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Abstract

The past decade has seen an explosion in research focusing on innate immunity. Through a wide

range of mechanisms including phagocytosis, intracellular killing, and activation of pro-

inflammatory or antiviral cytokine production via pattern recognition receptors, the cells of the

innate immune system initiate and support adaptive immunity. The effects of aging on innate

immune responses remain incompletely understood, particularly in humans. Here, we review

advances in the study of human immunosenescence in the diverse cells of the innate immune

system, including neutrophils, monocytes, macrophages, NK and NKT cells, and dendritic cells—

with a focus on consequences for the response to infection or vaccination in old age.

Introduction

Infectious diseases remain an important cause of morbidity and mortality in aged adults,

who are more susceptible to severe infections, take longer to recover from infections and are

frequently less responsive to vaccination. This is in part a consequence of

immunosenescence, or the functional deterioration of the immune system with age. Both the

adaptive and innate immune systems are influenced by immunosenescence, though the

division between innate and adaptive immunity is somewhat artificial given the interplay

between these two systems in the genesis of an immune response. In broad terms, innate

immune responses constitute the earliest responses to pathogens, are less specific, and lack

immunological memory. Innate immunity is mediated by a diverse group of cell types and

mechanisms, including monocytes/macrophages, NK and NKT cells, dendritic cells (DC),

neutrophils, eosinophils and basophils, and by the elaboration of proinflammatory cytokines,

type I interferons (IFN) and other soluble factors. Studies on the aging of innate immunity in

animal models are reviewed elsewhere in this issue; here, we will focus as far as possible on

recent advances in the understanding of aging in the human innate immune system.
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Monocytes and macrophages

Monocytes originate from a myeloid stem cell progenitor and differentiate to macrophages

with specialised functions in a range of tissues including bone, brain, lung, liver, and skin.

Recent studies indicate more complexity in monocyte lineages, and the potential for

differentiation of monocyte populations into not only macrophages but also specific classes

of inflammatory DC as well [1]. The majority of studies of the effects of aging on

macrophage phagocytic function have been carried out in murine systems [2], and

information on human macrophages is more limited, with early studies showing intact

phagocytic function in aging [3] and other results indicating that the percentage of CD68-

positive cells decreased in the bone marrow of adults, compared to children [4]. Critical to

this question is whether Toll-like Receptor (TLR) function is altered in monocytes or

macrophages in the context of aging. The TLRs are a family of invariant pattern recognition

receptors specific for highly conserved portions of pathogens; 11 human TLRs have been

identified to date, and known ligands include lipopeptides from bacteria, mycobacteria and

fungi, LPS (TLR4), bacterial flagellin, and nucleic acids (double-stranded and single-

stranded RNA and unmethylated CpG oligodeoxynucleotides). TLRs are expressed on a

wide range of cells in the immune system, particularly antigen presenting cells, and TLR

activation results in both proinflammatory cytokine responses via NF-κB-dependent

pathways and the upregulation of type I IFN and IFN-dependent genes [5]. Thus, TLRs play

a crucial role in linking innate to adaptive immune responses.

Early studies evaluating the effects of aging on LPS-mediated cytokine responses by human

monocytes (some pre-dating the identification of TLR4 as a component of the LPS receptor)

are in general conflicting, with some studies showing an increase in LPS-induced cytokine

secretion, and others showing unchanged or decreased secretion [6–10]. These diverging

results likely reflect heterogeneity in the (relatively small) numbers of participants evaluated

in each study as well as differences in experimental protocols. For example, these studies

relied upon different cell enrichment protocols, and variation in preparations of LPS might

also have contributed to heterogeneity in results; in addition, some studies have limited

enrollment using the highly restrictive SENIEUR protocol [11], while others have not. A

recent study evaluated a wide range of TLR ligands in peripheral blood mononuclear cell

(PBMC) samples from young and old individuals stimulated without adherence in round-

bottom wells, with cytokine production in monocytes identified via flow cytometry and

intracellular staining. In an analysis of 154 young and old individuals, an age-associated

reduction in tumor necrosis factor (TNF)-α and IL-6 production in monocytes was observed

following stimulation with agonists of the TLR1/2 heterodimer. This study also utilized

mixed effect multivariable statistical analysis to account for covariates between young and

old individuals that are a universal source of heterogeneity (e.g. gender, race, medication

usage, co-morbid medical conditions) in studies of human aging (notably, the old cohort

evaluated was a largely healthy group, with over 70% reporting no co-morbid illnesses)

[12]. This functional defect in cytokine production was strongly correlated with a decrease

in surface expression of TLR1, but not TLR2, on the surface of monocytes from old,

compared to young individuals; in addition, an age-associated decrease in TLR4 surface

expression was also observed [12]. An age-associated decrease in ssRNA-induced (TLR7)
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IL-6 production was also observed; TNF-α and IL-6 production following engagement of

TLR2/6, TLR4, and TLR5 appeared grossly intact, though it remains possible that

alterations in functions of these TLRs could be uncovered at different ligand concentrations.

However, subsequent analyses of TLR-induced upregulation of costimulatory proteins on

monocytes revealed a substantial age-associated defect in CD80 (B7-1) expression on

monocytes that was statistically significant for all TLR ligands tested (engaging TLR1/2,

TLR2/6, TLR4, TLR5, and TLR7/8). Furthermore, this defect in TLR-induced CD80

expression predicted the compromised generation of a protective antibody response to

influenza immunization (which is known to have markedly decreased efficacy in old

individuals) [13]. Taken together, these data provide evidence for age-associated defects in

TLR-induced production of IL-6 and TNF-α, particularly in response to engagement of

TLR1/2; by contrast, a generalized defect was observed for TLR-induced CD80

upregulation in monocytes from old individuals.

A recent study provided evidence for age-associated defects in TLR function in human

macrophages in the context of infection with West Nile Virus (WNV), a mosquito-borne

flavivirus recently introduced to North America with disproportionate morbidity

(particularly from meningoencephalitis) and mortality in old individuals [14]. Primary

human macrophages from old individuals were found to express lower levels of TLR3 than

macrophages from young individuals at baseline; however, WNV infection in vitro resulted

in the downregulation of TLR3 in macrophages from young individuals, and unchanged

TLR3 gene expression but increased TLR3 protein levels in macrophages from old

individuals. Such an increase in TLR3 protein expression could result in an exaggerated

inflammatory response to viral infection that might provide an explanation for the worsened

WNV disease seen in elderly individuals. In young individuals, the WNV-induced decrease

in TLR3 was found to result from an interaction between the glycosylated WNV envelope

protein and the DC-SIGN lectin on macrophages that attenuates STAT1 phosphorylation

and subsequent signaling; by contrast, such decreased STAT1 signaling was deficient in

macrophages from old individuals. Therefore, in response to WNV, macrophages from old

individuals appear to have defective DC-SIGN-WNV signaling that results in an inability to

downregulate TLR3; it is attractive to speculate that this could result in inappropriately

sustained TLR3 engagement during viral infection.

Taken together, these findings provide evidence for defects in TLR function in human

monocytes and macrophages from old individuals (Table 1); further studies under differing

TLR stimulation conditions and in old cohorts with increased co-morbid medical conditions

or disability may reveal additional age-associated phenotypes that contribute not only to

adverse outcomes from infectious diseases but also to mortality in aged individuals as well

[15]. Of particular interest will be the study of resident macrophages present in such tissues

as lung (alveolar macrophages), liver (Kupfer cells), and brain (microglia), currently

incomplete in human systems; for example, evidence is emerging for increased activation of

microglia with normal aging, and in particular in association with neurodegenerative

diseases [16]. In addition, whether specific infection states may influence TLR expression

and function remains a possibility to be addressed in larger studies of old and young

individuals [17].
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Findings from several groups add an additional layer of complexity to the understanding of

aging in cells of the monocyte/macrophage lineage: the observation of a heightened pro-

inflammatory milieu in old individuals with higher levels of cytokines such as TNF-α, IL-6,

and IL-1β, among others, and proinflammatory markers such as C-reactive protein and

clotting factors— collectively a condition termed “inflamm-aging” [18,19]. Work from a

number of groups has focused in particular on IL-6 [20]; notably, the concentration of IL-6

in human serum appears to progressively increase in concentration with age [21,22], though

this has not been universally observed [23]. Increased levels of IL-6 are strongly associated

with increased disability in elderly individuals [24–26], and with the geriatric syndrome of

frailty [27] which has been validated as a predictor of adverse health outcomes including

disability, falls, hospitalization, and mortality [28]. However, whether IL-6 plays a direct

role in mediating these phenotypes remains unclear, and to date, analyses of IL-6 promoter

single nucleotide polymorphisms associated with higher levels of IL-6 have not yielded

clear results [29]. Such elevated proinflammatory responses might have additional clinical

implications for conditions such as sepsis, which is associated with substantially elevated

mortality in elderly individuals [30]

A variety of influences contribute to the apparent paradox of defects in TLR function and

observations of increased proinflammatory cytokine levels in the context of aging. In some

circumstances age-associated dysregulation of cytokine production could result in elevated

basal cytokine levels that are refractory to further stimulation by TLR ligands or other

pathogen-associated motifs. In addition, studies of serum levels of cytokines might also

reflect production from a variety of tissue types; while monocytes/macrophages are a major

source of IL-6, it is also produced by endothelial cells, adipocytes, muscle cells, stromal

cells and other cell types which are susceptible to the aging process [31]. For example, it is

notable that LPS-induced production of IL-1 and IL-8 (as measured by ELISA) was

increased in old, compared to young adults in a whole blood assay but decreased in old,

compared to young individuals when isolated PBMCs were evaluated [32]. In this regard,

senescent fibroblasts and epithelial cells show a marked proinflammatory phenotype,

secreting significant levels of IL-6 and IL-8 [33]. Finally, the behavior of cells that are the

source for proinflammatory cytokines evaluated in the context of aging might also be

influenced by the complex interplay of immunologic, hormonal, and neuroendocrine factors

in vivo [34,35]. For example, proinflammatory cytokine production by monocytes/

macrophages is modulated by both adipokines [36] and adrenal hormones [37], whose

circulating levels are altered with age.

Therefore, the significant age-related increase in circulating levels of inflammatory

cytokines, resulting in levels of TNF-α and IL-6 that are 2–3 fold higher in old compared to

young humans, is likely to reflect the cumulative effect of modest cytokine output from cells

of the monocyte lineage as well as aged stromal cells such as fibroblasts. Furthermore, the

detrimental effect of this chronic inflamed state on health in old age is now being realized,

with clear roles for inflamm-aging in cardiovascular disease, sarcopaenia and metabolic

syndrome [38].
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Natural Killer (NK) cells and NKT cells

NK cells are innate cytotoxic lymphocytes that play an important role in host defense

against certain malignancies and viral infections. In response to IL-2, NK cells increase their

cytolytic activity against target cells and become so-called lymphokine-activated killer cells

(LAKs). In early studies using bulk populations of leukocytes, LAK activity from peripheral

blood lymphocytes derived from both young and aged donors appeared to have comparable

overall cytotoxic reactivity against the NK-sensitive tumor cell line K562. Similarly, non-

MHC-restricted, constitutive (i.e. IL-2 independent) NK-mediated cytolytic activity also

appeared preserved in the context of human aging, as assessed by both chromium release

(which quantifies the lytic activity at the cell population level) and evaluation of the binding

to and recognition of tumor cells and the magnitude of lethal hit delivery [39,40]. However,

the absolute number of NK cells have been observed to increase with age, and is associated

with an increase in the CD56dim population of NK cells with a mature phenotype) [41–45]

and it now seems that this phenomenon can mask age-related defects in NK cell function. In

fact, when analyzed on a per-cell basis by cloning or flow cytometry, age-associated defects

in both NK cytotoxicity and LAK cell activity were observed [43,46–49]. This age-

associated defect in NK cell cytotoxicity appears associated with impaired inositol

triphosphate (IP3) generation [50]; notably, this alteration in inositol phospholipid

metabolism was not observed for antibody-dependent cytotoxicity, which in early studies

appeared unperturbed in NK cells from young and old individuals [51,52]. Thus, signal

transduction pathways mediating spontaneous vs. antibody-dependent cytotoxicity in human

NK cells appear to be differentially influenced by aging.

In addition to their cytotoxic functions against infected and cancerous cells, NK cells also

secrete immunoregulatory factors upon activation. It has been observed that IL-2-induced

IFN-γ production, and IL-2 or IL-12-induced production of chemokines such as MIP-1α,

RANTES, and IL-8 are decreased in NK cells from aged individuals [53,54]. Thus, while

the diminished lytic efficiency of individual NK cells that occurs during aging may be

compensated by an increase in NK cell number, impaired production of cytokines and

chemokines is likely to compromise NK-cell driven adaptive immune responses in the

elderly (Table 1); consistent with this hypothesis, infection risk and mortality in elderly

individuals appear to be strongly correlated with NK cell activity [55]. Ongoing studies

indicate that alterations in zinc homeostasis may contribute to age-associated NK defects in

cytotoxicity, which appear to improve with zinc supplementation [56,57].

NKT cells constitute a unique and heterogeneous T-cell population that shares some

functional (cytotoxicity) and phenotypic (expression of NK-associated receptors such as

CD161) characteristics with NK cells. Classical NKT cells in humans are CD1d-restricted,

responsive to α-galactosyl-ceramide (α-GalCer), and are characterised by the expression of

an invariant TCRα chain encoded by Vα24/JαQ gene segments, and T cell receptor (TCR)

Vβ11 (such cells are often termed invariant, or iNKT cells) [58]. NKT cells can respond

very rapidly to antigenic challenge by production of cytokines (especially IL-4 or IFN-γ)

and therefore influence adaptive immune responses. A decreased percentage of CD3+Vα24+

cells has been reported in peripheral blood from elderly donors that is accompanied by at

least a trend toward impairment in α-GalCer-induced proliferation, depending upon the
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study evaluated [59–61]. In addition, recent in vitro studies using cell cultures enriched for

iNKT cells indicate that iNKT cells from old individuals shift from a TH1 toward a TH2

cytokine profile (as manifested by decreased ratios of IFN-γ/IL-4 and IFN-γ/IL-10)

compared to iNKT cells from young individuals [60].

In addition to the iNKT cells discussed above, NKT-like cells constitute a subset of (mainly

CD8+) T lymphocytes expressing NK-associated receptors such as CD16, CD56, CD57,

CD161, CD94 and NKG2A [62]. It is known that such NKT-like cells constitute a

significant proportion of CD3+ T cells from elderly individuals, healthy donors or

centenarians [63]. Recent studies of CD8 T cells expressing CD56 indicate that such T cells

are largely CD28null, and accumulate both in T cells induced to undergo senescence and in

cross-sectional analyses of young vs. old individuals. Notably, CD56 cross-linking without

TCR ligation on these T cells resulted in NF-κB activation and pro-inflammatory cytokine

production, suggesting a potential mechanism for TCR-independent activation of senescent

T cells from aging individuals [64]. In addition, CD28null T cells from old individuals also

acquire expression of Killer Ig-like Receptors (KIRs) usually found on NK cells [65], and

recent studies have begun to elucidate epigenetic mechanisms associated with KIR

expression in aged human T cells [66]. Because KIRs are a genetically polymorphic family

with both inhibitory and stimulatory members, the contribution of KIR expression on T cells

to immunosenescence remains incompletely understood.

Neutrophils, Eosinophils and Basophils

Granulocytes are involved in the earliest responses to microbial and parasitic infections and

their bactericidal armory includes the generation of reactive oxygen and nitrogen species

and the release of a range of degradative enzymes and antimicrobial peptides. The

appropriate initiation and resolution of their inflammatory responses is crucial to the

clearance of infections and the prevention of non-specific tissue damage leading to chronic

inflammatory disease and frailty. That the function of these cells might be compromised by

aging is indicated not only by the increased morbidity and mortality due to bacterial

infections in the elderly [67,68], but also by the wealth of clinical data showing that age is

an independent risk factor for the development of chronic inflammatory diseases which

include a pathogenic role for neutrophils, for example rheumatoid arthritis [69,70].

At present, limited data exist on age-associated changes in eosinophil and basophil function

in humans. Analysis of age-related changes in peripheral blood eosinophil function in 30

young and old human subjects with asthma showed decreased degranulation (as measured

by IL-5-induced degranulation of eosinophil-derived neurotoxin) in old individuals (55 to 88

years of age) [71]. A trend toward decreased production of superoxide anions was also

observed in eosinophils from old individuals, but eosinophil adhesion, chemotaxis, and

number in the sputum were unchanged. Basophil degranulation was initially reported to be

impaired in an aged cohort [72], while a later study found higher reactivity from basophils

from old subjects for both the maximum proportion of anti-IgE-induced histamine release as

well as sensitivity to a standard concentration of anti-IgE [73]. With the recent

demonstration of roles for basophils in CD4 TH2 cell differentiation [74] and in enhancing
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humoral immune memory responses [75], studies in aging humans are needed to examine

these newly discovered functions.

In contrast, our understanding of the effect of age upon neutrophil function is more

comprehensive, reflecting the dominant role of these cells in innate bacterial immunity. This

literature has been reviewed thoroughly by several authors [76–80] and will only be outlined

here in order to facilitate the discussion of the potential impact of these changes on innate

immunity and pathology. Research spanning two decades has shown that most aspects of

neutrophil function are decreased in aged humans including chemotaxis, phagocytosis of

microbes and generation of superoxide in response to stimulation by soluble host and

bacterial factors (GM-CSF, LPS, fMLP) or opsonised bacteria (Figure 1)[76,79]. In

addition, neutrophils are the shortest lived blood cell with a half-life of 8–12 hours and their

lifespan is extended at sites of inflammation by survival signals provided by pro-

inflammatory cytokines (GM-CSF, type 1 IFN) and bacterial products (fMLP, LPS). This

mechanism is important in order to maximise the anti-bacterial potential of neutrophils

during an infection. This ability to respond to survival signals, specifically GM-CSF [81], is

also reduced with age, with implications not only for the ability of old adults to clear

infections but also for the resolution of inflammation itself. Neutrophils die by apoptosis, but

if the number of apoptotic neutrophils at the inflamed site exceeds the capacity of

macrophages to clear the dead cells, they could progress to secondary necrosis leading to

persistence of inflammation [82].

One conclusion from an analysis of the existing literature is that many of the defects in

neutrophil function might arise from changes to the cell membrane and/or to proximal

events in receptor signaling. For example, neutrophil priming and activation in response to a

range of ligands is decreased with age, including fMLP, GM-CSF, G-CSF and LPS [76], as

is the response to ligation of the neutrophil receptor TREM-1 [83]. These receptors have

quite distinct modes of signaling and their modulation during aging suggests a common

underlying mechanism. Some studies [84] have reported increased neutrophil membrane

fluidity, related to a decrease in cholesterol content, in peritoneal neutrophils from aged rats

and this is associated with a 40% decrease in superoxide generation in response to the

bacterial peptide fMLP. However, the superoxide response to the phorbol ester PMA, which

activates downstream signaling events via direct activation of protein kinase C (PKC), was

not affected, suggestive of a defect proximal to the receptor. Lipid rafts are regions of

reduced fluidity within the phospholipid bilayer and are enriched for cholesterol and

phospholipids with long, saturated fatty acid side chains. Lipid rafts are important for the

regulation of cell signaling as they provide a means to segregate receptors and their

proximal signaling components within the membrane, with receptor activity modulated by

the inclusion or exclusion of signaling elements in the lipid raft associated signalosome [85].

Alterations to membrane fluidity would thus impact upon lipid raft formation and integrity

with consequences for a range of membrane receptors. Although similar studies of the lipid

composition of neutrophils from old humans have not been reported, there is evidence that

lipid raft function might be compromised in human neutrophils with age. Indeed the

negative regulator of GM-CSF receptor signaling SHP-1 is excluded from lipid rafts within

1 minute of stimulation of young neutrophils with GM-CSF, but remains associated with

lipid rafts in neutrophils from old donors [86], thus maintaining inhibition of receptor
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signaling. At the same time, agonist receptors such as TREM-1 and TLR4 show reduced

recruitment to lipid rafts in neutrophils of aging donors, compromising their signaling

function [83,87]. Taken together these data might explain the reduction in downstream

signaling events in old neutrophils seen following ligation of receptors such as TREM-1 and

the receptor for GM-CSF including decreased activation of the JAK-STAT, ERK1/2, PLCγ-

PKC and PI3 kinase-AKT pathways [78,83,88] mediating superoxide generation,

chemotaxis and anti-apoptotic processes [78].

Whether the decline in the various aspects of neutrophil function has differential

consequences for immunity in old age, and thus identifies potential targets for intervention,

is an important but largely unanswered question. The process of extravasation from the

circulation appears unaffected by aging, with adhesion to endothelial cells, expression of

adhesion molecules and recruitment to inflamed skin all unaltered in neutrophils from aged

donors [89,90]. However, the movement of neutrophils towards a site of inflammation is

affected by two components of migration, namely chemokinesis (speed of movement) and

chemotaxis (directional movement). To date only a single study has assessed the effect of

age on both elements of neutrophil migration and the data indicate that chemokinesis is

intact but chemotaxis is reduced with age [112]. The efficiency of migration to the infected

site could thus be affected as a result of reduced chemotactic ability and both cross-sectional

and longitudinal studies have shown that this is associated with increased morbidity and

mortality in aged patients with infections following trauma [91,92]. There is thus no

evidence that neutrophil recruitment to inflamed sites is reduced with age [89], rather that

there is a failure to resolve the inflammation. We propose that this could result from several

aspects of neutrophil senescence. For instance, as neutrophils migrate towards a site of

infection, their movement through tissues is effected by the release of proteases such as

elastase. Once in the tissue, the age related decrease in chemotactic ability [92, 112] could

result in increased collateral damage to healthy tissues due to reduced directional movement

and persistence towards the site of infection (Figure 1); reduced phagocytic function,

bactericidal activity (superoxide generation) and inability to extend neutrophil lifespan via

inflammatory survival factors, will all compromise the efficiency of removal of microbes

and thus extend the time to resolve the inflammation. Interestingly, studies of neutrophil

function in centenarians revealed that phagocytic ability was increased whilst superoxide

generation in response to the phorbol ester PMA was reduced compared to middle aged

subjects [45]. These data suggest that maintenance of neutrophil phagocytic capacity is

important for longevity and can overcome the age-related decline in superoxide generating

ability. Whether any of the more recently discovered mechanisms that are induced to

actively resolve inflammation, such as production of Resolvins, are also reduced with age

remains to be determined and will represent an important area of research for the future.

Dendritic Cells

Studies regarding the effects of aging on the frequency and properties of human DC have

yielded varied conclusions. Several distinct subsets of DC have been identified including

myeloid DC (mDC) and plasmacytoid DC (pDC). pDCs appear to be especially important

for type I IFN production and antiviral responses, while mDCs express a broader array of

TLRs and facilitate adaptive T cell responses, in part through TLR-induced IL-12
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production in the induction of TH1 responses [93]. In one study, the number of mDCs was

reported to increase with age, and an increased proportion of mDCs from old participants

was found to have a more mature phenotype, as evidenced by increased expression of CD86

and CD83 [94]; no change in pDC numbers was observed in this study, though an age-

associate decrease in pDCs was observed by other investigators [95]. Other studies reported

no change in the percentage of mDCs and pDCs in young versus old individuals, although

absolute numbers were not calculated [96]. No significant changes have been reported in the

derivation of DCs (which generally have a phenotype resembling mDCs) from monocytes

using GM-CSF and IL-4 [96–98]. The reasons for these differences remain unclear, but

certainly heterogeneity in the aged cohorts evaluated might be an important consideration.

Such heterogeneity may result not only from genetic factors, but also from differences in

functional status and comorbid medical conditions that were largely not reported in these

studies. Some information is available regarding tissue-specific DC populations; for

example, decreases in human Langerhans cell (LC) densities have been observed in the

epidermis of the skin [99,100]. Some evidence for age-associated morphologic alterations in

LC density have been reported, such as a decrease in dendritic-branching processes; in

comparisons of old vs. young individuals with chronic periodontitis, decreased densities of

intraepithelial LCs were observed, with an age-associated shift to a more mature phenotype,

as evidenced by CD83 and DC-LAMP immunostaining [100–102]. Advances in this area

have been slowed by availability of material (i.e. requirement for biopsy) for human studies

and by the technical challenges of quantitation and characterization of LCs from skin biopsy

specimens. Such limitations have also restricted study of the effect of aging on follicular

dendritic cells (FDC), whose immune complex trapping function in germinal centres is

crucial to the production of plasma cells secreting high affinity antibodies. However, studies

in mice indicate that this is an area that should be pursued in humans, as FDC from old mice

have reduced levels of receptors for complement and antibody and show reduced trafficking

to B cell follicles [103]. These combined defects are likely to contribute to reduced germinal

centre formation and humoral immunity in aged mice and might well contribute to the

compromised vaccination response in terms of antibody titre, affinity and repertoire, seen in

aged humans [104–106].

The extent of immunosenescence in human dendritic cells remains an area of ongoing study.

In general, antigen presenting functions in human DCs, as assessed by transendothelial DC

migration and the ability of antigen-pulsed DCs to stimulate T cell proliferation, appear

largely preserved in the context of aging [98,107,108]. However, it remains possible that

age-associated impairment in DC may be uncovered in the setting of specific infectious

agents, as evidenced by decreased IFN-γ ELISPOT in response to RSV-infected (but not

influenza virus-infected) monocyte-derived DCs from old individuals [109]. Previous

studies of TLR-induced cytokine production in humans have reported an age-associated

defect in LPS-induced IL-12 production in mDCs (assessed via intracellular cytokine

staining) [94], and decreased IFN-α protein production (likely with pDCs an important

source) was reported following stimulation of PBMCs with Herpes Simplex virus [95].

In contrast, recent studies have demonstrated increased production of TNF-α and IL-6 in

response to LPS and ssRNA, and increased production of IL-6 and IFN-α in response to

self-DNA stimulation of monocyte-derived DC from old, compared to young participants
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[96,110]. However, phagocytic function and migration of such monocyte-derived DCs

toward CCL19 or SCF-1 in a transwell assay were decreased in old individuals, suggesting

defects in antigen presentation function. Decreased PI-3 kinase activity, as manifested by

decreased AKT phosphorylation, was also reported in monocyte-derived DCs from old

individuals, and was associated with increased levels of phosphorylation of the mitogen

activated protein kinases p38 and ERK. PI-3 kinase signaling has been reported to be both a

negative and positive regulator of TLR-mediated cytokine responses [111], and whether the

observed hyper-responsiveness to TLR stimulation with concomitant impaired phagocytic

and migration functions of these DCs derived from old individuals are both consequences of

the multifunctional role of the PI3-K pathway in DCs remains to be determined. Age-

associated alterations in human DCs are summarized in Table 1.

These intriguing findings call for additional studies of a wider range of TLRs in human DC

populations. It remains possible that such laboratory generated, monocyte-derived DCs

could be a model for a class of inflammatory mDCs that could arise from monocyte

precursors in vivo. If so, these monocyte-derived cells could represent a potential source for

the elevated proinflammatory cytokine levels associated with aspects of the aged innate

immune system. However, studies of primary DCs will also be informative to provide

additional information on mDC and particularly pDC populations that have not been derived

from treatment ex vivo with GM-CSF and IL-4, since the possibility exists that growth factor

stimulation could mask age-associated alterations in DC function.

Concluding remarks

Several aspects of the innate immune response are affected by normal human aging,

resulting in a reduced ability to provide the immediate response to bacterial and viral

pathogens and also to integrate with and influence the adaptive immune response. The

mechanisms underlying these changes are now beginning to be characterised and include

alterations in the activity of a variety of innate immune cell receptors and their downstream

signaling pathways as well as changes to the numbers of certain cells within the circulation.

That this loss of innate cell function has consequences for immunity and longevity is also

clear, with reduced neutrophil and NK cell activity predictive of increased mortality in old

adults [55,92] and dysregulation of TLR function affecting vaccine responsiveness and

hyper-responsiveness to viral infection in aged individuals [13,14]. Indeed, such biomarkers

could be used to define an Innate Immune Risk Phenotype, to complement and expand the

Immune Risk Phenotype already established for elements of the adaptive immune response

[106].
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Figure 1. Proposed consequences of the age-related loss of human neutrophil function
1) Neutrophil adhesion to vascular endothelium and initial extravasation into tissue is

unaffected by aging [89]. 2) Chemotaxis appears to be compromised by aging whilst

chemokinesis remains intact [112], reducing the efficiency of migration to the infected site.

3) Migration through tissue involves secretion of proteases such as neutrophil elastase from

azurophilic granules. Reduced chemotactic activity would increase exposure of tissue to

such proteases, increasing collateral damage to healthy tissue. 4) At the site of infection

itself neutrophil uptake of microbes and subsequent killing involving generation of

superoxide are both reduced with age [76,77,112], due in part to reduced responsiveness to

priming agents such as GM-CSF [81]. GM-CSF also extends neutrophil lifespan at sites of

infection and thus reduced responsiveness to this cytokine increases apoptosis. Each of these

factors will contribute to the reduced ability of aged adults to clear bacterial infections and

to resolve inflammation promptly.
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Table 1

Summary of alterations in NK cell, monocyte, and dendritic cell function associated with aging in humans.

Effect Refs

NK cells ↑ Numbers [41–43]

↓ Cytotoxicity [42,46–49]

Intact antibody-dependent cytotoxicity [51,52]

↓ IL-2–dependent IFN-γ and IL-2– and IL-12–induced chemokine production (MIP-1α, RANTES, and IL-8) [53,54]

Monocytes ↑, ↓ Or unchanged LPS-induced cytokine production [6–10]

↓ TLR1/2-induced IL-6 and TNF-α production [12]

↓ TLR1 and TLR4 surface expression [12]

↓ TLR-induced CD80 upregulation [13]

↓ DC-SIGN signaling in macrophages (to West Nile virus) [14]

↓ Phagocytosis [3]

↓ Percentage CD68-positive macrophages in bone marrow [4]

Dendritic cells ↑ Or unchanged number or percentage of mDCs [94,96]

↓ Or unchanged number or percentage of pDCs [94–96]

↓ Langerhans cell density in skin [99,100]

Unchanged transendothelial migration, preserved ability of antigen-pulsed DCs to stimulate T-cell
proliferation

[98,107,108]

↓ Pinocytosis or endocytosis and impaired chemokine-induced migration [96]

↓ LPS-induced IL-12 production in mDCs [94]

↓ IFN-α production in PBMCs [95]

↑ TLR4- and TLR8-induced IL-6 and TNF-α production in MDDCs [96]

↑ Self-DNA-induced production of IFN-α and IL-6 in MDDCs [110]

↓ Akt-phosphorylation, ↑ p38 phosphorylation (MDDCs) [96]

NK, natural killer; IL, interleukin; IFN, interferon; MIP, macrophage inflammatory protein; RANTES, regulated upon activation, normal T-cell
expressed, and secreted; LPS, lipopolysaccharide; TLR, Toll-like receptor; TNF, tumor necrosis factor; DC-SIGN, dendritic cell–specific ICAM-3
grabbing nonlectin; mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; PBMC, peripheral blood mononuclear cell; MDDC, monocyte
derived dendritic cell.
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