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Abstract
The elderly exhibit increased susceptibility to a number of inflammatory or degenerative
pathologies. Aging is similarly thought to be associated with increased prevalence and severity of
periodontitis, although the underlying causes are poorly understood. Among the plausible
mechanisms whereby aging could contribute to increased susceptibility to periodontitis are age-
dependent alterations in the innate immune and inflammatory status of the host. This hypothesis is
supported by studies in humans and animal models outlined in this Review. Indeed, innate
immune cells isolated from elderly subjects exhibit age-related cell-intrinsic defects that could
predispose the elderly to deregulated immune and inflammatory responses. Moreover, the
investigation of age-related alterations in the tissue environment where recruited inflammatory
cells ultimately function could provide complementary, if not better, insights into the impact of
aging on periodontitis. Integrative approaches combining in vitro and in vivo mechanistic models
are underway and can potentially contribute to targeted molecular therapies that can reverse or
mitigate the effects of aging on periodontitis and other inflammatory diseases.

1. Introduction
The prevalence of aging-associated conditions (neurodegenerative disorders; autoimmune,
inflammatory, and cardiovascular diseases; cancer; and increased susceptibility to
infections) has increased as a result of longer life expectancy in developed countries over the
past 170 years, in turn reflecting an improvement of socio-economic conditions [1]. The
prevalence of periodontitis also seems to have risen. The most recent epidemiologic data in
the adult U.S. population revealed that the prevalence of total periodontitis (i.e., the sum of
mild, moderate, and severe forms of the disease) is higher than earlier estimates, affecting
almost 50% of adults [2]. However, this increase may be due, at least in part, to improved
examination methodology [3]. Periodontitis arises from complex interactions between the
host and the subgingival microbiota that lead to the inflammatory destruction of the tooth-
supporting connective tissue and alveolar bone [4–6]. The periodontal inflammatory
response is modulated by a number of factors, including the genetic background and
immuno-inflammatory status of the individuals, and the presence of environmental stressors
and/or systemic disease [7–10].
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The elderly exhibit increased susceptibility to a number of autoimmune, inflammatory, or
infectious diseases, and aging is similarly thought to be associated with increased prevalence
and severity of periodontitis [11–17]. Aging is associated with increased severity of
naturally occurring periodontitis also in non-human primates and rodents, which are thus
useful models for investigating relevant age-related alterations [18, 19].

The impact of aging on periodontitis is poorly understood at the mechanistic level. It has
been suggested that aging by itself does not necessarily cause periodontitis [20], which is
consistent with the notion that aging per se is not a disease [21]. Aging by itself leads to
physiological loss of periodontal attachment and alveolar bone but these changes are quite
modest and have little clinical significance, unless in the presence of concomitant
periodontal inflammation seen in a significant portion of the elderly population [13, 22].
Briefly stated, periodontitis in the elderly could be a consequence of inflammation
independent of the aging process per se. It could thus be argued that the increased
prevalence and severity of periodontitis in old age simply reflects the cumulative effect of
prolonged exposure to the periodontal microbial challenge (The cumulative effect
hypothesis; Fig. 1A).

Alternatively, it could be argued through testable hypotheses that aging causes alterations to
the immuno-inflammatory status of the periodontal tissue, which in turn contributes to
increased susceptibility to periodontitis (The age-altered susceptibility hypothesis; Fig. 1B).
Limited evidence supports a possible role for age-related alterations in the periodontal
immune response. In an experimental gingivitis study involving young (20–25 years of age)
and elderly (≥ 65 years) individuals, all subjects received professional dental care to
establish healthy gingival starting conditions and, subsequently, abstained from oral hygiene
for three weeks. Although young and old subjects had comparable dental plaque biofilm
accumulation, the latter group developed more severe gingivitis associated with increased
accumulation of inflammatory cells [23]. In a similar experimental gingivitis study with
young and elderly subjects, the latter group responded with significantly higher levels of
IL-1β in the gingival crevicular fluid [24]. Although the mechanistic basis of these
observations is uncertain, a likely interpretation is that the regulation of inflammatory cell
recruitment to the periodontium becomes defective with aging. Additionally, the possibility
that recruited inflammatory cells may exhibit an age-associated hyperactive phenotype
cannot be ruled out. To date, only a few studies have attempted to understand the
mechanisms, if any, by which aging can affect periodontal inflammation and hence
susceptibility to periodontitis. At least in part, this may be due to formidable challenges
inherently associated with research on aging (discussed below). Most of the studies on aging
have investigated in vitro functional differences between cell types isolated from young and
old subjects. Although findings from such studies may not always be relevant to the in vivo
setting, the most important findings will be discussed and summarized as they do provide
potential insights into how aging may influence the immune response. Overall, the objective
of this review was to synthesize available literature into useful concepts for better
understanding of the complex interplay between aging and inflammatory diseases such as
periodontitis, and to provide stimuli for future research.

2. Challenges in aging research
The genetic heterogeneity among human subjects is a challenge for any type of biomedical
research. However, aging research is affected by additional sources of heterogeneity that
accrue over time, including heterogeneity in exposure to infectious agents, use of antibiotics,
anti-inflammatory agents and other medications, and comorbid medical conditions. To
resolve or mitigate the effects of such confounding factors and facilitate the study of the
impact of aging per se on the immune system, Ligthart and colleagues developed the
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SENIEUR protocol. This protocol established rigorous enrollment criteria for
immunogerontological studies, on the basis of clinical and laboratory data, and set limits to
pharmacological interference [25]. However, at least in one study, only 30% of male and
female subjects who considered themselves healthy actually fulfilled the criteria [26] raising
questions that such a strict protocol may select for an uncommonly healthy subset of aged
individuals [27]. Such studies therefore may yield findings that may not be extrapolatable to
the general elderly population, although they could be complementary to the results of
studies examining old individuals with comorbid conditions. Therefore, at least in principle,
the findings from studies that follow the SENIEUR protocol or recruit subjects with
comorbid conditions could collectively contribute to determining the influence of disease
versus aging on the immune system. However, the interplay of aging and inflammatory
disease is a highly convoluted process without obvious causality or directionality. For
instance, it would be very challenging to dissect whether age-related processes have caused
or resulted from inflammation, or whether there is bidirectionality. Longitudinal studies can
generate much more useful and relevant information than cross-sectional studies. However,
longitudinal studies are quite rare in aging research, as the logistical and financial
constraints, normally encountered in any human study, become even more challenging in
aging studies due their very nature [28].

3. Age-related alterations in innate immune cells
It is thought that many diseases of aging (e.g., autoimmune disorders, cardiovascular
diseases, cancer, and increased susceptibility to infections) are linked to immunosenescence,
i.e., age-related alterations in the immune system that impair its proper function. Age-related
alterations affect both the adaptive and innate arms of immunity, although the impact of
aging on the latter is less well understood [12, 29]. It has been firmly established that
adaptive immunity declines with age due to decreased production of naïve T cells, decreased
diversity of antigen-recognition repertoire, signal transduction defects in T cells with altered
cytokine induction patterns, and reduced clonal expansion and function of antigen-specific T
and B cells [12, 30]. The decreased production of naïve T cells is in part linked to the
involution of the thymus with age. Moreover, the frequency of committed B lymphoid
progenitor cells declines with aging, as hematopoietic stem cells undergo a skewing to
myeloid-lineage commitment at the expense of lymphoid progenitors [31].

Age-related alterations in innate immunity do not necessarily cause immunodeficiency but
rather dysregulation of the host response, leading to either loss or gain of immune activity
[14, 29, 32, 33]. A great emphasis has been placed on the study of neutrophils, monocytes/
macrophages, and dendritic cells due to their central role in innate immunity. As alluded to
above, to better study intrinsic effects of aging on innate immune cells, cells are often
isolated from “healthy elderly subjects”, although this may not always be easy to determine.
Therefore, studies examining the impact of aging on these cell types have often led to
inconsistent results and the discussion below summarizes consensus findings (Table 1)
unless otherwise stated.

3.1. Neutrophils
The total number of circulating neutrophils does not change in old age [14]. Moreover,
neutrophils from young or old individuals display comparable expression of adhesion
molecules and capacity for adhesion to endothelial cells. On the other hand, neutrophil
chemotaxis in response to in vitro stimulation with granulocyte-macrophage colony-
stimulating factor (GM-CSF) or the N-formyl-Met-Leu-Phe (FMLP) peptide is significantly
reduced in old age, even when the neutrophils are obtained from healthy elderly individuals
[34–36]. However, it is uncertain whether impaired chemotaxis is stimulus-specific or
applies to also other chemotactic simuli such as chemokine C-X-C receptor 2 ligands. In
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vitro studies also suggest that neutrophils exhibit a number of age-dependent functional
defects in their effector functions (Table 1). These include impaired reactive oxygen species
generation, phagocytosis, and microbicidal activity [14, 33, 37]. These changes cannot be
readily attributed to reduced expression of receptors involved in microbe recognition and/or
neutrophil activation. For example, the expressions of Toll-like receptor (TLR)-2 and TLR4
(which respond to bacterial lipopeptides and LPS, respectively) and GM-CSF receptor (GM-
CSFR) are not affected as a function of age [38, 39]. However, the signaling pathways
downstream of these receptors may be affected due to age-associated alterations in the
membrane lipid rafts that serve as cellular signaling platforms. For instance, altered TLR4
signaling in aged human neutrophils was attributed to changes in the recruitability of this
receptor to lipid rafts which experience age-related physicochemical changes [38].
Specifically, the cholesterol content of lipid rafts appears to increase with aging resulting in
reduced membrane fluidity [40]. Altered signaling (manifested as reduced phosphorylation
of Akt and phospholipase C-γ; PLC-γ) by the triggering receptor expressed on myeloid cells
(TREM)-1 in aged neutrophils was similarly attributed to defective recruitment of TREM-1
to lipid rafts [41]. As TREM-1 enhances neutrophil phagocytosis and degranulation, age-
related impaired TREM-1 signaling could compromise neutrophil-mediated defenses in old
age, thereby contributing to the documented increased susceptibility of the elderly to
microbial infections [39]. Neutrophils from elderly individuals additionally show increased
activity of cytokine-signaling inhibitory molecules, such as Src homology domain-
containing protein tyrosine phosphatase-1 (SHP-1) and suppressors of cytokine signaling
(SOCS), which may explain the reduced potency of GM-CSF to prime and to activate the
oxidative burst in neutrophils from old subjects [42].

Although neutrophil phagocytosis declines with aging, no significant age-dependent
differences were observed in the expression of major phagocytic receptors such as CD11b
and CD14 [34]. This suggests that the defect could likewise lie in signal transduction, or that
the expression of other important phagocytic receptors is affected. In this regard, CD16
expression is significantly reduced in neutrophils from elderly subjects [35]. Additional age-
associated defects in signal transduction, such as decreased FMLP-induced Ca2+ responses
and GM-CSF- or FMLP-induced activation of extracellular receptor-activated kinase (ERK)
or p38 mitogen-activated protein kinase (MAPK) have also been documented and could
similarly contribute to impaired neutrophil function in elderly individuals [29].

No significant differences were noted in the spontaneous apoptosis of neutrophils isolated
from young and old subjects; however, the ability of priming agents, such as GM-CSF,
complement fragment C5a, or bacterial LPS to induce anti-apoptotic signals is reduced in
neutrophils from the elderly [34]. The diminished GM-CSF-induced delayed apoptosis in
the neutrophils of the elderly was linked to alterations in the p42/p44 MAPK pathway,
leading to overexpression of pro-apoptotic Bcl-2 family members and the activation of
caspase-3 [43]. If this observation is relevant in vivo (e.g., during infections of the elderly)
neutrophils should die off more rapidly than in young individuals, potentially compromising
infection control in old individuals. Moreover, it has been proposed that the clearance of
apoptotic cells may be impaired in old age, partly due to reduced expression of macrophage
phagocytic receptors such as CD14 [44]. Other possible contributory mechanisms, which
would be important to investigate, include reduced expression of phagocytic receptors
dedicated to apoptotic cell clearance (e.g., c-mer proto-oncogene tyrosine kinase) or
opsonins that bridge these receptors to phosphatidylserine on the apoptotic cell surface. If
apoptotic cell phagocytosis is indeed impaired in old age, such defect, in combination with
the accelerated neutrophil apoptosis during infection or inflammation, could greatly
contribute to inflammatory tissue damage from eventual necrosis of non-cleared apoptotic
neutrophils and release of toxic substances.
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3.2. Monocytes/macrophages
Unlike neutrophils which can be readily obtained in great numbers resulting in a plethora of
aging studies focusing on this cell type, relatively few studies have been performed to
investigate monocyte/macrophage age-related functional changes. Studies in humans have
shown that several functions of monocytes or macrophages become compromised in old age,
including chemotaxis, phagocytosis, production of certain cytokines/chemokines and
reactive oxygen or nitrogen species, and expression of MHC Class II and costimulatory
molecules [14, 33, 45] (Table 1). Interestingly, the production of prostaglandin E2 is
increased in activated macrophages from elderly individuals compared to those from
younger subjects, which may explain the age-associated inhibition of MHC Class II
expression and IL-12 production [14].

Age-related altered expression and function of monocytic TLRs has also been proposed, but
more studies are required to draw firm conclusions. Although the expression of TLR2 is
comparable in monocytes from young and elderly individuals, the expression of monocytic
TLR1 was reported to decline in old age [46]. This is expected to impair a subset of TLR2-
dependent responses since TLR2 signals in obligatory cooperation with either TLR1 or
TLR6 [47]. Importantly, reduced TLR1 surface expression on monocytes correlates with
increased risk of reactivation of Mycobacterium tuberculosis infection [48]. Macrophages
from elderly subjects have lower basal levels of TLR3 compared to macrophages from
young individuals. However, whereas the young downregulate TLR3 expression in response
to West Nile virus (WNV) infection, the elderly fail to do so [49]. This defect was attributed
to impaired signaling in the transducer and activator of transcription 1 (STAT-1)-mediated
pathway, and may lead to sustained proinflammatory cytokine production. This in turn could
contribute to increased permeability of the blood-brain barrier, thereby suggesting a
plausible mechanism for the increased severity of WNV infection in the elderly [49]. In
contrast, the expression of TLR5 mRNA and protein in monocytes is increased in the elderly
compared to young subjects, leading to increased phosphorylation of MAPK p38 and ERK
and higher production of IL-8 [50].

Studies in mice may offer additional insights into TLR expression in old age. An early study
showed that macrophages from old mice have reduced mRNA expression of TLR1-9,
although at the protein level the results were confirmed only for TLR4 [51]. Accordingly,
LPS-induced cytokine responses were found to decline with age [51]. Although this finding
was confirmed by an independent study, the age-associated decrease in cytokine responses
was attributed to decreased expression of MAPK, rather than decreased TLR4 expression
that actually remained unaffected [52].

A study examining age-dependent alterations in key intracellular or transmembrane negative
regulators of TLR signaling showed that most of these molecules had comparable
expression in macrophages from young and old mice (e.g., suppressor of cytokine
signaling-1 [SOCS-1], interleukin-1 receptor-associated kinase M [IRAK-M], the ubiquitin-
editing enzyme A20, and peroxisome proliferative activated receptor-γ [PPAR-γ]) [53].
With regard to signaling intermediates that positively regulate macrophage activation,
studies in mouse macrophages have shown an age-dependent decrease in the total levels and
phosphorylation capacity of STAT-1α and the MAPKs (p38 and Jun N-terminal kinase
[JNK]), and the levels of MyD88 and NF-κB [29, 33]. The age-dependent reduced activity
of STAT-1α is likely responsible for the suppression of IFN-γ-mediated priming or
activation of macrophages, even though the expression of the IFN-γ receptor is preserved in
old age [54]. The age-associated reduction in the levels of MAPK and NF-κB, as well as of
MyD88, a major TLR signaling adaptor, similarly suggest that the capacity of macrophages
for activation may decline with aging. This notion is consistent with the decreased induction
of certain cytokine responses in vitro (e.g., IL-6, TNF, and MIP-1α) [29, 54] (Table 1).
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3.3 Dendritic cells
Studies in humans have shown that myeloid dendritic cells (mDC) display age-related
decline in several functions such as chemotaxis, endocytosis, production of IL-12 and
antigen-presentation, resulting in suppressed activation of naïve CD4+ T cells [14, 33]
(Table 1). However, mDC from old subjects produce higher levels of certain cytokines such
as TNF, IL-6, and IL-23. Some of the above observations may be explained, at least in part,
by findings that mDC from old individuals have reduced PI3K activity, which positively
regulates phagocytosis and chemotactic migration but negatively regulates TLR signaling
[55]. In terms of TLR expression by mDC, old age is associated with reduced expression of
TLR-1, -3, -5, and -8 but not of TLR2 [56]. Interestingly, mDC isolated directly from the
peripheral blood of elderly subjects display increased basal expression of the DC activation
marker CD83 and the co-stimulatory molecules CD80 and CD86, but these differences
disappear when the mDC are generated in vitro using peripheral blood mononuclear cells
from young and old subjects [33].

In old age, plasmacytoid dendritic cells (pDC), which are important in host defense against
viruses, show decreased production of type I and type III interferon, partly attributed to
impaired phosphorylation of a crucial transcription factor (IRF-7) [57]. Decreased
production of IFN-α by pDC from old individuals, as compared to young controls, was also
observed in another study, which attributed the effect to reduced expression of TLR7 [58].
In contrast, TLR9 expression is not reduced in pDC with aging [56]. These changes were
accompanied by defects in cytokine production that were in turn associated with poor
antibody responses to influenza immunization [56]. Although there is no general consensus
as to the effect of aging on the numbers of mDC and pDC, it appears that DC from the
elderly exhibit elevated basal NF-κB activity [33]. This primed state of DC from elderly
subjects may contribute to their increased reactivity to self-antigen such as DNA, which in
turn may contribute to age-associated autoimmune inflammation [59]

4. Inflamm-aging and periodontitis
The capacity to elicit robust immune and inflammatory responses may have been selected
during evolution to allow survival to reproductive age, although– ironically– such
inclination may be a contributory factor to the development of chronic inflammatory
diseases now that humans routinely survive to old age. The term “inflamm-aging” has been
aptly coined to describe the heightened chronic inflammatory status often associated with
old age in humans [32]. Periodontitis was proposed to be a contributory factor to inflamm-
aging [60] since periodontitis in the elderly is associated with elevated systemic
inflammatory markers (e.g., C-reactive protein, IL-6, and TNF) [61]. In general, however, it
is uncertain whether inflamm-aging contributes to the development of inflammatory or
degenerative chronic diseases, or whether it is the chronic pathologies that cause inflamm-
aging, or even whether inflamm-aging is both a cause and a consequence in a vicious cycle
where inflammation and chronic disease reinforce each other.

Nevertheless, even in the apparent absence of an immune stimulus, elderly individuals
without underlying disease may still exhibit significantly higher circulating levels of
cytokines, such as IL-6, IL-1β, and TNF, and acute-phase proteins, such as C-reactive
protein and fibrinogen [60, 62]. Such low-grade chronic inflammation is associated with
poor prognosis following systemic insults (burn, trauma, sepsis) and is a predictor of frailty
and mortality in the elderly [60, 62, 63], although its impact on periodontitis has not yet
been addressed. The elevated baseline production of inflammatory cytokines in inflamm-
aging can co-exist with reduced capacity to produce cytokines upon stimulation, and this
combination correlates with increased risk of sepsis following community-acquired
pneumonia in the elderly [64]. On the other hand, the systemic cytokine profile of long-lived
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humans or mice appears to be normal and quite similar to that of their young counterparts
[62, 65, 66]. This lends further support to the concept that inflamm-aging contributes to
frailty and mortality in old age.

From a mechanistic standpoint, inflamm-aging may not necessarily or exclusively be related
to age-related dysregulation of basal cytokine production but may result from a variety of
other factors including increased amount of fat tissue (a significant source of inflammatory
cytokines), decreased production of sex steroid hormones (many of which have anti-
inflammatory action), and lack of physical activity [60, 67, 68]. Conversely, caloric
restriction appears to protect against chronic inflammation and recent studies in non-human
primates demonstrated that a caloric-restricted diet inhibits periodontal inflammation and
clinical attachment loss [69]. Incessant oxidative stress may also contribute to inflamm-
aging [70]. Age-associated increases in reactive oxygen species (in part due to a decline in
anti-oxidative defense systems) can induce inflammation either directly or through post-
translational modifications (e.g., oxidized lipoproteins) by activating redox-sensitive
transcription factors associated with TLR pathways or the inflammasome [70, 71]. In this
regard, peripheral blood neutrophils from periodontitis patients exhibit a hyper-responsive
phenotype in terms of reactive oxygen species production, even in the absence of exogenous
stimulation [72]. Therefore, neutrophils recruited to the periodontium can contribute to
periodontal pathogenesis, at least in part, by causing oxidative tissue damage [73]. However,
whether aging is positively correlated with increased capacity of neutrophils to mediate
oxidative damage in the periodontium has not been addressed yet.

To directly determine the importance of oxidative stress in periodontal pathogenesis, a
recent study investigated the effects of an anti-oxidant compound, the reduced form of
coenzyme Q10 (rCoQ10), in an aging model of rat periodontitis. Long-term topical
application of rCoQ10 onto the gingiva of aging rats inhibited oxidative DNA damage,
expression of genes encoding inflammatory mediators including components of the Nod-like
receptor protein (NLRP)3 inflammasome, and osteoclastogenesis, in contrast to control
treatment with vehicle only [74]. Vitamin D is a powerful natural antioxidant and a recent
study showed a correlation between vitamin D intake (≥ 800 IU) and protection against
periodontal disease progression in relatively old age (men with an average age of 63) [75].
However, it should be noted that vitamin D has pleiotropic effects in immune regulation and
inflammation [76] including regulation of local immunity at the periodontal tissue [77].

5. Importance of the local microenvironment: age-associated alterations in
the periodontium

The above-discussed age-dependent alterations in innate immune cell function could, at least
in principle, contribute to enhanced susceptibility to periodontitis. For instance, the age-
associated impairment of phagocytic and microbicidal activities in neutrophils and
macrophages could result in uncontrolled growth of periodontal bacteria into dysbiotic
communities. Additionally, the age-related increased macrophage production of PGE2 could
contribute to inflammatory bone loss. Elevated PGE2 production was also seen in fibroblasts
from old rats (as compared to fibroblasts of young rats) as well as in in vitro-aged human
gingival fibroblasts and periodontal ligament fibroblasts [78]. Moreover, the age-associated
elevated basal NF-κB activity of DC, together with their increased numbers in the
periodontium of the elderly [79], might contribute to enhanced local inflammation.

In general, however, results from in vitro studies need to be interpreted with caution. First,
cells in their in vivo environment may not simply be affected by age-dependent, cell-
intrinsic changes but also by age-dependent alterations to their tissue environment. For
instance, the function of macrophages is largely dictated by the type and condition of the
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tissue they reside [45]. At least some of the innate immune dysfunction seen in old age may
be due to inefficient communication between macrophages (or other innate immune cells)
and the tissues, which in old age appear to express lower levels of adhesion molecules and
display reduced responsiveness to growth factors [45]. In a similar context, aging causes
increased basal expression of costimulatory molecules in mDC isolated directly from the
peripheral blood but not in mDC generated in vitro [33]. In general, cells from elderly
donors may still exhibit normal differentiation when exposed to appropriate growth and
other factors in vitro but their cellular phenotype may be altered in their aging
microenvironment. Moreover, although induction of TNF production by human dermal
macrophages is decreased in old individuals compared to young controls, there are no
differences in TNF production upon ex vivo stimulation of such macrophages, further
suggesting the importance of the microenvironment in modulating the function of innate
immune cells [80]. Therefore, tissues may have greater control, than traditionally
appreciated, over the host inflammatory response. This should not be surprising given that
tissues can communicate with and regulate the immune system via tissue-derived signals
(e.g., cytokines, chemokines, antimicrobial peptides, and growth factors) [45, 81].

Although the in vitro induction of anti-apoptotic signals is reduced in neutrophils from the
elderly [34], a study in non-human primates showed that aged animals had higher expression
of anti-apoptotic and lower expression of pro-apoptotic genes in their gingival tissue as
compared to gingival tissue from young animals [82]. This suggests that the frequency of
apoptotic events could be reduced with aging [82]. It should be noted, however, that this
study examined apoptotic pathways in the whole gingival tissue and was not specific for
neutrophils.

The notion that tissues may have a “regulatory say” over the host inflammatory response is
supported by the recent identification of locally produced endogenous modulators of the
leukocyte recruitment cascade [83]. One such endogenous inhibitor, which is produced in
the periodontal tissue, is a 52-kDa endothelial cell-secreted protein termed developmental
endothelial locus-1 (Del-1), also known as EGF-like repeats and discoidin I-like domains 3
(EDIL3) [83]. Del-1 competes with intercellular adhesion molecule-1 (ICAM-1) for binding
to the LFA-1 integrin on neutrophils and thereby inhibits their firm adhesion to the
endothelium and subsequent transmigration [84]. Consistent with a homeostatic role for
Del-1, Del-1–deficient mice develop spontaneous periodontitis featuring excessive
neutrophil infiltration and IL-17–dependent inflammatory bone loss [85]. Strikingly, the
expression of Del-1 is diminished in the murine gingival tissue in old age, correlating with
the development of periodontitis that shares similar features with periodontitis due to genetic
Del-1 deficiency. Del-1 and IL-17 are reciprocally regulated and an inverse expression of
Del-1 and IL-17 is observed in human gingival biopsy samples, with Del-1 dominating in
healthy gingiva and IL-17 in inflamed gingiva [85].

These findings indicate that Del-1 serves as a mechanism whereby a tissue can locally self-
regulate persistent inflammation associated with chronic recruitment of neutrophils. This
regulatory mechanism breaks down in old age due to an age-related decline in Del-1 mRNA
and protein expression (Fig. 2). It is uncertain, however, whether the age-associated
downregulation of Del-1 expression is a direct effect of aging or whether the primary defect
involves an upregulation of IL-17 with advancing age. Regardless of the precise mechanism,
local periodontal treatment with soluble Del-1 in old mice inhibits IL-17 production, LFA-1-
dependent neutrophil infiltration, and bone loss [85]. Intriguingly, immune-privileged
tissues/organs, such as the eye and the brain, have significantly higher expression of Del-1
than peripheral tissues, such as the lung or the gingiva [84, 85]. Whether these tissues
similarly display age-dependent decline in Del-1 expression that could contribute to
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inflammatory or degenerative diseases (e.g., multiple sclerosis or age-related macular
degeneration) is yet to be investigated.

6. Summary and future perspective
A number of studies have shown that aging causes functional alterations to innate immune
cells (Table 1). These findings may offer potential insights into how aging could influence
immune and inflammatory responses; these alterations could in turn increase susceptibility
to chronic diseases such as periodontitis However, most of this work involves in vitro
studies in which the cells are isolated from their native tissue environment. On the other
hand, tissues are not passive recipients of immune surveillance, as they can regulate the
recruitment and activation of leukocytes via tissue-derived signals and thereby can provide
homeostatic protection against inflammatory diseases (Fig. 2). In other words, age-related
altered function in immune cells in vivo may not necessarily reflect cell-intrinsic genetically-
encoded developmental programs, but may alternatively or additionally involve age-
dependent changes in the tissue environment where the cells act. Novel integrative
approaches are warranted to better understand how aging can affect the immuno-
inflammatory status of the elderly and consequently their risk for periodontitis and other
age-related diseases. The elucidation of causal mechanisms of innate immune dysfunction in
old age may answer current puzzling questions, such as the precise relationships between
inflamm-aging and inflammatory/degenerative diseases or the exact role of aging in
periodontitis (Fig. 1). Most importantly, such integrative approaches have the potential to
facilitate the development of targeted molecular therapies that can benefit the elderly.
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Figure 1. Impact of aging on periodontitis: competing hypotheses
(A) According to the “cumulative effect” hypothesis, aging and inflammation function
independently in periodontal pathogenesis. Accordingly, the reason that the elderly have
increased prevalence and severity of periodontitis is related to prolonged exposure and thus
accumulated tissue damage. (B) According to the “age-altered susceptibility”, aging
contributes to periodontal pathogenesis through age-dependent alterations in the immuno-
inflammatory status of the host. This is a productive hypothesis that seeks to identify
changes in the immunology and/or physiology of the aging periodontal tissue that render the
elderly more susceptible to periodontitis than the young.
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Figure 2. Del-1 vs. IL-17 in aging and periodontitis
(A) Del-1 and IL-17 exert opposing effects on periodontal pathogenesis, with the former
acting homeostatically to block IL-17–mediated inflammatory bone loss. However, Del-1
expression declines with aging resulting in increased production of IL-17, which in turn
leads to increased inflammation and periodontal bone loss in old age. As Del-1 and IL-17
are reciprocally regulated, it is uncertain whether the age-associated reduction in Del-1
expression is the cause or the consequence of increased IL-17 expression. (B) Unlike IL-17
which is known to orchestrate neutrophil mobilization and transmigration, Del-1 acts as a
local gatekeeper of normal neutrophil recruitment and hence of inflammation. Specifically,
Del-1 blocks the interaction of the neutrophil LFA-1 integrin with the endothelial ICAM-1,
which is required for firm neutrophil adhesion to the endothelium and subsequent
transmigration.

Hajishengallis Page 15

J Oral Biosci. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hajishengallis Page 16

Table 1

Effects of aging on phagocytes and antigen-presenting cells

Functional activity Cell type

Neutrophils Monocytes/Macrophages Dendritic cells

Reduced Signal transduction (Ca2+ influx,
phosphorylation of ERK, p38, Akt,
PLC-γ)
Receptor recruitment to lipid rafts
(TLR4, TREM-1)
Chemotaxis (fMLP, GM-CSF)
CD16 expression
Phagocytosis
Microbicidal activity
Reactive oxygen species (LPS, fMLP,
GM-CSF, opsonized bacteria)

Signal transduction (e.g., total levels and/or
activation of STAT-1α, p38 & JNK MAPKs,
MyD88, NF-κB)
Cytokine production (IL-12, IL-6, TNF,
MIP-1α, MIP-1β, MIP-2)
Chemotaxis
Phagocytosis
Reactive oxygen species
Reactive nitrogen species
Intracellular killing
Expression of costimulatory molecules
(CD80 and CD86), MHC Class II,
Expression of CD14, TLR1, and TLR3*

Antigen presentation
Chemotaxis
Endocytosis
Production of IFN type I
and III (pDC)
IL-12
PI3K activity and Akt
phosphorylation
Expression of TLR-1,-3,-5,
-7, and -8

Maintained Total number of circulating
neutrophils
Basal levels of receptor expression
(GM-CSFR, TLR2, TLR4, CD14,
CD11b)
Expression of adhesion molecules and
adhesion to endothelial cells
Apoptosis (spontaneous)

Expression of IFN-γ receptor and TLR2
Expression of TLR negative regulators (e.g.,
SOCS-1, IRAK-M, A20, PPAR-γ)**

Expression of TLR2 (mDC)
and TLR9 (pDC)

Increased Apoptosis (under priming conditions;
e.g., impaired anti-apoptotic signals
after exposure to GM-CSF)
Activity of cytokine-signaling
inhibitory molecules (SHP-1, SOCS)

PGE2 production
TLR5 expression

TNF, IL-6, IL-23
Basal expression of CD80,
CD83, CD86***

Basal NF-κB activity

*
Basal levels only

**
In mice, not yet reported for humans

***
DC isolated directly from peripheral blood
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