA patients were predominantly CD8 T cells
lacking the costimulatory receptor CD28 but expressing CD31. Furthermore, CD8*CD28~
cells were positive for histone gamma H2AX, a histone modification indicating DNA
damage and telomere shortening. Of note, CD8*CD28™ cells are known to have shorter
telomere length and reduced telomerase activity compared to CD4* and CD8*CD28*
positive cells in healthy individuals.

In summary, progress has been made in deciphering the molecular signature of T cells in
patients with RA and in recognizing how functional abnormalities fit into the concept of a
premature aging phenotype. Why RA patients age faster is not understood, but the disease
can serve as an excellent model system to uncover the mechanisms that lead to immune
aging and assess the functional consequences for the human host. Whether other organ
systems are also affected by acceleration of the aging process is currently not known.
Experimental data suggest that hematopoietic stem cells undergo faster aging in patients
with RA.”® It has been proposed that the loss in muscle strength that typically occurs in
aging subjects is more pronounced in RA.”® 76 Cardiovascular risk, enhanced in patients
with RA, may reflect aging-associated inflammatory activity.”” Molecular studies defining
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aging signature in nonimmune organ systems are urgently needed to address the question
how different organs age, how this process is interlinked with morbidity and mortality and
how inflammation affects the progression of aging in the general population and in RA
patients.

Current Therapy and Future Therapy Options

To change or reduce the burden inflicted by aging with the goal to prevent premature aging
and reduce the speed of aging is an important target for novel therapeutic strategies. At first,
we need to find novel drugs to overcome the aging-associated loss of function before we can
fundamentally alter the underlying aging process itself.

One of the most obvious targets to reduce aging is to suppress the inflammatory burden of
RA patients. This could potentially dampen the inflammatory stress imposed by the disease
process as well as reduce the inflammatory-induced proliferative aging burden on the
immune system and diminish deleterious effects of SASP on the patients. So far,
immunosuppressive treatments have failed to yield a noticeable slowing of premature
telomere loss as patients with RA have reduced telomere length independent of disease
activity and duration.”® Interestingly, we found that DNA damage was more pronounced in
untreated compared to treated patients.®> Given that the majority of RA patients receive
methotrexate, one could argue that reducing the overall activation of the immune system
might be an initial step towards DNA damage control. Therapeutic interventions addressing
the imbalance of ATM and DNA-PKcs signaling may have promise in counteracting a basic
abnormality in the RA immune system. A clinical inhibitor for DNA-PKcs is currently in
Phase 1 trials for treating cancer (registered in www.clinicaltrials.gov under NCT01353625
and NCT01421524). Whether this compound might in fact reduce genomic stress in RA
patients and have beneficial effects to reduce the apoptotic susceptibility is unknown, but
warrants further investigation. In addition to repressing excessive DNA-PKcs activity, T
cells in RA patients would benefit from restoring efficient DNA repair. Gene therapy
specifically for naive CD4 T cells to overexpress ATM would be an interesting option to
follow. A caveat for boosting naive T cell function might be that rejuvenated T cells would
still be in the cytokine environment of a prematurely aged patient. More granulated
measurements reflecting in vivo immune cell turnover, function and longevity would be
extremely helpful in advancing the therapeutic management of RA.

A possible approach to restore a cytokine environment devoid of SASP cytokines would be
by targeting senescent cells. A delay in the onset of aging-associated disorders was already
demonstrated in a mouse model, where p16'NK4a positive cells were genetically targeted to
undergo apoptosis.”® This might be especially interesting as synovial cells from RA joints
abundantly express p16/NK4a-80 |n essence, avoiding instead of inducing cellular senescence
may provide an overall strategy in rebalancing the cytokine milieu in RA patients. Extension
of similar strategies to the physiologic aging process could eventually be considered.

Recent reports described a novel pleiotropic effect of statins, a drug usually prescribed as a
lipid-lowering agent. In addition to their anti-inflammatory role statins are now recognized
as modulators of telomerase activity in the elderly.8! Statin treatment was associated with
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higher telomerase activity and longer telomeres in mononuclear cells, independent of lipid
and systemic inflammation levels. In addition, statin therapy was associated with a slowing
in telomere shortening along with longer telomeres compared to the nonstatin group in
subjects aged 65 and older. This effect is possibly added to a previously reported telomere
protective effect of statins via the upregulation of the telomere protection factor TRF2.82
Clinical reports have already described a protective effect of statins on chromosomal
damage.83 Furthermore, statins have been implicated in protecting cells from killing by
ionizing radiation.84 A possible mode of action of statins might be the increase of DNA
repair via upregulation of NBS-1, Hdm2, inhibition of NBS-1 degradation and accelerated
phosphorylation of ATM as demonstrated in smooth muscle cells.85 As statins are a well-
established drug class, the use of high dose statin treatment in RA patients and its influence
on T cell aging and immune impairment warrants further consideration.

Considering that the premature aging phenotype appears in young patients and in healthy
individuals carrying the HLA-DR4 disease risk haplotype, T cell senescence may well
precede the disease onset and function as a risk factor itself. Thus, early intervention holds
the promise of fundamentally reeducating the immune system. Restoring proper immune age
and selective depletion of senescent cells might be a way to improve proper immune
function and render the cytokine environment suitable for reduced T cell turnover and T cell
attrition. A prerequisite for such immunomodulatory interventions is the development of
appropriate tools to quantify immune cell functions in humans and identify biomarkers that
reflect immune system turnover and functional intactness. The acceleration of the immune
aging phenotype in RA offers the potential to gather fundamental knowledge about immune
aging mechanisms in the human host and provides a platform to study immune regeneration
in vivo.

Conclusion

The last decade has seen considerable progress in the understanding of molecular
mechanisms underlying aging. Accessibility and longevity of immune cells have made them
a target for aging and rejuvenation studies. The cellular and molecular signature of immune
aging includes a steady decline of naive T cells which are being replaced by senescent T
cells, the erosion of telomeric ends, the loss of CD28 and the gain of surface receptors that
are borrowed from NK cells. T cell senescence promotes chronic inflammation and
undermines protective immune responses against pathogens and cancerous cells.
Senescence-associated inflammation is now considered a potential risk factor for
autoimmune disease. Immune—aging related autoimmunity is exemplified in RA. RA
patients have age-inappropriate shortening of telomeres and accumulate CD28-null CD4 and
CD8 cells. Molecular studies have revealed a role of the DNA repair machinery in
protecting from premature aging. Also, phosphatases in the cytoplasm of T cells have been
involved in changing the reactivity and the functional intactness afforded by such cells. Such
molecular abnormalities provide targets for therapeutic interventions, with the goal to turn
immune aging into a modifiable risk factor for chronic inflammatory disease. Rejuvenating
the immune system emerges as a particularly promising goal in RA, a disease that can be
treated, but not cured.
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Learning Objectives

On completion of this article, you should be able to (1) define markers of aging on the
cellular and organismal level, (2) evaluate similarities and differences between immune
aging in healthy individuals and patients with the autoimmune syndrome rheumatoid
arthritis, and (3) identify possible future therapeutic strategies to slow the immune aging
process in rheumatoid arthritis.

Questions

1. T cell aging can be characterized by:
A. Reduced telomere length
B. Increased levels of proinflammatory mediators
C. Increased ERK signaling
D. AandB
E. AandC

Correct Answer: D
2. The aging immune system is characterized by:

A. Loss of CD28, skewing towards myeloid lineage and predisposition to
Th17 differentiation

B. Increase of naive T cells, increase in oxidative damage and decreased
DUSP4 expression

C. Decreased DNA damage and decreased DNA single strand break repair
D. Increase of memory T cells, increase in T cell dependent B cell response
E. Reduced cytotoxic capacity in T cells
Correct Answer: A
3. Naive T cells in RA patients are characterized by:
A. Normal telomere length and increased skewing towards Th17 cells
B. Reduced telomere length and increased DNA damage repair sensing
C. Reduced DNA repair and reduced glycolysis
D. Reduced telomere length and reduced ERK activation
E. Normal telomere length and increased p53 activation
Correct Answer: C
4. DNA damage in RA is skewed due to:
A. Reduction of p53 and the MRN complex

B. Increase of DNA-PKcs and decrease in Ku70/80
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Young Old

Figure 1. Effects of aging on the immune system
Aging reduces immune competence, naive T cell numbers, CD28 expression and DNA

double strand repair, resulting in immune cells with increased DNA damage and a
proinflammatory signature.
DUSP = Dual Specificity Phosphatase
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Repeated Cell Division
Mitogenic Signals

DNA Damage }

YOUNG CELL SENESCENT CELL

Figure 2. Senescence-associated cellular phenotype
Senescence in cells is induced by multiple factors, including repeated cell divisions,

mitogenic signals and DNA damage. Senescent cells are characterized by an increased cell
size, shortened telomeres, activated Chk2, p53 and p16!NK4A and expression of
proinflammatory proteins including TNF, MCP1, PAI1 and MMPs.

ATM = Ataxia telangiectasia mutated; Chk2 = Checkpoint kinase 2; CDKN2A = cyclin
dependent kinase inhibitor 2A; MCP1 = Monocyte chemotactic protein 1; MMP = Matrix
metallopeptidase; NBS = Nijmegen breakage syndrome; PAI = Plasminogen activator
inhibitor type 1; TNF = Tumor necrosis factor
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Figure 3. Deficitsin DNA damagerepair and immune aging
(A) In healthy CD4 T cells, DNA damage rapidly induces the recruitment of the MRN

complex, consisting of RAD50, Mrell and NBS1 to the damage site. Complex formation
facilitates the activation of the kinase ATM. The signaling cascade activated by ATM
consists of numerous proteins including phosphorylation of H2AX, activation of BRCAL,
activation of Chk2 and p53. Overall, ATM signaling leads to triggering of the cell cycle
checkpoint with slowing of cell cycle progression and DNA damage repair. In contrast, CD4
T cells from RA patients fail to recruit sufficient MRN complexes, have reduced ATM
activation and lack behind in p53 activation, causing cell cycle prolongation and reduced
DNA damage repair in affected T cells. (B) Besides activating ATM, the MRN complex is
also involved in activating DNA-PKGcs. In healthy T cells, binding of Ku70/80 facilitates
activation of DNA-PKcs at the double strand break resulting in phosphorylation of H2AX,
DNA ligase IV recruitment and p53 activation. In RA T cells, DNA-PKcs is upregulated and
the concentrations of phosphorylated DNA-PKGcs are increased, while Ku70/80 is reduced.
This imbalance triggers the stress kinase JNK and with persisting DNA damage mediates
apoptosis via the Bim/Bmf pathway.

ATM = Ataxia telangiectasia mutated; DNA-PKc = DNA-activated protein kinase catalytic
polypeptide; NBS = Nijmegen breakage syndrome; Mrell = Meiotic recombination 11
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Figure4. Metabolic abnormalitiesin T cellsin patientswith RA
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Naive CD4 T cells in patients with RA are characterized by metabolic reprogramming,
including a reduction of glycolysis, diminished ATP production and insufficient autophagy.
These defects in energy generation are caused by a failure of inducing the major regulatory
enzyme of the glycolytic pathway, PFKFB3. Consequences of this metabolic
reprogramming include an increase in NADPH levels, reduced availability of cellular ROS,

and increased apoptotic susceptibility.
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