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Abstract
The immune system has evolved to mount immune responses against foreign pathogens and to
remain silent against self-antigens. A balance between immunity and tolerance is required as any
disturbance may result in chronic inflammation or autoimmunity. Dendritic cells (DCs) actively
participate in maintaining this balance. Under steady-state conditions, DCs remain in an immature
state and do not mount an immune response against circulating self-antigens in the periphery,
which maintains a state of tolerance. By contrast, foreign antigens result in DC maturation and
DC-induced T-cell activation. Inappropriate maturation of DCs due to infections or tissue injury
may cause alterations in the balance between the tolerogenic and immunogenic functions of DCs
and instigate the development of autoimmune diseases. This article provides an overview of the
effects of advancing age on DC functions and their implications in autoimmunity.
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The immune system undergoes continuous morphological and functional changes
throughout an individuals lifetime and gradually declines with age [1–4]. Paradoxically, this
decline in protective immune responses to exogenous and infectious agents is accompanied
by an increased reactivity towards self or endogenous antigens [5,6]. There is an increase in
autoantibody production and a propensity towards developing autoimmune diseases, such as
Hashimoto’s thyroiditis and Sjögren’s disease with age. This suggests that a loss of self-
tolerance is associated with immunosenescence. Although alterations in T and B
lymphocytes are considered to be the primary culprits, there is a scarcity of information
regarding the contribution of innate immune system cells, such as dendritic cells (DCs).

DCs are the most potent APCs and have a pivotal role in the onset and regulation of adaptive
immune response. They control Th1/Th2 and Th17/Treg polarization, and the state of
tolerance to self-antigens [7–9]. Immature DCs induce Treg cells, thus promoting tolerance,
whereas mature DCs stimulate effector T cells, supporting immunity [7–10]. DCs also have
the ability to regulate inflammatory responses through secretion of cytokines and
chemokines [8,9].
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DCs are critical mediators of both tolerance and immunity [10]. Uptake and ingestion of
apoptotic cells by DCs is considered to be one of the major mechanisms in inducing
peripheral self-tolerance [11,12]. Under steady-state conditions, immature DCs continuously
sample the self-antigens from apoptotic cells in the periphery, eventually leading to the
induction of T-cell tolerance mechanisms [11,12]. Impaired clearance of apoptotic cells has
been implicated in the pathology of various autoimmune disorders, including lupus and
rheumatoid arthritis (RA) [13,14]. Numerous studies have shown a strong correlation
between apoptosis and aging [15–17]. Apoptosis of T lymphocytes, particularly CD8+ T
cells, has been reported to increase in association with aging [17,18]. In addition, aging is
often associated with increased oxidative stress, which leads to accumulation of damaged
proteins and nuclear antigens such nucleic acids. These can be expressed on cell membranes
during programmed cell death and may induce auto-reactivity [19,20]. The present article
focuses on the role of DCs in age-associated autoimmunity.

Aging & autoimmunity
Advancing age is characterized by an erosion of tolerance, resulting in increased reactivity
to self-antigens [21,22]. Therefore, age is recognized as an important factor in the
appearance of autoimmune disease. Autoimmune diseases are prominent in younger patients
and are certainly not limited to the elderly; nevertheless, the frequency of autoantibodies
increases substantially with advancing age [23]. For instance, postmenopausal women have
the highest incidence of RA [24]. Furthermore, epidemiological studies have shown that the
majority older of patients diagnosed with RA have an increased prevalence of rheumatoid
factor when compared with younger counterparts [25]. Similarly, antinuclear antibodies
found in 11–14% of elderly individuals, have been shown to target chromatin elements of
DNA [26]. Furthermore, although the appearance of lupus is associated with women of
child-bearing age, a study showed that the incidence of lupus peaks in women 50–55 years
of age and men 70–72 years of age [27]. These findings are consistent with observations in
lupus-prone mice [28]. Many studies have shown that senescence-prone (SAM-P/1) mice
develop autoantibodies and immune complex deposition over time [29]. A recent study
demonstrated an age-dependent increase in serum antimurine hemoglobin autoantibodies in
mice prone to systemic autoimmunity [30]. Elevated levels of plasma anti-Apo AI
autoantibodies in old mice have also been observed, indicating the involvement in functional
alteration and clearance of high-density lipoprotein immune complexes in aging mice [31].
Additionally, another study has shown that healthy centenarians had very low levels of
autoantibodies to their thyroid, adrenal, pituitary and hypothalamus [32] compared with
controls 60–70 years of age. Similar findings have been reported in aged mice [33]. A group
has recently demonstrated a correlation between the reduction of apoptotic debris in aged
mice and an increase in signs of autoimmunity, such as presence of antinuclear antibodies
and kidney pathologies [34]. These studies again reinforce both the detrimental effects and
the increased expression of autoantibodies with age.

Autoantibody production in the elderly has been attributed to altered T- and B-cell function
[1]. Although B-cell antibody secretion is not affected with age, a decrease in antibody
affinity maturation has been reported [35]. Decline in B-cell lymphopoiesis is accompanied
by an increase in the memory B-cell population and autoreactive CD5+ B1 and marginal
zone B cells [36]. Long-lived plasma cells also accumulate and may be responsible for
autoantibody production [37]. Age-associated defects in B-cell receptor signaling or
threshold of activation have also been proposed as mechanisms that may contribute to age-
associated autoimmunity [38].

Aging affects T cells in a myriad of ways. The age-associated involution of the thymus,
often deemed the ‘immunologic clock’, has been sugested to explain decreased immune
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surveillance and increased autoimmunity [2]. This loss in thymic function results in a
decreased naive T-lymphocyte population, thereby decreasing self-tolerance and cell-
mediated responses to foreign antigens. Reduced thymic output has also been linked with
compensatory mechanisms, such as increased autoproliferation of T cells that may lead to
premature T-cell maturation and decreased tolerance to self-antigens [39]. Simultaneously,
studies have shown an accumulation of memory T cells in the periphery with a CD28−
phenotype [38,40,41]. CD28, a major costimulatory molecule, plays a crucial role in
antigen-mediated T-cell activation, proliferation and survival. In the aged population,
approximately 15% of CD4+ and 60% of CD8+ T cells have lost the expression of CD28
[42].

CD4+CD28+ T cells also accumulate in several autoimmune diseases, such as multiple
sclerosis (MS), RA, Wegener’s granulomatosis and diabetes mellitus, and in inflammatory
vascular complications, including stroke, acute coronary syndrome and plaque rupture [43].
The lack of CD28 expression has been shown to render CD4+ T cells resistant to apoptosis,
which could explain the accumulation of these effectors T cells, and the production of
inflammatory cytokine that further perpetuate chronic inflammation and autoimmunity
[44,45]. However, at the same time, CD8+CD28− T cells have been shown to display
enhanced cytotoxicity and suppressive functions. Interestingly, the accumulation of CD8+ T
cells has been observed to correlate with reduced antibody responses to vaccination,
validating the suppressive function of CD8 CD28− cells [45]. Thus, these T cells appear to
contribute to immune defects in the elderly.

Age-associated alterations in the T-cell cytokine profile have also been theorized to
contribute to the increased occurrence of autoimmune diseases with age. Studies have shown
that the predominant cytokine pathways change from Th1 to Th2 during antigen responses
with increasing age, with increased production of Th2 cytokines, such as IL-4 and IL-6
[35,40]. IL-6, which is a potent therapeutic target in RA, has been shown to have a potent
effect on the development of disability in elderly individuals [46,47]. The increase in Th2
inflammatory cytokines, which favor B-cell antibody production, could explain the
increased level of auto-antibodies in the elderly [35]. Recent reports indicate that aging leads
to an imbalance of Th17/Treg cells [48,49]. Most of the studies reported comparable
number/frequency of CD4+CD25+FOX3P+ Treg cells in the young and elderly subjects [50].
Of interest, four studies showed up to a 2.4-fold increase in Tregs in the aged population
compared with young counterparts [51–53]. Although the link between aging and the
number of Treg cells is controversial, a recent study suggested that aging could affect the
capacity of CD4+ Treg cells to produce the anti-inflammatory cytokine IL-10 [50]. Defects
in Treg function have been used to explain several human autoimmune diseases, including
MS, RA, autoimmune polyglandular syndrome Type 2, autoimmune myasthenia gravis,
Kawasaki disease, insulin-dependent diabetes mellitus and systemic lupus erythematosus
(SLE) [54]. Interestingly, in most of the aforementioned autoimmune disorders, the total
number of CD4+CD25+ Tregs was comparable between autoimmune patients and healthy
controls [54,55]. However, the Tregs derived from auto-immune patients displayed a
reduced capacity to inhibit the proliferation of naive T cells [54,55]. Besides Tregs, an
increase in the number of IL-17-secreting T helper cells has also been observed in the
elderly [49]. Th17 cells have been implicated in the development of numerous autoimmune
diseases, such as MS and RA [56].

Aging is also characterized by an increased secretion of pro-inflammatory cytokines that
contribute to autoimmunity and often establish the profile for the disease [2,5]. Potent
inflammatory cytokines such as TNF-α, C-reactive protein and chemokines such as IL-8,
MCP-1 and RANTES have an increased level of circulation in elderly individuals and can
sometimes be indicative of an underlying disease state [57,58]. In particular, patients with
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RA have been shown to have increased levels of IL-6, TNF-α and IL-1β, among others
[47,59]. The synergistic effect of these inflammatory cytokines recruits inflammatory cells
and contributes to autoimmunity, which ultimately results in joint damage [59]. Chronic
systemic inflammation is related to several autoimmune disorders, such as SLE, Sjögren’s
syndrome and fibromyalgia. Chronic inflammation is also believed to be the underlying
cause of various neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease.

According to the UN population division, by 2035 one in five people are expected to be 65
years of age or older. The improved life-spans of elderly individuals necessitates the
exploration of possible explanations for the increased prevalence of autoimmune diseases
with increasing age. Furthermore, there is a scarcity of information regarding the effect of
age on the severity of auto-immune diseases, which would have a major impact on the
quality of life in the elderly compared with young individuals.

DCs & autoimmunity
DCs are crucial for induction of immunity and tolerance [60,61]. DCs constitute a complex
system of cells that line portals of pathogen entry, such as the airways and skin. Capture of
antigen by DCs induces maturation of DCs into professional APCs via upregulation of the
expression of MHC and costimulatory molecules [62]. Mature DCs can effectively prime T-
cell responses and generate immunity [10,62]. In contrast to mobilization of the immune
response, induction of tolerance is a function of immature DCs [10,12]. Under steady-state
condition, tissue-resident DCs take up peripheral tissue antigens and apoptotic cells and
transport them to lymph nodes [63]. During migration, DCs undergo phenotypic changes,
such as downregulation of adhesion molecules and the upregulation of antigen processing
and presentation on MHC class II or cross-presentation on MHC class I molecules. These
DCs express high levels of MHC and costimulatory molecules but lack the production of
cytokines IL-1β, IL-6, TNF-α and IL-12 and consequently will establish IL-10-producing
CD4+ Treg cells. These mechanisms of antigen-specific tolerance induction are critical for
the prevention of autoimmunity and maintenance of immune homeostasis. Therefore,
alterations in DC functions compromise the efficiency of the immune response.

The mechanisms underlying the initiation of autoimmune responses that lead to the
activation and/or induction of auto-reactive lymphocytes and to the breakdown of
immunological self-tolerance are not yet fully understood. Emerging clues suggest that DC
dysregulation might be involved in the development of various autoimmune disorders [64–
66]. It has been well established that, in the absence of an inflammatory or pathogenic
response, there is a continual flow of steady-state DCs – subsets that carry self-antigens
from the periphery to the lymph nodes that induce unresponsiveness in both CD4+ and
CD8+ T lymphocytes [65,66]. DCs in mice have been shown to transport melanin granules
from the epidermis to draining lymphoid organs without causing an autoimmune response
against the self tissue [67,68]. This flow of steady-state DCs carrying self-antigens has been
shown to tolerize self-reactive T cells through a variety of mechanisms. Direct methods of
DC-induced tolerance include clonal anergy [69] and apoptotic elimination of self-specific T
cells [70,71]. DCs can also induce Treg cells, which maintain peripheral tolerance by
suppressing the autoreactive T cells through a variety of mechanisms [72,73]. Studies have
also shown that the ability of the DC to induce tolerance is highly dependent on the stage of
DC maturation and the T effector cell it acts on. For example, immature DCs have been
shown to tolerize CD8+ T lymphocytes through inhibitory signal molecules PD-1 and
CTLA-4 [74]. It has also been observed that mice lacking one of the above signals develop
autoimmune diseases, such as lethal dilated cardiomyophathy [74]. Others have speculated
that the type of DC determines whether it is involved in an immune response or in inducing
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tolerance. While resident lymphoid DCs may induce self-tolerance, migratory DCs, such as
myeloid DCs may be involved only in the immune response [75,76].

Hyperactivation and chronic maturation of DCs within native tissues has also been shown to
increase the immunogenicity of the DCs, thereby culminating in exacerbated immune
responses and autoimmunity [77]. The increased maturation of DCs within tissues may be a
consequence of tissue necrosis during trauma or injury. Many cellular contents, including
heat shock proteins, released during necrosis may activate DCs by signaling through cell-
surface receptors including Toll-like receptors, CD40, CD91, CCR5 and scavenger
receptors, such as LOX-1 and SREC-1 [78,79]. Increased stimulation of DCs is observed in
numerous autoimmune diseases, such as insulin-dependent diabetes mellitus, SLE and RA.
Further evidence for DC involvement in autoimmune disease comes from the fact that
transfer of DCs from autoimmune mice to naive mice induces autoimmunity in the recipient
[75].

Autoimmunity may also be induced by the release of type I interferons (IFN-I) by
plasmacytoid DCs (pDCs), a type of DC characterized by their plasma cell-like morphology
and copious production of IFN-I [80]. Robust production of IFN-I (particularly IFN-α) in
response to viral and other infections is considered a key event in establishing a multifaceted
antimicrobial response [81]. The secretion of IFN-α helps mobilize the adaptive immune
response through downstream signaling pathways that influence the activation and
proliferation of T and B cells [82]. Increased levels of IFN-α have also been found in the
serum of patients diagnosed with MS and SLE [83]. It has been speculated that the anti-self-
DNA complexes in the serum of SLE patients activate pDCs that secrete high levels of IFN-
α, which then mobilizes self-reactive T lymphocytes [83]. Additionally, pDCs secreting high
levels of IFN-α have been found in the skin of patients with cutaneous forms of SLE [84].
This increased IFN-α may contribute to the activation of self-reactive T cells that have
escaped both thymic and peripheral tolerance, although the precise mechanisms of this
contribution remain unclear.

In addition to IFN-α secretion, pDCs activated with self-antigens can themselves shape the
nature of the adaptive immune response through mechanisms often characteristic of myeloid
DCs. Upon maturation, pDCs lose their ability to produce IFN-I and develop into APCs with
increased expression of MHC class I and class II molecules, and other costimulatory
molecules [82]. Upregulation of these molecules on the pDC membrane initiates adaptive
immune responses leading to CD4+ and CD8+ T-cell activation [81]. Therefore, pDCs
stimulated with local self-antigens can have a dual role in the induction of autoimmune
diseases through the production of IFN-Is and direct stimulation of autoreactive T
lymphocytes.

Although the failure of central and peripheral tolerance mechanisms contributes to the
survival of self-reactive T cells, studies have shown that nontolerant T lymphocytes are only
reactive against self-antigens following sustained stimulation by DCs [85]. Additionally,
high levels of circulating DCs and DC-associated proinflammatory cytokines have been
found in the serum of patients diagnosed with MS, RA and juvenile chronic arthritis [86,87].
Immature DCs are attracted to the tissue by the inflammatory DC-mediated secretion of
TNF-α, IL-23, IL-12p70 and prostaglandins [60]. Subsequently, the newly recruited
immature DCs also mature into inflammatory DCs, and migrate to the lymph nodes to
mediate the activation and proliferation of potentially autoreactive T lymphocytes through
nonspecific bystander activation. These DC-secreted cytokines coupled with chemokines
(IL-8, CCL17, CCL18 and CCL22) are also involved in Th1, Th2 and Th17 immune
responses, which are seen in many autoimmune diseases [88].
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DCs & age-associated autoimmunity
Aging is associated with multiple changes in the cytokine micro-environment that could
affect the activation and/or maturation of DCs [2,89]. The increased levels of TNF-α and
prostaglandins would result in premature DC activation, altering their antigen uptake
capacity [90].

Although aging is associated with multiple changes in the micro-environment that could
affect the maturation of DCs, there is a scarcity of information regarding the tolerance
inducing function of DCs. DC maturation acts as the checkpoint between tolerance and
immunity and increased age-associated circulation of proinflammatory mediators can trigger
the activation and maturation of DCs [63]. These activated DCs can subsequently become
reactive to circulating self-antigens from apoptotic cells or injured tissue. Indeed, we [21,91]
and others [92] have reported that DCs from aged subjects display a higher basal level of
activation compared with their young counterparts. Panda et al. reported an increased
secretion of proinflammatory cytokines, such as TNF-α and IL-6, from circulating in DC of
aged subjects [92]. Studies from our laboratory have reported similar findings. We observed
that DCs from aged individuals displayed a higher basal level of NF-κB activation, which is
indicative of an activated state [21]. Interestingly, in both studies, there was no upregulation
of costimulatory activation markers, such as CD86 and CD80, which suggests that the aged
DCs are only partially activated. When we determined whether these partially activated DCs
from aged subjects were more reactive to self-antigens, we observed that these DCs
displayed increased IFN-α and IL-6 secretion in response to self DNA (self-antigen released
by apoptotic cells) [21]. As mentioned, increased levels of IFN-α have been implicated in
numerous autoimmune pathologies. T-cell priming capacity of these DCs was also
significantly enhanced, demonstrating that aged DCs were impaired in their capacity to
induce tolerance to self-antigens. Such a scenario will also lead to an accumulation of
chronic inflammatory DCs since the activation of DCs results in a decrease in their
phagocytic capacity that would result in impaired clearance of apoptotic cells and an
increase in circulating self-antigens.

Our observations demonstrate that aged DCs are indeed defective in their capacity to
phagocytose antigens and apoptotic cells [91]. Defective clearance of apoptotic cells has
been implicated in a number of autoimmune diseases, such as SLE [13,14,19,20]. Recent
studies have revealed that defective clearance of apoptotic cells causes self-antigen
accumulation, which could trigger the activation of autoreactive lymphocytes in lupus
[19,93–96]. For example, mice injected with irradiated apoptotic cells displayed auto-
antibodies to nuclear components and cardiolipin [97,98]. These data indicate that an
overload of apoptotic cells beyond the phagocytic capacity of the reticuloendothelial system
can also induce an autoantibody response. Recent evidence also suggests that DC uptake of
apoptotic or necrotic neutrophils alone does not shift the immune response from tolerance to
autoimmunity in systemic vasculitis. However, cytokines found at sites of inflammation in
vasculitis patients may act as maturation factors for DCs and may lead to an autoimmune
phenotype in combination with apoptotic neutrophils [99]. Such a scenario can readily be
envisaged during aging, where there is an increase in the levels of proinflammatory
cytokines. The mechanisms underlying the increased activation of aged DCs are not clear.
Age-associated increases in circulating levels of proinflammatory mediators may be one of
the contributing factors. Another possibility is that age-associated modifications in existing
self-antigens may enhance their immunogenic potential. This is supported by our
observations in which we reported that DNA from aged individuals becomes
hypomethylated and hypomethylation of DNA increases its immunogenicity [22]. The
uptake of hypomethylated or aged DNA by DCs resulted in enhanced activation and IFN-I
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secretion by DCs. Thus, changes in self-antigens coupled with changes in the activation state
of DCs can together result in increased autoreactivity in aged subjects.

Another interesting and relatively unexplored possibility is the epigenetic changes in the DC
DNA that can affect DC functions. Recently, there has been a growing appreciation of the
role of chromatin structure in gene regulation [100,101]. Methylation of histone at specific
lysine sites can regulate the activity of the promoters [100–102]. For example, methylation
of lysine residues at positions 9 (H3K9) and 27 (H3K27) of histone 3 are associated with
transcriptional repression, while methylation of lysine 4 of the same histone (H3K4) is
considered to induce activation of transcription [102–105]. The association of NF-κB with
H3K4 or H3K9 may be altered with age. This is an important area of future investigation.

Expert commentary
It is clear that advancing age is associated with loss of tolerance and increased reactivity to
self. Chronic inflammation and impaired adaptive immune functions have long been
considered to be the main culprits for these alterations. However, there is growing evidence
showing that innate immune cells, such as DCs, are key players in the induction and
maintenance of tolerance. DCs do not react to self-antigens by remaining in an inactivated
state. The priming of T cells in the absence of costimulation by inactivated DCs results in
the generation of a T-regulatory or -inhibitory response. During autoimmunity, DCs become
activated either due to inflammatory mediators present in the tissues and/or circulation or
due to intrinsic changes in the DCs themselves. These activated DCs induce autoimmunity
by mounting an immune response against self-antigens. DCs from aged subjects also display
increased basal levels of activation compared with young subjects, which increases their
reactivity to self-antigens (such as DNA) and results in loss of self-tolerance and chronic
inflammation. In addition to age-associated changes in DCs, aging also leads to
modifications in self-antigens, making them more visible to the immune system. For
example, age-associated hypomethylation of DNA makes it more immunogenic. The
majority of studies on DCs in aging focus on responses to foreign antigens and there is a
scarcity of information on their role in inducing tolerance. Delineating the mechanisms by
which aged DCs become impaired in maintaining self-tolerance may provide novel
therapeutic targets aimed at improving the outcome of age-associated chronic diseases. It
may also enhance responses of DCs from aged subjects towards foreign antigens.

Five-year view
The study of DCs in aging is still in its infancy owing to numerous reasons, including the
lack of a suitable animal model. Since rodents are inbred and maintained in pathogen-free
environments, they may not display the age-associated changes observed in humans. Lack of
tissue samples from aged subjects poses another major hindrance that has forced most
human studies to focus on DCs in circulation, which are limited in number. With the
development of new technologies for purification of DCs from blood and other techniques,
such as multiplexing of cytokines, that allow simultaneous detection of multiple mediators
in a small volume, it is becoming possible to gain more insight into DC functions in aged
subjects. Such technologies allow the use of very small number of cells, and are desirable
for the study of aged subjects.

Most studies so far have focused on activating DCs with either Toll-like receptor agonists or
whole viruses, such as influenza. There is a scarcity of information regarding the behavior of
aged DCs after activation with other pattern recognition receptors (PRRs), such as C-type
lectin receptors, which are particularly important in the generation of Treg cells. Other PRRs
such as NOD-like receptors that activate the inflammasome may also be more important
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from the perspective of ageing because of their involvement in auto-immunity and age-
associated chronic diseases. In addition to cytokine secretion by aged DCs in response to
these PRRs, important information may be obtained regarding the T-cell priming and
polarizing capacity of these DCs in aged subjects.

Refinements in genetic and epigenetic techniques can facilitate studies that focus on
delineating the mechanistic changes in aged DCs that may be responsible for loss of self-
tolerance. This is a rapidly growing field and age-associated chromatin and histone
modifications may provide novel insights into regulation of DC functions.

References
Papers of special note have been highlighted as:

• of interest

•• of considerable interest

1. Agarwal S, Busse PJ. Innate and adaptive immunosenescence. Ann Allergy Asthma Immunol. 2010;
104(3):183–190. [PubMed: 20377107]

2. Boren E, Gershwin ME. Inflamm-aging: autoimmunity, and the immune-risk phenotype.
Autoimmun Rev. 2004; 3(5):401–406. [PubMed: 15288008]

3. Pawelec G, Larbi A. Immunity and ageing in man: annual review 2006/2007. Exp Gerontol. 2008;
43(1):34–38. [PubMed: 17977683]

4. Shaw AC, Joshi S, Greenwood H, Panda A, Lord JM. Aging of the innate immune system. Curr
Opin Immunol. 2010; 22(4):507–513. [PubMed: 20667703]

5. Franceschi C, Bonafe M, Valensin S. Human immunosenescence: the prevailing of innate immunity,
the failing of clonotypic immunity, and the filling of immunological space. Vaccine. 2000; 18(16):
1717–1720. [PubMed: 10689155]

6. Gruver AL, Hudson LL, Sempowski GD. Immunosenescence of ageing. J Pathol. 2007; 211(2):
144–156. [PubMed: 17200946]

7. Agrawal S, Agrawal A, Doughty B, et al. Cutting edge: different Toll-like receptor agonists instruct
dendritic cells to induce distinct Th responses via differential modulation of extracellular signal-
regulated kinase-mitogen-activated protein kinase and c-Fos. J Immunol. 2003; 171(10):4984–4989.
[PubMed: 14607893]

8. Iwasaki A, Medzhitov R. Regulation of adaptive immunity by the innate immune system. Science.
2010; 327(5963):291–295. [PubMed: 20075244]

9. Manicassamy S, Pulendran B. Modulation of adaptive immunity with Toll-like receptors. Semin
Immunol. 2009; 21(4):185–193. [PubMed: 19502082]

10. Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic cells. Ann Rev Immunol.
2003; 21:685–711. [PubMed: 12615891]

11••. Liu K, Iyoda T, Saternus M, Kimura Y, Inaba K, Steinman RM. Immune tolerance after delivery
of dying cells to dendritic cells in situ. J Exp Med. 2002; 196(8):1091–1097. Describes how
dying cells can induce tolerance in vivo in mice. [PubMed: 12391020]

12. Steinman RM, Nussenzweig MC. Avoiding horror autotoxicus: the importance of dendritic cells in
peripheral T cell tolerance. Proc Natl Acad Sci USA. 2002; 99(1):351–358. [PubMed: 11773639]

13. Bratton DL, Henson PM. Autoimmunity and apoptosis: refusing to go quietly. Nat Med. 2005;
11(1):26–27. [PubMed: 15635442]

14•. Wu X, Molinaro C, Johnson N, Casiano CA. Secondary necrosis is a source of proteolytically
modified forms of specific intracellular autoantigens: implications for systemic autoimmunity.
Arthritis Rheum. 2001; 44(11):2642–2652. This paper indicates that when dying cells are not
cleared, the autoantigens released during secondary necrosis are modified and become more
immunogenic. [PubMed: 11710720]

Agrawal et al. Page 8

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



15. Joaquin AM, Gollapudi S. Functional decline in aging and disease: a role for apoptosis. J Am
Geriatr Soc. 2001; 49(9):1234–1240. [PubMed: 11559385]

16. Zhang JH, Zhang Y, Herman B. Caspases, apoptosis and aging. Ageing Res Rev. 2003; 2(4):357–
366. [PubMed: 14522240]

17. Behrens MI, Silva M, Schmied A, et al. Age-dependent increases in apoptosis/necrosis ratios in
human lymphocytes exposed to oxidative stress. J Gerontol A Biol Sci Med Sci. 2011; 66(7):732–
740. [PubMed: 21498432]

18. Gupta S, Young T, Yel L, Su H, Gollapudi S. Differential sensitivity of naive and subsets of
memory CD4+ and CD8+ T cells to hydrogen peroxide-induced apoptosis. Genes Immun. 2007;
8(7):560–569. [PubMed: 17690685]

19. Gaipl US, Brunner J, Beyer TD, Voll RE, Kalden JR, Herrmann M. Disposal of dying cells: a
balancing act between infection and autoimmunity. Arthritis Rheum. 2003; 48(1):6–11. [PubMed:
12528098]

20••. Ip WK, Lau YL. Distinct maturation of, but not migration between, human monocyte-derived
dendritic cells upon ingestion of apoptotic cells of early or late phases. J Immunol. 2004; 173(1):
189–196. This paper describes how DCs that are exposed to late apoptotic cells get activated
while those exposed to early apoptotic cells do not. [PubMed: 15210774]

21••. Agrawal A, Tay J, Ton S, Agrawal S, Gupta S. Increased reactivity of dendritic cells from aged
subjects to self-antigen, the human DNA. J Immunol. 2009; 182(2):1138–1145. Shows that DCs
from aged subjects become activated in response to self-antigens. [PubMed: 19124757]

22. Agrawal A, Tay J, Yang GE, Agrawal S, Gupta S. Age-associated epigenetic modifications in
human DNA increase its immunogenicity. Aging. 2010; 2(2):93–100. [PubMed: 20354270]

23. Hasler P, Zouali M. Immune receptor signaling, aging, and autoimmunity. Cell Immunol. 2005;
233(2):102–108. [PubMed: 15936745]

24. Carette S, Marcoux S, Gingras S. Postmenopausal hormones and the incidence of rheumatoid
arthritis. J Rheumatol. 1989; 16(7):911–913. [PubMed: 2769663]

25. Hasler P, Zouali M. B cell receptor signaling and autoimmunity. FASEB J. 2001; 15(12):2085–
2098. [PubMed: 11641235]

26•. Ramos-Casals M, Garcia-Carrasco M, Brito MP, Lopez-Soto A, Font J. Autoimmunity and
geriatrics: clinical significance of autoimmune manifestations in the elderly. Lupus. 2003; 12(5):
341–355. Comprehensive review of autoimmunity in the elderly. [PubMed: 12765297]

27. Somers EC, Thomas SL, Smeeth L, Schoonen WM, Hall AJ. Incidence of systemic lupus
erythematosus in the United Kingdom, 1990–1999. Arthritis Rheum. 2007; 57(4):612–618.
[PubMed: 17471530]

28. Hayashi Y, Utsuyama M, Kurashima C, Hirokawa K. Spontaneous development of organ-specific
autoimmune lesions in aged C57BL/6 mice. Clin Exp Immunol. 1989; 78(1):120–126. [PubMed:
2805415]

29. Yoshioka H, Yoshida H, Doi T, et al. Autoimmune abnormalities in a murine model of accelerated
senescence. Clin Exp Immunol. 1989; 75(1):129–135. [PubMed: 2649282]

30. Bhatnagar H, Kala S, Sharma L, Jain S, Kim KS, Pal R. Serum and organ-associated anti-
hemoglobin humoral autoreactivity: association with anti-Sm responses and inflammation. Eur J
Immunol. 2011; 41(2):537–548. [PubMed: 21268022]

31. Srivastava R, Yu S, Parks BW, Black LL, Kabarowski JH. Autoimmune-mediated reduction of
high-density lipoprotein-cholesterol and paraoxonase 1 activity in systemic lupus erythematosus-
prone gld mice. Arthritis Rheum. 2011; 63(1):201–211. [PubMed: 20882670]

32. Mariotti S, Sansoni P, Barbesino G, et al. Thyroid and other organ-specific autoantibodies in
healthy centenarians. Lancet. 1992; 339(8808):1506–1508. [PubMed: 1351187]

33. Sireci G, Russo D, Dieli F, et al. Immunoregulatory role of Jα281 T cells in aged mice developing
lupus-like nephritis. Eur J Immunol. 2007; 37(2):425–433. [PubMed: 17273990]

34. Aprahamian T, Takemura Y, Goukassian D, Walsh K. Ageing is associated with diminished
apoptotic cell clearance in vivo. Clin Exp Immunol. 2008; 152(3):448–455. [PubMed: 18422728]

35. Stacy S, Krolick KA, Infante AJ, Kraig E. Immunological memory and late onset autoimmunity.
Mech Ageing Dev. 2002; 123(8):975–985. [PubMed: 12044946]

Agrawal et al. Page 9

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



36. Johnson SA, Cambier JC. Ageing, autoimmunity and arthritis: senescence of the B cell
compartment – implications for humoral immunity. Arthritis Res Ther. 2004; 6(4):131–139.
[PubMed: 15225355]

37. Kline GH, Hayden TA, Klinman NR. B cell maintenance in aged mice reflects both increased B
cell longevity and decreased B cell generation. J Immunol. 1999; 162(6):3342–3349. [PubMed:
10092788]

38. Larbi A, Fulop T, Pawelec G. Immune receptor signaling, aging and autoimmunity. Adv Exp Med
Biol. 2008; 640:312–324. [PubMed: 19065799]

39. Globerson A, Effros RB. Ageing of lymphocytes and lymphocytes in the aged. Immunol Today.
2000; 21(10):515–521. [PubMed: 11071531]

40. Desai A, Grolleau-Julius A, Yung R. Leukocyte function in the aging immune system. J Leukoc
Biol. 2010; 87(6):1001–1009. [PubMed: 20200405]

41. Sansoni P, Vescovini R, Fagnoni F, et al. The immune system in extreme longevity. Exp Gerontol.
2008; 43(2):61–65. [PubMed: 17870272]

42. Weng NP, Akbar AN, Goronzy J. CD28(−) T cells: their role in the age-associated decline of
immune function. Trends Immunol. 2009; 30(7):306–312. [PubMed: 19540809]

43. Goronzy JJ, Weyand CM. Aging, autoimmunity and arthritis: T-cell senescence and contraction of
T-cell repertoire diversity – catalysts of autoimmunity and chronic inflammation. Arthritis Res
Ther. 2003; 5(5):225–234. [PubMed: 12932282]

44. Effros RB. Replicative senescence of CD8 T cells: effect on human ageing. Exp Gerontol. 2004;
39(4):517–524. [PubMed: 15050285]

45. Effros RB, Dagarag M, Spaulding C, Man J. The role of CD8+ T-cell replicative senescence in
human aging. Immunol Rev. 2005; 205:147–157. [PubMed: 15882351]

46. Houssiau FA, Devogelaer JP, Van Damme J, de Deuxchaisnes CN, Van Snick J. Interleukin-6 in
synovial fluid and serum of patients with rheumatoid arthritis and other inflammatory arthritides.
Arthritis Rheum. 1988; 31(6):784–788. [PubMed: 3260102]

47. Maggio M, Guralnik JM, Longo DL, Ferrucci L. Interleukin-6 in aging and chronic disease: a
magnificent pathway. J Gerontol A Biol Sci Med Sci. 2006; 61(6):575–584. [PubMed: 16799139]

48. Haynes L, Maue AC. Effects of aging on T cell function. Curr Opin Immunol. 2009; 21(4):414–
417. [PubMed: 19500967]

49. Lee JS, Lee WW, Kim SH, et al. Age-associated alteration in naive and memory Th17 cell
response in humans. Clin Immunol. 2011; 140(1):84–91. [PubMed: 21489886]

50. Hwang KA, Kim HR, Kang I. Aging and human CD4(+) regulatory T cells. Mech Ageing Dev.
2009; 130(8):509–517. [PubMed: 19540259]

51. Gregg R, Smith CM, Clark FJ, et al. The number of human peripheral blood CD4+ CD25high

regulatory T cells increases with age. Clin Exp Immunol. 2005; 140(3):540–546. [PubMed:
15932517]

52. Chiu BC, Stolberg VR, Zhang H, Chensue SW. Increased Foxp3(+) Treg cell activity reduces
dendritic cell co-stimulatory molecule expression in aged mice. Mech Ageing Dev. 2007; 128(11–
12):618–627. [PubMed: 17961632]

53. Rosenkranz D, Weyer S, Tolosa E, et al. Higher frequency of regulatory T cells in the elderly and
increased suppressive activity in neurodegeneration. J Neuroimmunol. 2007; 188(1–2):117–127.
[PubMed: 17582512]

54. Cvetanovich GL, Hafler DA. Human regulatory T cells in autoimmune diseases. Curr Opin
Immunol. 2010; 22(6):753–760. [PubMed: 20869862]

55. Vila J, Isaacs JD, Anderson AE. Regulatory T cells and autoimmunity. Curr Opin Hematol. 2009;
16(4):274–279. [PubMed: 19417650]

56. Bettelli E, Oukka M, Kuchroo VK. T(H)-17 cells in the circle of immunity and autoimmunity. Nat
Immunol. 2007; 8(4):345–350. [PubMed: 17375096]

57. Johnson TE. Recent results: biomarkers of aging. Exp Gerontol. 2006; 41(12):1243–1246.
[PubMed: 17071038]

58. Krabbe KS, Pedersen M, Bruunsgaard H. Inflammatory mediators in the elderly. Exp Gerontol.
2004; 39(5):687–699. [PubMed: 15130663]

Agrawal et al. Page 10

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



59. Deon D, Ahmed S, Tai K, et al. Cross-talk between IL-1 and IL-6 signaling pathways in
rheumatoid arthritis synovial fibroblasts. J Immunol. 2001; 167(9):5395–5403. [PubMed:
11673558]

60. Jensen SS, Gad M. Differential induction of inflammatory cytokines by dendritic cells treated with
novel TLR-agonist and cytokine based cocktails: targeting dendritic cells in autoimmunity. J
Inflamm (Lond). 2010; 7:37. [PubMed: 20663192]

61. Steinman RM, Turley S, Mellman I, Inaba K. The induction of tolerance by dendritic cells that
have captured apoptotic cells. J Exp Med. 2000; 191(3):411–416. [PubMed: 10662786]

62. Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature. 1998;
392(6673):245–252. [PubMed: 9521319]

63. Hawiger D, Inaba K, Dorsett Y, et al. Dendritic cells induce peripheral T cell unresponsiveness
under steady state conditions in vivo. J Exp Med. 2001; 194(6):769–779. [PubMed: 11560993]

64. Hardin JA. Dendritic cells: potential triggers of autoimmunity and targets for therapy. Ann Rheum
Dis. 2005; 64(4):86–90.

65. Ludewig B, Junt T, Hengartner H, Zinkernagel RM. Dendritic cells in autoimmune diseases. Curr
Opin Immunol. 2001; 13(6):657–662. [PubMed: 11677086]

66. Mehling A, Beissert S. Dendritic cells under investigation in autoimmune disease. Crit Rev
Biochem Mol Biol. 2003; 38(1):1–21. [PubMed: 12641341]

67. Hemmi H, Yoshino M, Yamazaki H, et al. Skin antigens in the steady state are trafficked to
regional lymph nodes by transforming growth factor-β1-dependent cells. Int Immunol. 2001;
13(5):695–704. [PubMed: 11312257]

68. Nakagawa H, Hori Y, Sato S, Fitzpatrick TB, Martuza RL. The nature and origin of the melanin
macroglobule. J Invest Dermatol. 1984; 83(2):134–139. [PubMed: 6432917]

69. Steinman RM. Dendritic cells: understanding immunogenicity. Eur J Immunol. 2007; 37(Suppl
1):S53–S60. [PubMed: 17972346]

70. Bluestone JA. Mechanisms of tolerance. Immunol Rev. 2011; 241(1):5–19. [PubMed: 21488886]
71. Ohashi PS, DeFranco AL. Making and breaking tolerance. Curr Opin Immunol. 2002; 14(6):744–

759. [PubMed: 12413525]
72. Bayry J, Thirion M, Delignat S, et al. Dendritic cells and autoimmunity. Autoimmun Rev. 2004;

3(3):183–187. [PubMed: 15110229]
73. Misra N, Bayry J, Lacroix-Desmazes S, Kazatchkine MD, Kaveri SV. Cutting edge: human

CD4+CD25+ T cells restrain the maturation and antigen-presenting function of dendritic cells. J
Immunol. 2004; 172(8):4676–4680. [PubMed: 15067041]

74. Probst HC, McCoy K, Okazaki T, Honjo T, van den Broek M. Resting dendritic cells induce
peripheral CD8+ T cell tolerance through PD-1 and CTLA-4. Nat Immunol. 2005; 6(3):280–286.
[PubMed: 15685176]

75. Belz GT, Behrens GM, Smith CM, et al. The CD8α(+) dendritic cell is responsible for inducing
peripheral self-tolerance to tissue-associated antigens. J Exp Med. 2002; 196(8):1099–1104.
[PubMed: 12391021]

76. Morelli AE, Thomson AW. Dendritic cells: regulators of alloimmunity and opportunities for
tolerance induction. Immunol Rev. 2003; 196:125–146. [PubMed: 14617202]

77. Li HS, Verginis P, Carayanniotis G. Maturation of dendritic cells by necrotic thyrocytes facilitates
induction of experimental autoimmune thyroiditis. Clin Exp Immunol. 2006; 144(3):467–474.
[PubMed: 16734616]

78. Asea A. Heat shock proteins and toll-like receptors. Handb Exp Pharmacol. 2008; (183):111–127.
[PubMed: 18071657]

79. Calderwood SK, Mambula SS, Gray PJ Jr. Extracellular heat shock proteins in cell signaling and
immunity. Ann NY Acad Sci. 2007; 1113:28–39. [PubMed: 17978280]

80. Robek MD, Boyd BS, Chisari FV. Lambda interferon inhibits hepatitis B and C virus replication. J
Virol. 2005; 79(6):3851–3854. [PubMed: 15731279]

81. Biron CA. Interferons α and β as immune regulators – a new look. Immunity. 2001; 14(6):661–
664. [PubMed: 11420036]

Agrawal et al. Page 11

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



82. Hoeffel G, Ripoche AC, Matheoud D, et al. Antigen crosspresentation by human plasmacytoid
dendritic cells. Immunity. 2007; 27(3):481–492. [PubMed: 17869134]

83. Blanco P, Palucka AK, Gill M, Pascual V, Banchereau J. Induction of dendritic cell differentiation
by IFN-α in systemic lupus erythematosus. Science. 2001; 294(5546):1540–1543. [PubMed:
11711679]

84. Blomberg S, Eloranta ML, Cederblad B, Nordlin K, Alm GV, Ronnblom L. Presence of cutaneous
interferon-α producing cells in patients with systemic lupus erythematosus. Lupus. 2001; 10(7):
484–490. [PubMed: 11480846]

85. Banchereau J, Palucka AK. Dendritic cells as therapeutic vaccines against cancer. Nat Rev
Immunol. 2005; 5(4):296–306. [PubMed: 15803149]

86. Banchereau J, Pascual V. Type 1 interferon in systemic lupus erythematosus and other
autoimmune diseases. Immunity. 2006; 25(3):383–392. [PubMed: 16979570]

87. Banchereau J, Pascual V, Palucka AK. Autoimmunity through cytokine-induced dendritic cell
activation. Immunity. 2004; 20(5):539–550. [PubMed: 15142523]

88. Hammad H, Smits HH, Ratajczak C, et al. Monocyte-derived dendritic cells exposed to Der p 1
allergen enhance the recruitment of Th2 cells: major involvement of the chemokines TARC/
CCL17 and MDC/CCL22. Eur Cytokine Netw. 2003; 14(4):219–228. [PubMed: 14715413]

89•. Bruunsgaard H, Pedersen BK. Age-related inflammatory cytokines and disease. Immunol Allergy
Clin North Am. 2003; 23(1):15–39. Review on the role of cytokines and age-associated diseases.
[PubMed: 12645876]

90. Jonuleit H, Kuhn U, Muller G, et al. Pro-inflammatory cytokines and prostaglandins induce
maturation of potent immunostimulatory dendritic cells under fetal calf serum-free conditions. Eur
J Immunol. 1997; 27(12):3135–3142. [PubMed: 9464798]

91. Agrawal A, Agrawal S, Cao JN, Su H, Osann K, Gupta S. Altered innate immune functioning of
dendritic cells in elderly humans: a role of phosphoinositide 3-kinase-signaling pathway. J
Immunol. 2007; 178(11):6912–6922. [PubMed: 17513740]

92. Panda A, Qian F, Mohanty S, et al. Age-associated decrease in TLR function in primary human
dendritic cells predicts influenza vaccine response. J Immunol. 2010; 184(5):2518–2527.
[PubMed: 20100933]

93. Hardin JA. Directing autoimmunity to nucleoprotein particles: the impact of dendritic cells and
interferon α in lupus. J Exp Med. 2003; 197(6):681–685. [PubMed: 12642600]

94. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden JR. Impaired phagocytosis
of apoptotic cell material by monocyte-derived macrophages from patients with systemic lupus
erythematosus. Arthritis Rheum. 1998; 41(7):1241–1250. [PubMed: 9663482]

95. Rosen A, Casciola-Rosen L. Autoantigens as substrates for apoptotic proteases: implications for
the pathogenesis of systemic autoimmune disease. Cell Death Differ. 1999; 6(1):6–12. [PubMed:
10200542]

96. Savill J, Dransfield I, Gregory C, Haslett C. A blast from the past: clearance of apoptotic cells
regulates immune responses. Nat Rev Immunol. 2002; 2(12):965–975. [PubMed: 12461569]

97. Mevorach D, Zhou JL, Song X, Elkon KB. Systemic exposure to irradiated apoptotic cells induces
autoantibody production. J Exp Med. 1998; 188(2):387–392. [PubMed: 9670050]

98. Shoshan Y, Mevorach D. Accelerated autoimmune disease in MRL/MpJ-Fas(lpr) but not in MRL/
MpJ following immunization with high load of syngeneic late apoptotic cells. Autoimmunity.
2004; 37(2):103–109. [PubMed: 15293880]

99. Clayton AR, Prue RL, Harper L, Drayson MT, Savage CO. Dendritic cell uptake of human
apoptotic and necrotic neutrophils inhibits CD40, CD80, and CD86 expression and reduces
allogeneic T cell responses: relevance to systemic vasculitis. Arthritis Rheum. 2003; 48(8):2362–
2374. [PubMed: 12905492]

100. Kouzarides T. Chromatin modifications and their function. Cell. 2007; 128(4):693–705.
[PubMed: 17320507]

101. Strahl BD, Allis CD. The language of covalent histone modifications. Nature. 2000; 403(6765):
41–45. [PubMed: 10638745]

102. Kouzarides T. Histone methylation in transcriptional control. Curr Opin Genet Dev. 2002; 12(2):
198–209. [PubMed: 11893494]

Agrawal et al. Page 12

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



103. Berger SL. An embarrassment of niches: the many covalent modifications of histones in
transcriptional regulation. Oncogene. 2001; 20(24):3007–3013. [PubMed: 11420715]

104. Martin C, Zhang Y. The diverse functions of histone lysine methylation. Nat Rev Mol Cell Biol.
2005; 6(11):838–849. [PubMed: 16261189]

105. Peters AH, Mermoud JE, O’Carroll D, et al. Histone H3 lysine 9 methylation is an epigenetic
imprint of facultative heterochromatin. Nat Genet. 2002; 30(1):77–80. [PubMed: 11740497]

Agrawal et al. Page 13

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Key issues

• Advancing age is associated with loss of tolerance and increased reactivity to
self.

• There is an increase in autoantibodies, such as rheumatoid factor and anti-DNA
antibodies, with age.

• Dendritic cells (DCs) are critical in the maintenance of self-tolerance and altered
functions of DCs have been implicated in the pathogenesis of a number of
autoimmune diseases, such as rheumatoid arthritis and lupus.

• DCs from aged subjects display an increased basal level of activation even
without stimulation. They secrete increased basal levels of proinflammatory
cytokines that is accompanied by increased NF-κB activation.

• The enhanced activated state of DCs from aged subjects results in the generation
of immune responses to self-antigens, such as DNA and loss of tolerance.

• An age-associated modification in self-antigens, such as decreased methylation
of the DNA, allows aged DCs to view them as novel antigens and mount
immune responses against them.

Agrawal et al. Page 14

Expert Rev Clin Immunol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


