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Chronic inflammation and aging: DNA damage tips the balance
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Abstract

The aged immune system, typically hyporesponsive to infection and vaccination, can be
hyperresponsive in the context of inflammatory pathology. Here we review current work
examining the mechanisms behind the amplified inflammatory profile of aged adaptive immunity,
and the reciprocal relationship between chronic inflammation and immune aging. Aged
hematopoietic stem cells are driven to differentiate following accumulated DNA damage, thus
depleting the stem cell pool and increasing the number of damaged effector cells in the circulation.
Chronic DNA damage responses in lymphocytes as well as senescent cells of other lineages
initiate the production of inflammatory mediators. In addition, aged lymphocytes become less
reliant on specific antigen for stimulation and more prone to activation through innate receptors.
When these lymphocytes are exposed to inflammatory signals produced by senescent tissues, the
bias toward inflammation exacerbates destruction without necessarily improving immunity.

Introduction

The aging of the immune system comes with an apparent paradox. Despite a decrease in
immune responsiveness to infection and vaccination [1], and even a reduction in infection-
associated immunopathology [2,3], the elderly individual experiences an increase in
systemic inflammation, which can aggravate degenerative diseases, and is at increased risk
of autoimmune disease. Some autoimmune diseases, such as giant cell arteritis and
polymyalgia rheumatica, are typical diseases of the elderly [4]. Others, such as rheumatoid
arthritis (RA), increase in incidence with age and peak when immune competence is already
on the decline and the control of exogenous or latent infections is impaired [5]. In addition
to classical autoimmune diseases, many age-associated pathologies are associated with
inflammation. Even more importantly, inflammation in longitudinal studies has a negative
impact on healthy aging. In the Cardiovascular Healthy AllStar Study, approximately one-
fifth of all participants had a doubling in serum IL-6 over a ten-year period. This doubling
was associated with a higher risk of physical and cognitive impairment as well as with an
increase in adverse cardiovascular events and mortality [6]. These and other studies [7] are
consistent with the interpretation that increased inflammation is an age-associated primary
event that sets the stage for later development of age-associated diseases. In the classical
paradigm, the source of inflammatory mediators is the innate immune system. Stimulation
of innate immunity may be a consequence of poor containment by, and increased bacterial
translocation from, the gastrointestinal system as has been implicated for the increased
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inflammatory response in HIV-infected patients [8,9]. Alternatively, the gradual dysfunction
of adaptive immunity may increase the infectious load from exogenous and latent infections,
thus increasing immune exposure to pathogen-associated ligands. In addition to these more
traditional mechanisms, there is increasing evidence that at least two age-related pathway
modifications contribute to increased inflammatory responses during aging: changes in
immune cell generation and homeostasis, and cell-intrinsic mechanisms associated with
cellular senescence and chronic DNA damage responses [10].

Age-associated remodeling of lineage differentiation

Since immune cell generation is central to immune function, aging of hematopoietic stem
cells (HSCs) is intimately involved with age-related immune pathophysiology. Whilst
maintaining pluripotency into advanced age, there is growing evidence that HSCs not only
lose regenerative capacity, but also have altered lineage potential. The lymphoid lineage
commitment dominant in children and young adults is replaced by preferential myeloid
differentiation in the elderly [11,12]. In a phenotypic study of human bone marrow, the
proportion of multipotent CD34*CD38™ cells was shown to increase in elderly. Myeloid
progenitor cells (defined as CD45RA negative) persist at the same level, while the frequency
of early or committed B lymphoid progenitor cells (defined by the expression of CD45RA,
CD38, CD10 and CD19) decreases with age [13]. Alterations in lineage-specific programs,
as well as a clonal dominance of myeloid-biased HSC, are thought to provide the underlying
mechanisms [14,15]. The resulting preferential myeloid differentiation results in a bias
towards the innate immune system and increased inflammatory activity. A new study now
links changes in differentiation potential directly to chronic DNA damage responses. The
authors examined HSC differentiation in a setting of telomerase deficiency to mimic age-
related DNA damage. They identified the basic leucine zipper transcription factor, ATF-like
(BATF) as central for limiting the self-renewal of lymphoid-biased HSCs and inducing cell
differentiation in response to DNA damage [16**]. In the accompanying editorial, Mandal
and Rossi postulate that the combination of compulsory lymphoid differentiation and
diminished self-renewal of lymphoid precursor cells eventually leads to a loss of
pluripotency and dominance of myeloid lineage HSCs [17]. Indeed, accumulation of DNA
damage and increased expression of BATF are features of HSC aging in humans [16**,18].
Figure 1A shows the ways in which the skewing of the HSC pool combines with other
inflammatory processes, all involving DNA damage, to exacerbate inflammation.

Age-associated alterations in subset composition and mature lymphocyte

function

In addition to a reduced number of lymphoid precursor cells and the oligoclonal expansion
of myeloid precursor cells, molecular defects in the lymphoid lineage have been identified
that correlate with the age-associated defective differentiation of mature lymphocytes. A
critical event for B cells appears to be the loss of the B lineage-specific effector molecules
EBF and PAX5. Transduction of lymphoid precursor cells from old mice with a
constitutively active form of STATS5 restored expression of both EBF and PAX5 and
increased B cell potential [19].

The decline in B lineage commitment favors innate immunity, and could itself have
consequences for inflammation. A bias towards autoreactivity in the formation of the B or T
cell repertoire may additionally tilt the balance. Cancro ef a/have provided evidence for the
hypothesis that central and peripheral selection checkpoints involved in B cell differentiation
are governed by competition for limited cellular growth and survival factors, such as B
Lymphocyte Stimulator (BLyS) [20,21]. If survival factors are no longer limiting, either
owing to a decreased number of precursor cells or following increased production of these
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factors as a compensatory homeostatic mechanism, B cell development is biased toward
survival and the generation of a more autoimmune repertoire [22]. A similar risk may apply
to thymic function in old age, in particular under conditions of thymic stimulation.
Medullary islet complexity and tissue-restricted antigen expression in the thymus decrease
with age and are not restored by induced thymic regrowth. Similarly, signaling
abnormalities in the WNT pathway remain defective. Thymic restoration, therefore, does not
reverse age-associated adaptive immune deterioration. Degenerative changes persist, any
restored function is very transient and, in addition, may be associated with the selection of a
more autoreactive repertoire [23**].

While these age-related changes in the central selection mechanisms of T and B cells may
favor classical autoreactivity and possibly autoimmunity, further deficiencies in peripheral
selection mechanisms may account for increased inflammatory responses irrespective of
antigen recognition. Recently, an age-associated B cell (ABC) subset has been described,
that can comprise up to 30% of the mature B cell pool in aged mice. These cells are not
reliant on BLyS for survival, but continue to express receptors for this cytokine, potentially
sequestering survival signals from other mature B cells in situations of limiting BLyS
concentrations. ABCs are unique in that they are refractory to B cell receptor stimulation,
and responsive to signals from Toll-like receptors (TLR) 7 and 9. In addition to their ability
to produce cytokines and immunoglobulins, these B cells are very effective antigen
presenters and favor polarization to a Th17 profile [24*]. Aged mice also accumulate a
population of B7-DC (PD-L2)+ B cells that facilitate the induction of a Thl, as well as a
Th17, response [25]. These populations, therefore, not only combine features of the innate
and the adaptive immune system, but also induce inflammatory T cell responses. A similar
concept of sharing features of innate and adaptive immunity has been proposed for T cells,
in that T cell effector populations acquire regulatory elements that are more typically
expressed by NK cells [26]. In contrast to the B cell population described by Cancro et al,
which is exhausted but able to respond to TLR stimulation and induce inflammatory T cells,
the T cell effector populations that accumulate with age remain responsive to antigenic
stimulation. In humans, these cells are predominantly specific for cytomegalovirus (CMV).
In a rhesus macaque model, clonally expanded CMV-specific CD8 T cells remain fully
functional and may, therefore, contribute to inflammation directly rather than indirectly
through diminished control of CMV infection [27]. Inflammatory markers in the context of
chronic CMV infection are a predictor for age-associated morbidity and mortality [7]. In
contrast to clonally exhausted T cell populations, where repeated antigenic stimulation
drives differentiation [28], a rapid response to IL-12 with increased expression of T-bet is
important for the expansion of the LCMV-specific T cell effector population in chronically-
infected mice [29], again consistent with the theme that responsiveness to innate stimuli
changes with age and that these cells commit to a more inflammatory lineage.

Whether defects in regulatory T cells (Treg) develop with age and contribute to the
imbalance in favor of autoimmunity and inflammatory cytokine production, remains an
attractive but contentious model. While frequencies of CD4+ Tregs and their ability to
suppress T cell proliferation or interferon production are not impaired in most studies, Sun et
al recently describe an inability of these cells to contain IL-17 production in a colitis model
in old mice [30]. Similarly, a regulatory CD8+ T cell population that is derived from naive
CD8+ T cells and continues to express CD28 and CCR7 has been found to decline with age
in both function and frequency and is decreased in patients with rheumatoid arthritis [31].
Figure 2 summarizes the alterations to lymphocytes that occur with aging. The changes to B
and T lymphocytes have certain parallels that lead to an overall move towards antigen-
independence and the promotion of adaptive inflammation.
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DNA damage responses and inflammation

Chronic DNA damage responses are apparent in hematopoietic lineages in older people,
where they are explained only in part by telomeric dysfunction. Ribe et a/showed recently
that aged HSCs have an increased frequency of -y-H2AX foci, most of which do not
colocalize with telomeres. These DNA damage-associated foci are only partly a
consequence of noxious molecules such as oxygen radicals, and the major contributing
factor appears to be individual differences in DNA repair suggesting that other, cell-intrinsic
mechanisms are involved [18]. An increase in frequency of double-strand breaks is also
found in peripheral T cells during aging. Of note, DNA damage in memory T cells far
exceeds that found in naive T cells, at any age [32]. Inefficient DNA repair is one of the
major driving forces in the accelerated immune aging seen in patients with rheumatoid
arthritis [33]. In these patients, at least two repair mechanisms are defective. Cells express
reduced telomerase activity which causes telomeric erosion in all hematopoietic lineages
ranging from stem cells to mature naive and memory T cells [34]. In addition, expression
and function of members of the ATM pathway are reduced, leading to increased
nontelomeric DNA damage [35]. The resulting chronic DNA damage responses mostly
involve the activation of DNA-PKcs. DNA-PKGcs activity influences intracellular signaling
pathways through at least two mechanisms. It activates the inflammasome and increases
NF«xB activity; and it activates the stress kinase JNK pathway [32,36]. Both pathways can
contribute to the production of inflammatory cytokines (Figure 1).

DNA damage may also be linked to the increased inflammatory responses seen with age.
Increased DNA damage and cell death provide a source of cell-free DNA in the plasma
which, in a prospectively followed cohort of nonagenarians, has been shown to correlate
with inflammatory biomarkers including C-reactive protein and indolamine-2,3-dioxygenase
enzyme activity. In this study, cell-free DNA concentrations also independently predicted
subsequent coronary artery events and all cause mortality [37]. Whether cell-free DNA in
the plasma is a consequence of inflammation or whether the increased circulating DNA
fragments provide a stimulatory signal, for example through the stimulation of TLRs, is
unclear. Increased TLR stimulation has been implicated in a number of autoimmune
diseases in the elderly, in particular polymyalgia rheumatica and giant cell arteritis [38—40].

Chronic DNA damage responses play a major role in regulating intrinsic cell activation and
cell differentiation pathways. As mentioned above, increased DNA damage induces a
differentiation program in HSCs and may, therefore, shift the balance of immune
subpopulations towards a more inflammatory setting. More directly, DNA damage
responses have been shown to be important in the production of inflammatory mediators
following cellular senescence [41]. Campisi and colleagues have shown that senescent cells
are not only characterized by their irreversible growth arrest, but also by the secretion of a
number of inflammatory mediators, coined the senescence-associated secretory phenotype
(SASP) [42]. Obviously this phenotype is not specific for immune cells, largely expanding
the potential source of inflammatory mediators. DNA damage response signaling involving
the DNA repair molecules ATM, NBS1 and CHK?2 is essential, but not sufficient for the
production of inflammatory cytokines, possibly because of the regulatory activity of p53. In
typical senescent cells, the negative regulation of p53 is overcome by the activation of p38
MAPK [43], which increases NFxB transcriptional activity, consistent with the notion that
the p53 and NFxB pathways reciprocally cross-regulate [44]. Selected components of the
SASP, including the production of several proinflammatory cytokines, are sensitive to the
suppressive action of glucocorticoids without reversion of senescence-associated growth
arrest [45*] suggesting that steroid treatment could reduce tissue inflammation in the
elderly.
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The SASP, by increasing the inflammatory environment in tissues, may provide further
impetus for the activation of adaptive immunity and the perpetuation of inflammation by the
stimulation of activated lymphocytes, and potentially by bystander activation of honspecific
lymphocytes [46-48*]. As DNA damage accumulates in tissues, lymphocytes and
lymphocyte progenitors, this bias toward activation and inflammation is exaggerated (Figure
1).

Conclusions

As we age, our immune system ages with us and it is increasingly clear that changes to
adaptive immunity result in decreased responsiveness in some situations (infection) and
increased responsiveness in others (inflammation). Recent studies suggest that this apparent
paradox is the result of changes to a number of basic mechanisms that are compounded with
increasing age: increased DNA damage and decreased telomere length in HSCs resulting in
chronic DNA repair responses; decreased reliance of adaptive immunity on specific antigen
stimuli and increased responsiveness to nonantigenic stimuli; and increased production of
inflammatory mediators by senescent cells from multiple cell types (SASP). In combination,
these processes conspire to cause chronic inflammation which, once established promotes its
own persistence and, even in the absence of overt autoimmunity, is associated with adverse
events in age.
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2011; 186:1703-1712. This study shows that IL-12 signalling is one of the mechanisms
underlying the antigen-independent activation of memory and “memory-like” CD8+ T cells in an
infectious disease model. [PubMed: 21191063]
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Figure 1. DNA damage responses (DDR) areinduced by many different age-associated DNA
damage events and promotes inflammation through different mechanisms

A) Accumulated DNA damage in lymphoid hematopoietic stem cells (HSCs) induces
differentiation into mature lymphocytes and leads to an imbalance in the stem cell pool,
which becomes dominated by myeloid precursors. The reduction in lymphoid HSCs,
combined with thymic involution and reduced bone marrow output, leads to a reliance on
innate immunity favouring broad inflammatory responses. B) The lymphocytes
differentiating from damaged HSCs may harbor unfavorable mutations that then integrate
into the adaptive repertoire. In addition, DDR induced by age-associated nontelomeric DNA
damage or telomeric erosions can contribute to the activation of T effector cell populations
and production of inflammatory mediators. C) Cellular senescence induced by DNA damage
has also been shown to induce the production of inflammatory cytokines by a variety of cell
lineages not directly related to the immune system, a process coined as senescence-
associated secretory pattern (SASP). In addition to directly causing pathology, this
inflammatory tissue environment can attract and activate lymphocytes in a bystander
fashion, even in the absence of specific antigen stimulation.
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Figure 2. Age-associated changesto B and T lymphocytes
Aging of the immune system is associated with changes to B and T lymphocytes. These
changes have different underlying mechanisms but related downstream consequences. T and
B cells experience reduced selection pressure, owing to changes in primary lymphoid tissues
and changes in survival requirements. Both cell types become less reliant on exposure to
specific antigen through the BCR and TCR for activation, and more responsive to innate/
antigen-independent signals, such as TLR ligands and cytokines. Additionally, there is cross
talk between populations. Aged B cells are effective antigen presenters, and preferentially
induce Thl and Th17 responses in T cells. In parallel, aged regulatory T cells fail to
suppress Th17 responses, with the effect that proinflammatory responses are promoted.
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