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Abstract

Throughout life, the T cell system adapts to shifting resources and demands, resulting in a
fundamentally restructured immune system in older individuals. Here we review the cellular and
molecular features of an aged immune system and discuss the trade-offs inherent to these adaptive
mechanisms. Processes include homeostatic proliferation that maintains compartment size at the
expense of partial loss in stemness and incomplete differentiation and the activation of negative
regulatory programs, which constrain effector T cell expansion and prevent increasing
oligoclonality but also interfere with memory cell generation. We propose that immune failure
occurs when adaptive strategies developed by the aging T cell system fail and also discuss how, in
some settings, the programs associated with T cell aging culminates in a maladaptive response that
directly contributes to chronic inflammatory disease.

The adaptive immune system has the enormous challenge of protecting the host by
generating antigen-specific effector mechanisms and building memory of previous
encounters to prevent or ameliorate future disease. During the first and second decades of
life, before the adaptive immune system has fully matured and before immune memory to a
broad range of pathogens has been established, infections are frequent. Once the immune
memory repertoire is built, morbidity and mortality from infections declines. However,
protective adeptness increasingly deteriorates with age. Evidence of waning adaptive
immunity is already apparent in mid adulthood, as early as at the age of 50 years, with
increasing clinical relevance in the 7t-10t" decade of life (Goronzy and Weyand, 2013;
Montecino-Rodriguez et al., 2013; Pinti et al., 2016). Attempts to improve immune
competence through vaccination programs of older individuals have been only partially
successful; generating immune memory to new antigens and boosting existing memory are
less efficient than in childhood (Gross et al., 1995; Hainz et al., 2005; Jefferson et al., 2005;
Levin, 2012). What causes this decline? Certainly, sensitivity of basic cellular pathways to
aging and cellular senescence contribute (Lépez-Otin et al., 2013). Equally important are
adaptive changes in the immune system to changing resources and challenges over lifetime.
This is particularly evident for the T cell compartment that needs to maintain a diverse T cell
repertoire, preserve a pool of stem-like cells, control chronic or latent infections, and
respond to new or recurrent infections and malignancies through clonal expansion and
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differentiation. Immune aging also is thus a summation of these adaptations, sometimes
necessary and beneficial and sometimes harmful to the aging host. Since challenges that
drive these adaptations are quite different for rodents, it is uncertain whether and which
insights from rodent aging can be translated to human physiology. Here, we will review age-
related changes at the system, the cell, and the molecular levels and discuss how these
changes enable the maintenance of an effective T cell repertoire capable of protecting from
varied immune challenges. We will focus on data from the human system, comparing and
contrasting it to findings in the murine system when appropriate. We will examine settings in
which these adaptations fail, and the consequences of this failure. Finally, we discuss
maladaptations, which actively contribute to a compromised immune state or susceptibility
to inflammatory disease.

Maintaining a Naive T Cell Compartment after Thymic Involution

More than any other cellular system, generation and homeostasis of T cells are age sensitive
due to the involution of the thymus (Chinn et al., 2012; Palmer, 2013). Thymic involution
clearly contributes to the aging-dependent loss of T cell immunity in mice (Hale et al.,
2006). Naive murine T cells survive for only 30 days, while cell divisions from homeostatic
proliferation occur only every 1 to 2 years (den Braber et al., 2012; Westera et al., 2013).
Consequently, the murine naive T cell compartment depends entirely on thymic activity and
shrinks with its decline. Age-associated functional changes in naive murine T cells are not a
consequence of replication—they at most divide once throughout life—but are a corollary of
cellular longevity that even increases after thymectomy or in aged mice (Bains et al., 2009a;
Tsukamoto et al., 2009).

T cell homeostasis in humans is fundamentally different. T cell generation during human
adult life depends on peripheral proliferation of naive T cells (den Braber et al., 2012; Sauce
et al., 2012). Even in young adults, the thymus contributes only 16% of total T cell
generation. Thymic contribution declines further to <1% in older individuals who therefore
nearly exclusively rely on peripheral proliferation to repopulate T cells (Bains et al., 2009a;
Nobile et al., 2004; Westera et al., 2015). Daily turnover rates of naive CD4* and CD8* T
cells are stable throughout adulthood at about 0.04%, with no apparent need for
compensatory increase in homeostatic proliferation with age. Only in later life, naive CD8*
T cells accelerate their turnover (Cicin-Sain et al., 2007; Naylor et al., 2005; Westera et al.,
2015). This increased turnover does not derive from truly naive cells, but from
CD95"CD45RA*CD28* T cells that represent reverted memory cells (Pulko et al., 2016),
memory stem cells (Fuertes Marraco et al., 2015), or cells that have undergone extensive
homeostatic proliferation reminiscent of murine virtual memory cells (Nikolich-Zugich,
2014; Renkema et al., 2014).

Homeostatic proliferation in humans is efficient in maintaining a sizable naive CD4*
compartment. Absolute numbers of naive CD4" T cells in peripheral blood have been
reported to be stable in the elderly. In contrast, circulating naive CD8* T cells are
progressively lost with age (Czesnikiewicz-Guzik et al., 2008; Wertheimer et al., 2014).
Assuming that the naive T cell compartment is not biased by antigen stimulation and taking
into account the conduit function of circulating blood, the peripheral blood compartment
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may be considered representative of the overall naive T cell population. However, a recent
study found an approximately equal loss of naive T cell subsets in spleen and selected
lymphoid tissues, without preference for CD8* T cells (Thome et al., 2014). This tissue
analysis raises the interesting notion that compartmentalization of naive and memory CD4*
and CD8* T cells in spleen, lymph nodes, and blood changes over life (Thome et al., 2016).
Thome et al. (2016) mostly reported relative and not absolute lymphocyte numbers, and
thus, the contribution of differences in memory T cell accumulation accounts to these
changes is unclear, as is whether naive T cells are variably lost from different compartments.

The production of thymically derived T regulatory (Treg) cells decreases also with thymic
involution. Peripheral Treg cell homeostasis in humans has been not sufficiently studied, but
peripheral expansion of existing Treg cells and conversion of nonregulatory T cells into Treg
cells appear to compensate for thymic involution. Human peripheral blood contains both
naive-like CD4*CD45RA*CD25* as well as memory-like CD4*CD45RO*CD25M Treg
cells, with naive-like Treg cells decreasing and memory-like Treg cells increasing with age
(Seddiki et al., 2006; Valmori et al., 2005). Likewise, the population of
CD45RA*CCR7*NOX-2* naive-like CD8* Treg cells declines with age (Wen et al., 2016).
Total CD4* Treg cell numbers in blood are largely stable or increased (Lages et al., 2008).
Treg cells increase in the skin and possibly other compartments, where they contribute to
impaired T cell responses in older individuals (Vukmanovic-Stejic et al., 2008).

Thus, human naive CD4* T cells balance proliferative needs with maintenance of
compartment size with considerable success in healthy aging while limiting excessive
replicative pressure that could induce cellular senescence. It is undetermined whether naive
CD4* T cell loss is more pronounced in frail older individuals. If this is the case,
comparative studies of the factors controlling homeostatic proliferation would provide an
opportunity to define an important factor in maintaining immune health. Although it remains
to be further explored whether compartmentalization of naive T cells in peripheral secondary
lymphoid tissues and blood is uneven, the prevailing notion is that naive CD8* T cells are
less successfully maintained with age than naive CD4" T cells raising questions on why this
is the case and what the implications are. Do cell-intrinsic differences contribute and naive
CD8™* T cells are more susceptible to lose stemness or fail to survive? Is the difference
related to different local environments in which CD4* and CD8* T cells encounter survival
signals? What are the implications for vaccination strategies throughout adult age, in
particular given that most vaccines are designed to induce a CD4* T cell and antibody
responses?

Age and the Naive T Cell Receptor Repertoire: How Much Diversity Is

Needed?

Throughout an individual’s lifetime, T cell generation must maintain not only the size but
also the composition of the naive T cell compartment, in particular the diversity of T cell
receptor (TCR) sequences enabling the response to all kinds of peptide antigens. Early
studies, before the era off next-generation sequencing, concluded that the human TCR
repertoire entails approximately 108 different 778 gene nucleotide sequences (Arstila et al.,
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1999). Similar estimates were derived from the first deep sequencing studies (Robins et al.,
2009, 2010). Given that humans have >1011 naive T cells, this number is low and implies
naive clonal sizes of at least 10,000 cells. Computer simulations have suggested that
postthymic proliferation contributes more than double the number of cells entering the pool
each day between the ages of 0 and 20 years than those from the thymus (Bains et al.,
2009a). Indeed, substantial T cell proliferation is detected in cord blood of preterm infants
when the T cell repertoire is established (Schonland et al., 2003). However, the number of
divisions appears to be lower than what is required to generate 10,000 descendants.
Frequencies of TCR excision circles (TRECs) that form during TCR-a rearrangement are
more consistent with clonal sizes of around 100 cells (Bains et al., 2009b; den Braber et al.,
2012).

The difficulties to reliably estimate the number of unique TCRs by next-generation
sequencing derive from two major barriers: how can one exclude sequencing artifacts
without excluding infrequent sequences, and how can one extrapolate from the analyses of
small numbers of circulating cells to the large T cell pool if richness is much higher than the
sample size? PCR and sequencing errors can be identified using molecular barcoding during
cDNA synthesis (Britanova et al., 2014). Currently, an optimal solution for the latter barrier
does not exist (Laydon et al., 2015). The distribution of TCR frequencies in the analyzed
sample does not necessarily reflect the distribution in the entire repertoire; moreover, the
distribution is likely to change with age, hampering inferential estimates of overall richness
(Goronzy et al., 2015; Laydon et al., 2015). Qi et al. (2014) used an incidence-based
nonparametric approach analyzing multiple independent blood samples from each individual
and the Chao 2 estimator and arrived at minimal estimates of 50 to 100 million different
TRB gene sequences for both naive CD4" and CD8* T cells in young adults. This estimate
is consistent with TREC frequencies as well as with modeling experiments which predict
that the number of distinct sequences in humans is by only one order of magnitude lower
than the number of total naive cells (Lythe et al., 2016).

Repertoire stability over time requires that the initial clonal size is large enough to avoid
complete losses of clonal progenies resulting in repertoire contraction with aging. Britanova
et al. (2014, 2016) found a contraction in repertoire diversity with age in total T cells that
mostly reflected lower numbers of naive cells in the analyzed samples emphasizing the need
to analyze subpopulations. In studies of purified T cell subsets, the number of unique 778
sequences declined by a factor of 2 to 5 between the ages of 30 and 70 years, both for CD4*
and CD8* naive T cells, nevertheless leaving a very large repertoire (Qi et al., 2014). Thus,
the system appears to be robust in this regard, even in case of naive CD8" T cells that are
more compromised in numbers than diversity. This is in contrast to mice, which have a
smaller repertoire to start with and functional holes have been described with age (Yager et
al., 2008). However, one caveat is that all human studies so far were done in healthy older
individuals, known to respond better to vaccination. T cell repertoire studies in frail
individuals are lacking. In silico simulation of T cell homeostasis with age predicted severe
repertoire contraction to occur in some individuals, under conditions of markedly uneven
homeostatic proliferation and irrespective of thymic function (Johnson et al., 2012; Ndifon
and Dushoff, 2016). Interestingly, simulations had highly variable outcomes suggesting a
large stochastic component in the failure to maintain a diverse repertoire. Whether these
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massive contractions of the T cell repertoire occur in some individuals, and how they relate
to frailty, are important areas requiring investigation.

In addition to the number of unique TCRs, T cell diversity and its functional consequences
are determined by the distribution in clonal sizes (Desponds et al., 2016). Increase in clonal
sizes is a hallmark of immune memory; moreover, clonal dominance is quite normal for the
memory T cell repertoire responding to a single peptide (Obar et al., 2008; van Heijst et al.,
2009), presumably due to antigen-driven selective pressures. Uneven homeostatic
proliferation, not triggered by exogenous antigen, can also contribute to age-associated
changes in clonality in the T cell repertoire. Early studies described clonal populations
within naive cells after the age of 60 years (Naylor et al., 2005). More recent studies using
deep sequencing reported an age-associated increase in clonal populations more so in the
naive CD8" than in the CD4* compartment (Qi et al., 2014). While likely including stem-
like memory cells, the majority of these clonally expanded, phenotypically naive T cells
expressed TCR sequences that did not overlap with those expressed by T cells in the
memory compartment and therefore probably represent truly naive cells that have
proliferated without encountering exogenous antigens. Such an increasingly uneven clonal
size distribution can be biologically relevant. Some clones may be just too infrequent in
older individuals to provide a meaningful response to immune challenge, while expanded
ones may confer increased responsiveness to specific challenges. Moreover, some of these
clones selected during homeostatic proliferation may have a higher affinity to self and
therefore promote autoreactive immunity in the elderly (Deshpande et al., 2015; Goronzy
and Weyand, 2012; Quinn et al., 2016).

Memory T Cell Homeostasis in the Aging Host

Virus-specific T cell memory is long lived, even in the absence of re-stimulation. Small pox-
and yellow fever virus-specific CD8" T cells persist for several decades after vaccination
(Crotty et al., 2003; Hammarlund et al., 2003). Notably, memory T cell homeostasis is more
dynamic than that of naive T cells with daily turnover rates of around 0.6%, shows evidence
of a higher degree of population heterogeneity in stable isotope-labeling studies (Wallace et
al., 2004; Westera et al., 2013), and must cope with many confounding forces over lifetime.
Each infectious episode imposes major disturbances due to clonal expansion of antigen-
specific T cells. Latent infections with herpes viruses such as varicella zoster virus (VZV),
Epstein-Barr virus (EBV), and cytomegalovirus (CMV) are very common in humans and
have a major influence on the peripheral blood T cell composition with age. Interestingly,
even within the herpes virus family, response patterns vary widely. T cell frequencies to
VZV decline with age, presumably exposing aging individuals to VZV reactivation, causing
shingles (Levin et al., 2003). By the age of 80 years, almost 50% of individuals have
experienced shingles. In contrast, frequencies of CMV-specific and to a lesser extent EBV-
specific CD8* T cells tend to increase, successfully protecting aging individuals from CMV-
and EBV-associated morbidities (Khan et al., 2002; Pourgheysari et al., 2007). Indeed, the
expansion of memory and in particular terminally differentiated CD8* effector cell
(TEMRA) populations that is seen with age is largely caused by CMV (Wertheimer et al.,
2014).
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Whether memory cell inflation by CMV compromises the global repertoire and therefore
negatively impacts immune health is controversial (Sansoni et al., 2014). Theoretically,
CMV-specific effector T cells reside in a different tissue niche than naive or central memory
cells and thus should not constrain the repertoire of these cells or their response to
vaccination. Moreover, the CD8* compartment size is plastic and is capable of
accommodating the expansion of CMV-specific cells (van Leeuwen et al., 2006). However,
in studies examining the impact of latent CMV infection, CD4" T cell responses to influenza
A matrix protein and nucleoprotein were reduced in older CMV carriers (Derhovanessian et
al., 2014). Also, frequencies of CD8* TEMRA cells, many of them reactive to CMV,
inversely predicted the antibody response to trivalent influenza vaccination (T1V) (Goronzy
et al., 2001; Saurwein-Teissl et al., 2002). In contrast, other studies have not found a
relationship between CMV carrier status and reduced influenza vaccine responses with age;
on the contrary, CMV infection appeared to even have a positive effect on antibody
responses in young individuals, presumably by activating innate cells (Furman et al., 2015).
One possible explanation for these diverging observations is that CMV infection does not
influence unrelated immune responses but that memory inflation, by itself necessary to
contain CMV, is a surrogate marker of immune failure.

Resident memory T cells in lungs, skin, and submucosal sites account for a large fraction of
memory cells numbering more than 5 x 1010 cells in an individual. Seeding into tissues
occurs in childhood, and the resident population persists throughout adulthood (Farber et al.,
2014; Sathaliyawala et al., 2013). In the mouse skin, resident memory T cells persist over
long time periods (Biasco et al., 2015). In contrast, in lungs, they appear to more rapidly
decline after influenza infection (Wu et al., 2014). Data on the impact of age in humans on
frequencies or function of resident memory T cells are lacking. Mathematical modeling has
predicted that their decay after infection and the lag-time in generating new resident cells
accounts for failed viral control in pulmonary influenza infection (Zarnitsyna et al., 2016). It
is therefore an attractive hypothesis that an age-associated depletion or functional change of
this population contributes to the increasing morbidity and mortality from influenza
infection with age.

In summary, our current understanding of the influence of age on the size of the memory
compartment entirely relies on studies of peripheral blood and lacks information on resident
memory cells. T cell responses specific for latent herpes viruses are an informative model to
understand age-associated changes in T cell memory. Memory cell inflation appears to be
beneficial for controlling viral latency while there is currently no convincing evidence that it
has adverse effects on overall immunity. Discrepant T cell memory persistence to CMV and
VZV could be due to differences in latency and viral load of these herpes virus strains.
Alternatively or in addition, dissimilarities in CD4* and CD8" T memory cell persistence
may contribute because VZV is thought to be mainly controlled by CD4* T cells which may
be less prone to memory cell inflation and differentiation compared to CD8" TEMRAs. An
epigenetic and transcriptome comparison of VZV- and CMV-specific T cells in older
individuals will be informative to understand the different response patterns in maintaining T
cell memory to these two viruses.
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Repertoire Diversity of Memory T Cell Response in the Aging Host

The population of TEMRA T cells that increases with age, in particular in the CD8*
compartment, is highly oligoclonal with single clonotypes reaching frequencies of up to 1%
in the peripheral blood compartment (Henson et al., 2012). This is consistent with the
interpretation that this population mostly represents an inflated memory T cell response to
latent viruses resulting from massive clonal expansion. Outside of the TEMRA populations,
the overall number of TCR sequences does not decline with age and the number of clonally
expanded memory T cells does not increase, suggesting that the overall diversity is well
maintained (Qi et al., 2014). Interestingly, the TCR repertoire of CD4* memory T cells is
much more diverse than that of CD8* memory T cells in the young as well as in the old
adult (Li et al., 2016a; Qi et al., 2014). Whether this is due to a larger pool of antigenic
peptides recognized by CD4* memory T cells or whether the CD4* TCR repertoire to single
peptides is broader remains to be determined.

To definitely address the question of whether changes in the memory T cell repertoire with
age compromises adaptive immune responses, studies of memory T cells to single antigenic
peptides are needed. Such studies in humans are in their infancy. In mice, the TCR repertoire
to an antigenic peptide follows a power law distribution involving a large number of T cell
specificities, with only a few of them gaining dominance (Obar et al., 2008; van Heijst et al.,
2009). Recall responses in mice did not cause a contraction of the peptide-specific responses
(Cukalac et al., 2014). In contrast, human CD8* T cell responses directed against the HLA-
A2-restricted M158-66 peptide of the influenza A virus showed narrowing of the repertoire
with age, possibly impacting the ability to recognize antigenically related viruses (Gil et al.,
2015). The contraction in the diversity of anti-influenza A CD8* T cells most likely resulted
from repeated stimulation, since the epitope studied is highly conserved between different
influenza strains. Repertoire studies of CMV-specific T cells provided evidence that TCR
breadth of the peptide-specific response is functionally important (Wang et al., 2012). While
memory inflation is sufficient to prevent overt clinical disease from CMV in old adults, a
smaller repertoire has been related to more frequent CMV reactivations, which are clinically
asymptomatic but may contribute to the inflammatory state in older adults. Likewise, the
number of T cell clones involved in the memory response to VZV varies by a factor of ten in
individuals older than 50 years (Qi et al., 2016a). Whether this high degree of variability is a
function of age and whether it is related to the risk of developing shingles remains to be
determined. Importantly, repertoire complexity of antigen-specific memory T cells can be
improved by vaccination even in older individuals. Recall immunization with the live VZV
vaccine Zostavax resulted in the diversification of the antigen-specific CD4* TCR repertoire,
due to the preferential recruitment of small VZV-specific clones, including those from the
naive T cell pool (Qi et al., 2016a). These data suggest that even in older individuals, a
reservoir of antigen-specific T cells exists that can be enlisted for broader and more effective
immune memory.

In conclusion, with the likely exception of naive CD8* T cells, loss of T cell numbers or
TCR diversity does not account for a decline in adaptive immune responses in healthy old
individuals (Figure 1). Naive and to some extent central memory T cells display features of
stemness that allows them to weather the challenges of aging through homeostatic
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proliferation. Whether and why naive CD8" T cells are more susceptible to being lost with
age remains to be determined. The naive TCR sequence diversity in young adults is high and
predicted to exceed the functional diversity so that even a modest loss with age is unlikely to
have functional consequences. Repertoire diversity of naive T cells in old individuals is not
only important for primary T cell response but continues to be a resource for T cell
responses to antigens previously encountered. However, these conclusions are contingent on
peripheral homeostatic proliferation being efficient and unbiased, which appears to be the
case for healthy older individuals but may not hold up for all individuals. Peripheral
selection of proliferating cells could severely reduce compartment size and bias TCR
diversity and may correlate with larger loss in immune health. In particular, changes in the
cytokine milieu or in the responsiveness of T cells to cytokine stimulation, as reviewed in
the following section, could have a major influence on the ability to maintain compartment
size and repertoire diversity.

Influence of Inflamm-aging on T Cell Responses

The environmental context, in which T cell responses occur, changes substantially with
aging. Notably, circulating levels of pro-inflammatory cytokines, in particular interleukin
(IL)-6 and tumor necrosis factor (TNF)-a, increase with age, and these have been correlated
with age-associated morbidities such as cardiovascular disease and frailty (Ferrucci et al.,
2005). Also, high serum concentrations of IL-6 are predictive of disability and survival in
older individuals (Reuben et al., 2002).

To be activated and to differentiate, T cells require dendritic cells (DCs) to present antigen
and provide costimulatory signals as well as lineage-determining cytokines, all processes
that are sensitive to the inflammatory milieu. Tonic signaling by inflammatory cytokines is
expected to attenuate the responsiveness of DCs to stimulation. Studies of human DC
functions have not yet led to a unifying concept on how these cells are impacted by age
(Wong and Goldstein, 2013). Circulating numbers of myeloid and plasmacytoid DCs, their
phenotypes, and their ability to express costimulatory molecules appear to be intact in older
individuals (Agrawal et al., 2007; Gupta, 2014). However, myeloid (m)DCs from older
individuals have impaired ability to endocytose and present antigen to CD4" and CD8* T
cells (Gupta, 2014). Most studies describe reduced cytokine production of DCs stimulated
with Toll-like receptor ligands in vitro, a defect that has been correlated with reduced
responses to vaccination (Panda et al., 2010). Little is known about how aging impacts the
function of tissue-resident DCs and the niches in which T cell activation occurs (Su et al.,
2013; Vukmanovic-Stejic et al., 2015).

Whether low responsiveness of DCs can be overcome by adjuvants is an area of active
research, with some limited success so far. In vivo experience exists mostly for oil-in-water
emulsion adjuvants such as MF59, AS01B, or AS03 that enhance the influx of innate
immune cells to the site of vaccination and induce their activation. In comparative
vaccination trials of older individuals, MF59, widely used in Europe, outperformed the
nonadjuvanted vaccine in inducing influenza virus-specific antibodies and improving
clinical outcome (Domnich et al., 2017). AS03-adjuvanted TIV vaccine showed a trend
toward superior protection that, however, reached significance for only some subtypes
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(McElhaney et al., 2013). Notably, the AS01B-adjuvanted VZV gE subunit vaccine was
highly effective irrespective of age (Cunningham et al., 2016). These adjuvants therefore
appear to be efficacious in older individuals, but they cannot fully restore the adaptive
immune response to the level of younger adults, possibly with the exception of the VZV
vaccine. TLR-activating vaccine adjuvants are of interest given the defects in TLR signaling
pathways observed in vitro studies. Experiments in non-human primates suggest that elicited
cytokine profiles are dependent on the nature of the TLR ligand (Kwissa et al., 2012);
however, in vivo data on the impact of age on the efficacy of these adjuvants are lacking.

TNF-a is known to also directly influence T cell immunity, in part by reducing the
expression of CD28 (Bryl et al., 2001, 2005). Inhibition of TNF signaling restores T cell
responses in chronic viral infection in mice (Beyer et al., 2016), an observation that may also
be relevant for old humans. In addition, the pro-inflammatory environment may be
responsible for the blunted response of T cells from older individuals to cytokines, as shown
by in vitro studies, possibly due to the induction of negative regulatory pathways (Shen-Orr
et al., 2016). Baseline STAT phosphorylation is increased in cells from older individuals, and
reduced JAK-STAT signaling to cytokines have been correlated with chronic inflammation
and age-associated morbidities.

A distortion of JAK-STAT signaling should have a major impact on T cell maintenance and
responses. Different cytokine milieus could bias the functional polarization of T cell
immunity. There is no convincing evidence that the induction of a Th1 cell response is
compromised in older individuals, consistent with the finding that DCs in the elderly can
produce IL-12 and that a pro-inflammatory environment is supportive of Thl cell responses.
However, after vaccination, T follicular helper (Tfh) cells are less frequent in older subjects
and appear to be malfunctioning (Barnett et al., 2014; Herati et al., 2014; Linterman, 2014).
In murine studies, defective Tfh cell generation can be corrected by supplementing
additional I1L-6 (Sell et al., 2014), possibly indicating reduced responsiveness to 1L-6 due to
attenuation of 1L-6 receptor signaling in an IL-6-saturated environment.

Systems analyses have identified gene expression signatures related to innate immune
activation that correlate with human vaccine responses, giving insights into the response in
older individuals. In longitudinal studies of annual influenza vaccinations, inflammatory
monocyte transcriptional signatures at baseline consistently correlated with poorer antibody
responses, suggesting that an inflammatory state is detrimental to the establishment of
protective humoral immunity (Nakaya et al., 2015). Notably, such signatures were more
common in older individuals. Also, monocytes in older individuals produce more IL-10 after
influenza vaccination, which inversely correlated with the increase in antibody titers
(Mohanty et al., 2015). Conversely, early innate responses on the day after influenza
vaccination, largely comprised of antiviral and type | IFN-related genes, correlated with
superior vaccine responses. This vaccination-induced innate immune signature was impaired
in older individuals (Nakaya et al., 2015), consistent with in vitro data that type | IFN
production in DCs from older individuals is reduced (Gupta, 2014). Moreover, activated
CD4™* T cells from older individuals are also less responsive to type | IFNs, mostly due to
increased recruitment of SHP1 to the IFAR signaling complex, potentially amplifying the
effect from the lower production of this cytokine (Le Page et al., 2014; Li et al., 2015).
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Thus, the inflammatory environment characteristic of the aging individual has to be taken
into account when interpreting adaptive immune responses. Frail individuals who have
higher concentrations of inflammatory cytokines also have reduced in vitro responses to
cytokine stimulation and poorer vaccine responses in vivo, consistent with the model that
chronic cytokine exposure is harmful, possibly by attenuating relevant signaling pathways.
Anti-inflammatory treatment could be beneficial in restoring adaptive immune competence.

Epigenetic Loss of CD8* T Cell Stemness

The replicative history of individual T cells from homeostatic proliferation as well as the
signals received from the environmental cues present in the aging host should leave an
imprint on the organization of the epigenome, and epigenetic signatures should therefore be
informative on which processes underlie T cell aging. The recent invention of the assay for
transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) has
facilitated the ability to interrogate the epigenome using a small number of cells. In a recent
study, genome-wide maps of chromatin accessibility were generated for purified CD8* T
cell subsets from age-segregated human individuals and compared to transcriptome analysis
(Moskowitz et al., 2017). Changes throughout differentiation were defined by comparing
naive, effector, and central memory T cells; these analyses were complemented by
examining the impact of age on the chromatin landscapes and identifying the associated
regulatory programs. Epigenetic differences were more discriminatory and robust than gene
expression differences. Differentiation-associated chromatin accessibility signatures were
mostly preserved during aging, indicating the resilience of phenotypically defined T cell
subsets. However, naive CD8* T cells from elderly individuals exhibited an epigenetic
profile more similar to that of young central memory T cells, and old central memory CD8*
T cells had features of effector T cell differentiation; both mediated by an increase in sites
accessible to bZIP family and a closure of Ets family transcription factor binding sites. In
contrast to virtual memory T cells in the mouse, this shift to a more differentiated state was
incomplete and not associated with a gain in effector function, but included genes relevant to
T cell proliferation. Similar epigenetic studies are lacking for CD4* T cell subsets. However,
phenotypic studies also indicate shifts toward differentiation with age in this compartment,
albeit possibly more subtle. The cell surface molecules protein tyrosine kinase 7 and CD31,
expressed on a subpopulation of naive cells in children and young adults, are lost with
homeostatic proliferation and decline with age (Haines et al., 2009; Kilpatrick et al., 2008;
Kimmig et al., 2002). CD31~ naive CD4" T cells have a lower TREC frequency, indicating
an increased replicative history. In a cohort of children and adolescents after neonatal
thymectomy, CD31™ naive T cells had lost the ability to produce IL-8, an effector function
attributed to naive cells (van den Broek et al., 2016).

Thus, a major epigenetic change in naive and central memory CD8" T cells with age is a
loss in stemness and a shift toward a more differentiated stage. This shift may be a
consequence of the cumulative replicative history of homeostatic proliferation over lifetime
(Figure 2). Signatures reminiscent of differential cytokine exposures, such as accessibility to
NF-xB and STAT motifs, were not described, but this may be different in frail older
individuals who have more evidence of inflamm-aging. Most importantly, it will be of
interest to determine whether CD4* and CD8* T cells develop the same epigenetic
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signatures with age and how these signatures relate to the cells’ functional properties and the
ability to respond to stimulation.

Age-Associated Defects in T Cell Activation

Studies of human T cells have associated aging with changes in autophagy, in membrane
properties to form rafts, and in reactive oxygen production (Fulop et al., 2014; Phadwal et
al., 2012); however, these studies examined total T cell populations, irrespective of naive or
memory phenotypes, and are therefore difficult to interpret. Likewise, transcriptome
comparisons between young and old adults have been done for total T cell populations
(Chen et al., 2013). An analysis of the influence of age on the transcriptome in total CD4* T
cells identified relatively few gene expression differences with no striking pathway
enrichment (Reynolds et al., 2015). Changes in CD8" T cell transcriptomes are largely due
to increased frequencies of effector CD8* T cells (Cao et al., 2010). A separate analysis of
CD28" and CD28~ CD8* T cells in young and old individuals were consistent with the
model that old CD28*CD8* T cells were more differentiated (Lazuardi et al., 2009) as also
suggested by the epigenetic studies of CD8* T cell subsets (Moskowitz et al., 2017).
Because a major feature of T cell aging appears to be the initiation of differentiation steps,
the analysis of individual T cell subsets in functional studies is important.

Human naive CD4* T cells maintain reasonable functionality with progressive age, at least
in healthy individuals (Gomez et al., 2004). One of the best-defined aging-related signaling
defects in CD4* naive T cells is caused by the reduced expression of miR181a (Li et al.,
2012). Expression of miR181a is highest in thymocytes, lower in naive T cells, and further
declines with T cell differentiation in both mouse and men (L.i et al., 2007). The age-
associated decline may therefore represent an example of incomplete differentiation that
here impacts signaling cascades (Figure 2). miR181a targets several phosphatases, including
the dual-specific phosphatase (DUSP)6 that is overexpressed in older T cells (Li et al.,
2012). DUSP6 dephosphorylates ERK, not only attenuating ERK signaling after TCR
activation but also interfering with a forward feedback loop in TCR signaling (Stefanova et
al., 2003). Forced overexpression of miR181a or DUSP6 silencing largely restores TCR-
induced activation in naive CD4* T cells from older individuals (Li et al., 2012). The
DUSP6-mediated signaling defect can also be overcome by increasing stimulation strength.
Indeed, recent vaccination studies with TIV have found a benefit from increasing the vaccine
dose in older individuals (DiazGranados et al., 2014).

Naive CD8* T cells appear to be more vulnerable to developing cell-intrinsic defects than
CD4* T cells, matching their higher degree of decline in peripheral blood with age. Bricefio
et al. (2016) stimulated naive CD8* T cells with DCs pulsed with Melan/Mart-1 peptide;
naive T cells responsive to Melan/Mart-1 peptide are found in relatively high frequencies. In
older individuals, clonal expansion of Mart1-specific T cells was reduced, and importantly,
these cells failed to differentiate into T-bet-expressing effector T cells. Most interestingly,
these in vitro results correlated with in vivo primary responses after vaccination with the
tick-born encephalitis virus, supporting the in vivo relevance of these in vitro findings
(Bricefio et al., 2016). Reduced primary CD8* T cell responses are also seen in older
individuals after vaccination with the live attenuated yellow fever vaccine, which manifested
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as delayed viral clearance and decreased frequencies of activated CD8* T cells at peak
responses (Schulz et al., 2015). Poor responsiveness to yellow fever vaccine correlated with
low numbers of circulating naive CD8* T cells and DCs, and reduced CD31 expression on
CD4" naive T cells. How CD31 is functionally related to CD8* T cell responses is unclear,
and it is possible that the association may simply reflect a correlation with replicative
history. A more direct marker of replicative history is telomere length (Lin et al., 2015; Son
et al., 2000). The proliferative responses of influenza M1-specific CD8* T cells after TIV
vaccination inversely correlated to telomere length in peripheral blood mononuclear cells
(Najarro et al., 2015), consistent with the notion that cumulative homeostatic proliferation
constrains the expansion of antigen-specific CD8" T cells (Figure 2). The conclusion of
these vaccination studies that in vivo CD8* T cell priming declines with age is not
undisputed. Lelic et al. (2012) did not find an effect of age on the frequencies or function of
antigen-specific CD8* memory T cells after West Nile fever infection. However, vaccine
studies can be better controlled than population studies, and the evidence for impaired CD8*
T cell priming by age is overall convincing. Since studies on naive CD8* T cell activation
defects so far have been entirely descriptive, more conclusive evidence has to come from
mechanistic studies that are lacking for naive CD8* T cells.

Age-Associated Survival Defects in Memory T Cell Generation

Studies of the T cell memory response after VZV vaccination in a cohort of healthy 50- to
75-year-old individuals found that age was not a major factor determining the expansion of
antigen-specific CD4* T cells in the first 1-2 weeks after vaccination (Qi et al., 2016b).
However, age was associated with the increased loss of effector cells after peak responses,
compromising the frequency of long-lived memory T cells. Gene expression profiling of in
vivo activated CD4* T cells 1-2 weeks after VZV vaccination of older individuals identified
DNA damage response gene modules as the major predictor of a superior vaccine response
as determined by the survival of effector T cells and the successful generation of long-lived
antigen-specific memory cells (Qi et al., 2016b). The proliferative stage of a T cell response
encompasses extreme replicative stress that requires coordination of cell cycle control and
DNA repair, and it is therefore not entirely surprising that dysregulation of this process is
sensitive to aging and curtails cell survival. Still, the absence of a gene module related to
apoptosis is striking.

In vitro studies provide evidence for the notion that, in addition to a defect in cell cycle
control and DNA repair, age affects memory T cell survival also through active mechanisms.
Apoptosis of activated CD4* T cells correlated with the expression of the ATPase CD39,
which is induced in a subset of CD4* memory T cells after activation (Fang et al., 2016).
CD8* memory T cells are more prone to express CD39 than CD4* T cells (Bai et al., 2015),
and CD39 is a marker on exhausted CD8* T cells (Gupta et al., 2015). The propensity to
express CD39 after activation increases about 2-fold with age. CD39 ATPase activity is
directly responsible for apoptosis susceptibility, in part due to cleaving of secreted ATP,
generating adenosine and signaling through the A2AR adenosine receptor. Older activated
memory CD4* T cells and in particular CD39™" effector T cells also express increased
concentrations of the nuclear dual-specific phosphatase DUSP4 (Yu et al., 2012). DUSP4
has been implicated in cellular senescence, presumably by terminating nuclear ERK activity
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(Bignon et al., 2015). The failure of older memory CD4* T cells to support the proliferation
and differentiation of B cells is caused by their increased expression of DUSP4. DUSP4
silencing in old activated CD4* memory T cells restored helper cell activity (Yu et al.,
2012).

Consistent with these in vitro observations, individuals with reduced ability to transcribe
CD39 due to a promoter polymorphism (Friedman et al., 2009) have better responses to TIV
as well as VZV vaccination (Fang et al., 2016). These data assign a role to purinergic
signaling in recall responses and also point to a more prominent role for this pathway in
older individuals. While important for vaccine responses, this pathway is also relevant in the
inflamed environment of solid tumors that generate elevated extracellular concentrations of
ATP (Cekic and Linden, 2016). A2AR signaling has been shown to reduce the cytotoxic
activity of tumor-infiltrating CD8* T cells (Beavis et al., 2013; Mittal et al., 2014). Reducing
adenosine production in this setting has been found to activate tumor-associated T cells and
to increase the effectiveness of antitumor vaccines and PD1 checkpoint inhibition (Beavis et
al., 2015; Mittal et al., 2014; Waickman et al., 2012). The increased CD39 expression on
human effector T cells with age may therefore also have consequences for antitumor
immune activity.

In conclusion, survival of effector T cells and transition into memory T cells is a critical step
of the recall immune response that is vulnerable to aging. A variety of mechanisms
including insufficient DNA repair and modified purinergic signaling due to the expression of
CD39 lead to increased cell loss at the peak of the T cell response after antigen encounter.
As a consequence, expansion of effector T cells capable of producing Thl and Th17
cytokines is intact in older individuals, but their inability to provide Tfh cell function and to
survive as memory cells compromises the efficacy of vaccination.

Control of T Cell Memory Inflation by Cellular Senescence

Unlike the short-lived effector T cells that are more prone to apoptosis in older individuals,
TEMRAT cells are effector T cells that tend to accumulate with age. As discussed above,
these cells are mostly specific for latent viruses, such as CMV and EBV (Newell et al.,
2012), suggesting that the nature and chronicity of viral stimulation rather than age drives
their functional phenotype (Wertheimer et al., 2014). TEMRA T cells have low proliferative
potential, short telomeres, and low telomerase activity and are considered to be senescent.
Akbar et al. (2016) have proposed a senescence model for TEMRAS that centers on the
disproportionate activation of the p38 MAPK pathway (Figure 3). p38 phosphorylation
occurs downstream of ATM and ROS through TAB1/AMPK activation rather than TCR
signaling (Lanna et al., 2014). Activation of the p38 pathway is directly involved in the loss
of telomerase activity and of proliferative capacity, as well as the increased production of
inflammatory cytokines similar to the senescence-associated secretory phenotype in
fibroblasts (Tchkonia et al., 2013). Unlike cellular senescence in a strict sense, these
functional deficits are reversed by inhibiting p38 (Di Mitri et al., 2011; Henson et al., 2015).
This model links senescence features directly to DNA damage responses involving ATM and
to mitochondrial dysfunction causing ROS production (Henson et al., 2014). In terms of
cytokine production and cytotoxic activity, TEMRASs maintain complete competence. They
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develop features of NK cells leading to the interpretation that adaptive and innate immunity
converge with age (Pereira and Akbar, 2016; Warrington et al., 2001). TEMRAS express a
host of negative regulatory receptors such as killer immunoglobulin-like receptors and
CD85j that interfere with their ability to proliferate but not with cytokine production (Henel
et al., 2006; Lamar et al., 2010). Support for the functionality of these cells also comes from
the observation that the incidence of clinical disease due to reactivations of CMV and EBV
is very low in elderly individuals, in contrast to severely immunosuppressed transplant
patients (Rowshani et al., 2005). The induction of this senescence pathway therefore appears
to be a successful adaptive mechanism, constraining memory cell inflation while
maintaining function. Nevertheless, there are settings when expansion of senescent T cells is
desirable, even at the cost of suppressed cytokine production, such as expansion of tumor-
specific T cells or antigen-specific T cells after vaccination. It remains to be determined
whether this p38-driven senescence signature is also common for T cells outside of the
TEMRA population.

Age and T Cell Exhaustion

TEMRAS are different from exhausted cells because they have a selective defect in cell cycle
progression, including a defect in telomerase expression, but are otherwise functionally
competent (Akbar and Henson, 2011). In contrast, T cells exhausted due to chronic
stimulation have entered a differentiation stage where they progressively lose effector
functions of cytokine production and cytotoxicity, interfering with their ability to eradicate
cancer or control viral infections (Figure 3; Wherry, 2011). The phenotypic hallmark of
exhausted cells is the prolonged and high expression of negative regulatory receptors and in
particular PD-1. PD-1 expression is low and T-bet expression is high in TEMRASs (Henson
et al., 2015). Proliferation of TEMRAs is in part restored by PD-1 blockade, yet without
improving telomerase activity (Henson et al., 2015).

While exhausted CD8* T cells triggered by just age in the absence of infection have been
described in the mouse, similar evidence for humans is lacking (Lee et al., 2016). However,
some of the pathways that induce T cell exhaustion may be shared with those that are
involved in T cell aging and senescence. Epigenetic studies of human naive and central
memory CD8* T cells revealed an age-associated loss of chromatin accessibility at key
promoters, in particular at NRF1 binding sites (Moskowitz et al., 2017). The loss in NRF1
binding appears to account for the reduced expression of mitochondrial respiratory chain
genes and defective oxidative phosphorylation that could result in poor T cell survival
(Figure 2), reminiscent of the mitochondrial dysfunction-associated senescence identified by
Wiley et al. (2016) in proliferating cells with mitochondrial defects. Repression of PGCla,
an important cofactor of NRF1 activity, is an early event in T cell exhaustion, indicating a
mechanistic overlap between T cell aging and exhaustion (Bengsch et al., 2016). However,
CD8*CD45RO*CCR7~ effector memory T cells from older individuals show only few
differences in terms of chromatin accessibility compared to young effector memory T cells,
and they lack the epigenetic signatures of exhausted T cells (Moskowitz et al., 2017; Sen et
al., 2016). This observation suggests that T cell aging mainly affects naive and central
memory CD8* T cells, possible employing pathways similar to exhaustion. In contrast,
effector T cells in older individuals do not show any evidence of exhaustion.
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Recent data in mouse models have suggested the existence of functional subsets of
exhausted cells, with only a subset responding to checkpoint inhibition (Im et al., 2016).
Moreover, the epigenetic phenotype of exhausted T cells is stable under PD-1 blockade and
the restoration of function is therefore only transient in most T cells (Pauken et al., 2016).
These observations raise the clinically important question of whether treatment responses to
PD-1 blockade decrease with age, either because exhausted T cells age or because the
fraction of exhausted T cells that are treatment responsive declines. In a meta-analysis of
randomized controlled trials of immune checkpoint inhibitors (ipilimumab, tremelimumab,
nivolumab, and pembrolizumab), the response rates of young and old cancer patients were
very similar, suggesting that aging does not influence the function of exhausted T cells
(Nishijima et al., 2016). However, these data are preliminary and additional work is needed
to define the heterogeneity of exhausted T cells in humans and the influence of age on their
composition and function.

Maladaptive T Cell Aging: Promoter of Tissue Inflammation

As outlined in previous sections, immune failure occurs when adaptive strategies developed
by the aging T cell system fail. More frequently, adaptive mechanisms are successful but
come at a price. Pertinent examples are homeostatic proliferation that maintains
compartment size at the expense of partial loss in stemness and incomplete differentiation or
activation of negative regulatory programs that constrain effector cell expansion and prevent
increasing oligoclonality but also interfere with memory cell generation. In some settings,
the programs associated with T cell aging culminates in a maladaptive response that directly
instigates or at least contributes to disease (Figure 3). As principally studied in the model
disease of rheumatoid arthritis (RA), maladaptive T cell aging in response to proliferative
pressure and chronic stimulation leads to inflammatory effector functions and sustains
chronic, tissue-injurious inflammation. Early studies, utilizing measurements of telomeric
length and clonal expansion of CD4*CD28" end-differentiated T cells, estimated that the
immune aging process is accelerated by 2—3 decades in patients with RA as compared to
age-matched controls (Fujii et al., 2009; Weyand et al., 2014). Molecular analysis of early
CDA4* T cell responses in RA patients, modeled by activating CD4*CD45RA* T cells and
studying early effector cells, identified the nuclease MRE11A, the DNA-dependent protein
kinase DNA-PKcs, and the cell cycle regulator ATM as molecular mediators of premature T
cell aging (Li et al., 2016b; Shao et al., 2009, 2010). During adult life, MRE11A and ATM
protein levels in CD4* T cells gradually decline in healthy individuals. This process is
significantly accelerated in RA T cells and affects the naive CD4* compartment much more
than the memory compartment.

MREL1A is a nuclease and a component of the MRN complex critically involved in DNA
damage sensing and repair. The kinase ATM is recruited to damaged DNA sites, acts as a
sensor and amplifier of the DNA repair machinery, and regulates the cell cycle checkpoint
and the cell’s life-death decisions. Loss-of-function mutations in DNA repair molecules
have been identified as the underlying defect in progeria syndromes. Patients with the
progeria Nijmegen breakage syndrome, who have a mutated NBN protein that forms the
MRN complex with MRE11, display many of the immune aging findings in circulating T
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cells (Meijers et al., 2017). A similar observation has been made for patients with mutated
ATM (Carney et al., 2012).

In RA CD4* T cells, the lack of MRE11A nucleolytic activity is relevant for telomeric
maintenance (Li et al., 2016b). MRE11A° telomeres in RA T cells are coated by damage
proteins and resemble uncapped, structurally abnormal telomeres. Impairment of the
nuclease induces the senescence markers p16 and p21 but fails to upregulate p53, thus
avoiding the classical hallmark of senescence, irreversible cell cycle arrest. With maintaining
proliferative capacity, MRE11A RA T cells become highly mobile, capable of effective pro-
inflammatory functions in the tissue environment (Figure 4). T cells rendered MRE11A-
deficient infiltrate into synovial tissue where they promote a strong inflammatory response,
inducing the hallmark RA cytokine signature of excessive IL-6, IL-1p, and TNF-a
production. Precise mechanisms of how MRE11A° T cells foster tissue inflammation need
to be clarified.

ATMI° T cells from RA patients are highly capable of pro-inflammatory effector functions
as well (Figure 4). They utilize a different pathway to induce and sustain inflammation in
synovial tissue. ATM loss biases T cells to shift their differentiation pattern to a preferential
commitment for the Th1 and Th17 cell lineages (Yang et al., 2016). T cells from healthy
individuals treated with an ATM inhibitor invade into synovial tissue and acquire
arthritogenic effector functions in vivo, suggesting a molecular link between DNA damage
repair, cell cycle regulation, and functional behavior of T cells.

Mechanisms leading to loss in ATM activity in RA T cells have been explored. Besides its
role in DNA damage and cell cycle checkpoint control, ATM functions as a redox sensor.
RA T cells fail to appropriately phosphorylate ATM and repress transcription of the gene, a
defect correctable by increasing cellular ROS levels. RA naive CD4* T cells are
constitutively low in intracellular ROS due to metabolic reprogramming and a fundamental
shift in glucose utilization (Yang et al., 2016). CD4* naive T cells from healthy individuals
undergoing activation preferentially channel glucose to glycolytic breakdown and ATP
generation. Due to reduced production of the glycolytic enzyme PFKFB3 and the
upregulation of G6PD, RA T cells shunt glucose toward the pentose phosphate pathway,
switching from a catabolic to a synthetic metabolism (Yang et al., 2013, 2016). Excess
production of NADPH depletes the cell’s oxidative elements and impairs oxidative
signaling. The functional outcome is an ATM!® T cell favoring pro-inflammatory effector
functions.

Essentially, shared molecular features in the inherited progeria syndromes and in the chronic
inflammatory disease rheumatoid arthritis emphasize the role of DNA repair mechanisms
and cell cycle control in determining T cell aging and T cell functional behavior. Emerging
data suggest that the failure of capping telomeres and repairing broken DNA may be
mechanistically linked to fundamental metabolic processes.
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Concluding Remarks

As long-lived cells that are able to survive for decades, T cells are exposed to abundant
environmental encounters, while tackling the need to constantly regenerate. Continuous low-
rate proliferation of naive T cells in the periphery is the major adaptation to prevent
lymphopenia and to preserve the resource of a diverse repertoire of naive T cells. In healthy
aging, humans utilize this mechanism of cell generation quite successfully, in particular for
CD4* T cells, yet pay the price of imposing replicative stress on somatic cells that inherently
limits their replicative potential and also triggers cell differentiation. Many of the unwanted
functional changes occurring with age are related to a partial loss of stemness and
incomplete acquisition of features characteristic of memory or effector T cells. Although
most of the shifts in molecular pathways identified so far are relatively subtle, data are
mostly based on examination of healthy individuals, and studies are needed to investigate
how these pathways change in case of less successful aging and in disease states. Unlike
naive T cells, for which those circulating in peripheral blood embodies a reasonably
representative population, aging studies of memory T cells have to appreciate the impact of
compartmentalization, as exemplified by resident memory T cells. Generally, the aging
memory T cell system has to find a balance between maintaining and expanding memory
cells, while avoiding oligoclonality and clonal dominance. Memory inflation can be
successful to keep latent infections in check as exemplified by immune responses to CMV.
However, the aging immune system commits considerable resources to a multitude of
negative regulatory pathways to control clonal expansion in acute T cell responses as well as
preventing memory inflation to chronic stimulation. While these pathways function to
balance the memory cell compartment, their disproportionate activation contributes to the
failure of generating immune memory in the aging host. A clinically dreaded complication
of maladaptive T cell aging stems from the propensity of such aged T cells to rapidly invade
into tissue sites and promote tissue inflammation. Understanding mechanisms driving
healthy and maladaptive T cell aging is beginning to provide a series of molecular targets
and opens the door toward therapeutic corrections, extending the life and functionality of T
cells and preventing aging-related inflammation.
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To be successful in aging, each T cell subset has to cope with unique challenges. In the
absence of thymic activity, naive T cells are maintained by peripheral proliferation that with
increasing age is associated with partial differentiation and contraction in TCR diversity. In
the memory compartment, oligoclonal memory inflation as well as loss of memory T cells
can occur. Contraction in TCR repertoire breadth to viral antigens can impair virus control

as well as cross-protection. Treg cells change in frequencies, composition, and tissue

compartmentalization.
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Figure 2. Functional Consequences Deriving from Cumulative Homeostatic Proliferation
The decades-long replicative history of naive and memory T cells is associated with reduced

telomeric protection and T cell differentiation initiation. Many of the age-associated
functional changes including loss of stemness, signal strength calibration, and mitochondrial

dysfunction can be traced back to these processes.
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Figure 3. Dimensions of Maladaptive T Cell Aging

Adaptive processes of T cells to changing demands during aging can lead to maladaptations.

Chronically stimulated T cells are exhausted with a decline in effector function and

proliferative potential. A phenotype reminiscent of the senescence-associated secretory

phenotype in senescent fibroblasts is seen in terminally differentiated CD45RA T cells

(TEMRA) that are efficient cytokine producers while having lost proliferative potential due

to a DNA damage-induced cell cycle block. Deficient reactive oxygen signaling and
metabolic reprogramming in aged naive T cells accelerate proliferative responses and

differentiation in Th1/Th17 effector cells. Defective DNA damage responses to telomere
uncapping in aged naive T cells promote tissue infiltration and inflammation. Whether these

different processes are sequential, co-existing, or interdependent needs to be explored.
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Figure 4. Inflammation Resulting from M aladaptive DNA Damage Responsesin T Cell Aging
Defects in DNA damage responses mediated by ATM (left) and MRE11 loss (right) in naive

CD4* T cells have been linked to increased tissue inflammation in patients with rheumatoid

arthritis, who present with premature immune aging.
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