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Abstract

The relationship between advanced age and immunologic deficits is becoming an area of rapidly
advancing research. Many of the clinical hurdles in the elderly population result from
dysregulation of the immune system leading to the inability of the elderly to swiftly combat
infection and to the increased incidence of chronic disease states and autoimmune conditions.
Herein, we address the crucial alterations in the innate immune system that occur with advancing
age. Specifically, we discuss how the effects of advanced age may lead to functional changes in
the neutrophil, macrophage, dendritic cell, natural killer cell, and natural killer T cell populations
in human and murine models that translate into aberrant innate immune responses. Furthermore,
we elucidate how these changes may contribute to documented deficits in adaptive immunity as
well as the pathological conditions and the increased morbidity and mortality seen in the elderly
population.
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INTRODUCTION

Advanced age leads to numerous changes in the immune system which results in refractory
responses to vaccination and a significant decline in protective immunity. For example, the
yearly influenza vaccine is only 40-60% efficacious in older subjects (e.g. > 65 years old)
[1]. Hence, the elderly are more susceptible to viral and bacterial infections, opportunistic
infections, reactivation of latent viruses, autoimmune diseases and neoplasia, resulting in
increased morbidity and mortality [2]. This dysregulation of the immune system with age is
referred to as immunosenescence. The development of pulmonary complications, such as
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pneumonia and acute respiratory distress syndrome, are among the most serious threats to
the elderly population. Even in the absence of an immune challenge, healthy, aged
individuals have a significantly higher basal inflammatory state where the circulating levels
of cytokines including IL-6, IL-1f and tumor necrosis factor-a (TNF-o) are elevated. This
progressive proinflammatory status, termed ‘inflamm-aging’ [3], renders the older subjects
more susceptible to a poor prognosis following systemic insults including burn trauma [4].
Although it is well documented that both B and T lymphocyte compartments of the adaptive
immune system deteriorate with advancing age, the impact of aging on many aspects of the
innate immune response remains to be elucidated. Innate immunity is mediated by various
cell types functioning through different mechanisms involving cytokines and chemokines,
type I interferons, and soluble factors. Cells of the innate immune system include
neutrophils, monocytes/macrophages, dendritic cells, natural killer (NK) and natural killer T
(NKT) cells, eosinophils and basophils. In this review, we provide an up-to-date summary
on the current literature on the effects of aging on innate immunity, with a particular focus
on neutrophils, macrophages, DCs, NK and NKT cells.

NEUTROPHIL

A rapid initiation of the inflammatory response is needed to restrict the spread of pathogens
at the preliminary stages of infection. Neutrophils play an essential role in the innate
immune system as the first line of defense against invading pathogens. Rapid recruitment
and activation of neutrophils is mediated through the integration of multiple, successive
signaling steps involving selectins, integrins, chemokines and G protein coupled receptors
[5,6]. Upon their recruitment, neutrophilic polymorphonuclear leukocytes (PMNSs) clear the
site of infection from invading microbes and debris by phagocytosis and intracellular killing
mechanisms involving the generation of reactive oxygen species (ROS) and the release of a
diverse array of mediators [7]. Granules found in neutrophil contain multiple antimicrobial
molecules and proteases, such as elastase, cathepsins, matrix metallopeptidase-9 (MMP-9)
and human neutrophil peptide-1 [8]. Neutrophil activation can be brought about by
pathogen-associated molecular patterns (PAMPS) binding to their respective pattern
recognition receptors (PRRs). Examples of PAMPs include formyl-Methionyl-Leucyl-
Phenylalanine lipopolysaccharide (fMLP), lipopolysaccharide (LPS) and other toll-like
receptor (TLR) and triggering receptor expressed on myeloid cells-1 (TREM-1) ligands.
Cytokines, including granulocyte macrophage-colony stimulating factor (GM-CSF), IL-15
and IL-18, can also prime neutrophils resulting in delayed or decreased apoptosis which
subsequently lead to enhanced neutrophil effector functions [9-11]. Activated PMNSs, in
turn, release cytokines and chemokines locally, including TNF-a, IP-10, macrophage
inflammatory protein-1la (MIP-1a), B-Lymphocyte stimulator (BLyS), IL-12, IL-8, vascular
endothelial growth factor (VEGF) among others and therefore profoundly impact the
elicitation of the subsequent immune response [12].

Although there is a general consensus that aging does not impact the total number of
circulating neutrophils [13], hematopoietic stem cells from young mice proliferating and
differentiating into PMN in an aged microenvironment exhibited decreased effector
functions [14]. These results suggest that microenvironmental factors associated with
advanced age in mice may be responsible for decreased neutrophil function under certain
conditions, for example, impaired killing of C. albicans [15], but not in others such as S.
pneumoniae [16]. Neutrophils have a short life span of 16-24 hours after which they
undergo apoptosis and are subsequently removed via phagocytosis by macrophages [17].
Analysis of age-related changes in humans have shown that most aspects of neutrophil
function in the elderly are decreased, including chemotaxis, phagocytosis of microbes and
generation of ROS in response to stimulation by GM-CSF, LPS, fMLP or opsonized bacteria
(Fig. 1) [12,18]. The ability of GM-CSF to prime and to activate respiratory burst, as well as
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delay apoptosis, is impaired in the elderly. Increased activity of SHP-1, an inhibitor of Src
family of tyrosine kinases, and suppressors of cytokine signalling (SOCS) have been
attributed to the age-related failure of GM-CSF to induce neutrophil functions via inhibition
of Lyn, Phosphoinositide-3 kinase/Akt (PI3K/Akt), extracellular signal-regulated protein
kinase (ERK) and Signal Transducers and Activator of Transcription (STAT) signaling
pathways [19]. Similarly, reduced phosphorylation of ERK and p38 mitogen-activated
protein kinase (MAPK) following stimulation with fMLP is also observed in healthy, aged
subjects [20]. A significant decrease in intracellular Ca2* was also observed in the elderly
following fMLP stimulation. This may account for the reduced phagocytic ability and
impaired bactericidal activity. Age affected the phospholipase C-protein kinase C (PLC-
PKC) pathway since generation of inositol triphosphate (IP3) and diacyl glycerol (DAG) and
activation of cyclic adenosine monophosphate/protein kinase A (CAMP/PKA) were
decreased in neutrophils from aged humans leading to changes in ROS and inositol 1,4,5-
triphosphate production (InsP3) [21,22]. Contrary to human studies, neutrophils from aged
mice did not exhibit any functional deficiency including exocytosis, chemotaxis, respiratory
burst and phagocytosis compared to its young counterparts [15].

Components of the TLR signaling pathway have also been studied in neutrophils isolated
from aged subjects. Basal levels of TLR2 and TLR4 expression on neutrophils are unaltered
by age [20]. However, TLR4 expression in PMN from unstimulated lipid rafts and non-raft
fractions from aged subjects was elevated compared to young. LPS stimulation did not
affect recruitment or redistribution of TLRs between lipid raft and non-raft fractions in the
aged which was a marked contrast to the significant increase in TLR recruitment in young
mice [20]. Expression of MyD88 on PMN from aged mice after LPS stimulation were
comparable to the young; although, the quantity of MyD88 in the membrane of PMN of
aged subjects was significantly decreased after stimulation [20] which may impact cell
signaling via the TLR4-MyD88-dependent pathway. TREM-1-induced neutrophil functions,
including ROS production, degranulation, phagocytosis and production of proinflammatory
cytokines and chemokines were impaired with aging. These changes were reflected by
alterations in signal transduction that were possibly caused by the failure of TREM-1 to
relocate in the lipid rafts upon stimulation in aged subjects [23]. A significant level of
soluble TREM-1 in the circulation is an indicator of aberrant inflammatory conditions; and
poor outcomes for critically ill patients with sepsis are associated with a sustained presence
of soluble TREM-1 in the plasma [24].

Extravasation of PMNs from the circulation was shown to be unaltered by aging, i.e.,
adhesion to endothelial cells, expression of adhesion molecules and recruitment of PMN are
comparable between young and aged donors [25,26]. However, one piece of contrasting
evidence from Damtew et al. 1990 suggested that there is increased adhesion of PMNs from
elderly donors to an endothelial cell monolayer following fMLP or phorbol 12-myristate 13-
acetate (PMA) stimulation [27]. Chemotaxis of purified peripheral blood neutrophils
isolated from healthy, aged subjects conforming to the SENIEUR protocol towards fMLP
and GM-CSF were significantly decreased [20]. On the contrary, in vivo studies involving a
dermal excisional injury demonstrated comparable neutrophil myeloperoxidase (MPO)
activity correlating to similar number of neutrophils in the wound bed and wound
homogenates from young and aged mice [28].

Recent work from our group showed that LPS-induced pulmonary inflammation in aged
mice was significantly increased compared to its younger counterparts and this was
associated with elevated levels of neutrophil chemokines, macrophage inflammatory
protein-2 (MIP-2) and KC, along with increased production of IL-1p in lungs of aged mice
[29]. Similar results were obtained from further research in our group from aged mice after
receiving a systemic insult of 15% TBSA dorsal scald injury. Exacerbated pulmonary
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inflammation exhibited by the aged mice correlated with increased neutrophil infiltration in
the lungs 24 hours after receiving burn trauma. This response was associated with elevated
production of KC, but not MIP-2 or IL-1f [30]. Adverse effects of overproduction of
cytokines with advanced age have also been reported where elevated levels of IL-17 and
IL-6 paired with increased neutrophil activation were associated with mortality in aged mice
following systemic viral infection [31]. IL-17 neutralization or neutrophil depletion during
viral infection reduced liver necrosis and prevented lethality in aged mice. The
aforementioned studies suggest that the cytokine/chemokine milieu during inflammation and
the extent of cellular infiltration are dependent on the nature of the trauma, i.e., a local insult
may lead to a sequence of controlled, inflammatory events while a systemic insult such as
burn trauma or viral infection may be necessary to reveal the intrinsic defects in aging cells
which are otherwise masked by the microenvironment. The reported observations herein
suggest that fine tuning the neutrophil effector functions through targeting specific
chemokines and/or their respective receptors may successfully transform the outcome of
inflammation in the elderly.

MACROPHAGES

Macrophages play an indispensable role in innate immunity acting as sentinels in tissues,
fighting invading pathogens, as well as orchestrating the attraction and development of the
more complex and specific, acquired immune response. Blood monocytes differentiate into
macrophages under the influence of cytokines as they enter tissues. Depending on the tissue
type, macrophages occupy strategic positions as bone osteoclasts, liver Kupffer cells, brain
microglia, and resident cells in the peritoneum, etc. Macrophages play a dual role in host
defense initially phagocytosing foreign pathogens including bacteria, protozoa, fungi,
parasites and apoptotic cells and subsequently destroying them through oxygen-dependent
and oxygen-independent pathways. These phagocytes have the ability to recognize danger
signals through receptors capable of inducing specialized activation programs in addition to
promoting cell-mediated immunity by antigen presentation to CD4* T cells. Collaboration
of macrophages with T and B cells is further mediated by the release of cytokines,
chemokines, enzymes, arachidonic acid metabolites and reactive radicals [32,33].

The effect of aging on macrophages appears to be multifaceted, affecting almost every
aspect of their normal cellular function (Fig. 2). Myeloid precursors differentiate into
macrophages in the presence of growth factors such as macrophage-colony stimulating
factor (M-CSF), GM-CSF and IL-3. Activation of macrophages requires interaction with
interferon-y (IFN-y), a pro-inflammatory cytokine released by activated T cells and NK cells
or by the bacterial cell membrane component, LPS. IFN-y inhibits M-CSF-dependent
proliferation and protects macrophages from apoptosis induced by LPS or glucocorticoids
[34]. IFN-y also regulates major histocompatibility complex (MHC) class Il gene expression
at several levels which are crucial for antigen presentation for T cells [35]. IFN-y activation
of macrophages from aged animals is impaired. Although there was no difference in IFN-y
receptor expression levels in macrophages from aged mice [36], studies have shown a 75%
decrease in the capacity of macrophages from aged rats to produce superoxide anion after
incubation with IFN-y or opsonized zymosan [37]. Further investigation by Ding et al. 1994
demonstrated that reduced MAPK phosphorylation after IFN-y stimulation is responsible for
the decreased superoxide production in peritoneal macrophages from aged mice [38]. One
study reported reduced STAT-1a phosphorylation in peritoneal macrophages from aged
mice compared to their young counterparts [36]. The levels of MHC class 1l molecules
expressed at the cell surface and the intracellular IAB mRNA and protein levels following
IFN-y stimulation are lower in macrophages from aged mice compared to young [39].
Moreover, LPS-stimulated ROS and nitric oxide (NO) production are significantly reduced
in alveolar macrophages from aged rats [40,41]. Similarly, studies using aged mice showed
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diminished production of reactive nitrogen species (RNS) and decreased expression of
inducible nitric oxide synthase (iNOS) mRNA from splenic and peritoneal macrophages
[40,42]. On the contrary, a recent study identified elevated levels of intracellular ROS and
increased susceptibility to oxidative stress as a cause of telomere loss in bone-marrow
derived macrophages from aged mice [43]. Moreover, the authors observed that telomere
shortening in these macrophages from aged mice is caused by defective GM-CSF- and not
M-CSF- dependent proliferation which correlates to reduced STAT5a phosphorylation.
Other effector functions, such as chemotactic activity of macrophages, also decreases with
advanced age as do their production of chemokines including MIP-1a, MIP-1p and MIP-2.
In addition, phagocytosis and clearance of infectious organisms by these innate cells are
compromised with advanced age [28,44].

There is a degree of ambiguity surrounding the age-dependent effects on the generation of
macrophages from their monocyte precursor. The number of blood monocytes in the aged
and young subjects appears to be comparable; however, there is a significant decrease in
macrophage precursors as well as macrophages in the bone marrow of the elderly [45,46]. In
contrast, the macrophage population is enhanced in bone marrow of aged mice as
demonstrated by an increase in Mac-1/ CD11b-positive cells [47]. However, it remains
unclear whether there is a reduced frequency of macrophage precursors with age in mice.
Herrero et al. (2001) established that the number, size, DNA content and cell surface
markers expressed during macrophage maturation were similar in macrophages from both
young and aged mice. In humans, the percentage of cells expressing CD68, a macrophage
marker, is decreased in the bone marrow of adults compared to children [46].

Macrophages play a critical role not only in the initial phases of the inflammatory response
during wound healing but also in the regeneration phase, by secreting angiogenic and
fibrogenic growth factors that repair damaged tissue. Physical changes observed during the
wound healing process which were defective in elderly subjects as well as rodents include
enhanced platelet aggregation, delayed re-epithelialization and collagen deposition, turnover
and remodeling, delayed healing strength, decreased wound strength and delayed infiltration
and function of macrophages. Delayed collagen synthesis and angiogenesis during tissue
repair were attributed to a decrease in the secretion of VEGF by macrophages in aged mice
[48]. The aforementioned results indicate that a few stages in the wound healing process are
markedly altered with advanced age which opens up avenues for therapeutic intervention in
the elderly at multiple target points.

The TLR4 signaling pathway is involved in the induction of several pro-inflammatory
cytokines including TNF-a and IL-6. There is reduced responsiveness of macrophages from
aged mice to the classical TLR4 ligand, LPS, as exemplified by decreased production of
TNF-a, IL-6 and IL-1a after stimulation [49]. However, there are no age-related differences
in TLR4 expression in macrophages at the protein level [49] although others show
contradictory results showing decreased TLR4 and other TLR mRNA from the spleen and
peritoneal cavity [50] in a different mouse strain. Renshaw et al. 2002 resorted to isolation
of splenic macrophages through adherence of cells to tissue culture plastic. This method of
macrophage separation yields a mixture of cells with macrophages along with DCs and B
cells, as all these cell types adhere to tissue culture plastic [51]. Hence, the data
demonstrating decreased TLR mRNA levels in splenic macrophages may not be a
predominantly macrophage population.

Furthermore, we found that defective pro-inflammatory cytokine production upon LPS
stimulation is due to signaling defects downstream of ligand-receptor interaction, i.e.
decreased levels of total MAPK, p38 and janus kinase (JNK), and reduced phosphorylation
of these kinases after TLR4 activation [49,52]. Advanced age does not modulate the basal
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levels of LPS-binding protein (LBP) [53]. Research also shows that aging affects CD14
levels, a co-receptor for TLR4 signaling, in macrophages from aged mice by a significant
decrease in its overall expression [54]. Early studies assessing the effects of aging on
cytokine production by human monocytes upon LPS stimulation were contradictory, with
some studies showing increased cytokine production and others showing unchanged or
decreased production [55-59]. This may be due to the relatively small number of
participants in each study, as well as differences in experimental methods including cell
isolation techniques. Another restriction could be due to the fact that some studies have
limited enrollment as they followed the SENIEUR protocol [60]. A recent study evaluated
the effect of various TLR ligands on peripheral blood mononuclear cells (PBMCs) isolated
from 159 young and aged individuals and found an age-associated reduction in TNF-o and
IL-6 after stimulation with agonists of TLR1/2 correlating with a decrease in surface
expression of TLR1, but not TLR2, on monocytes harvested from the aged. An age-
associated decrease in TLR4 surface expression and single stranded RNA-induced (TLR7
ligand) I1L-6 production was also confirmed in this study [61]. Recent research provided
similar evidence for age-associated defects in TLR function in human macrophages in the
context of infection with West Nile virus [62]. The influence of aging on LPS-mediated
cytokine production selectively impact macrophage responses, such that some functions are
depressed while others are elevated. For example, macrophages from aged mice have
increased levels of cyclooxygenase (COX)-2, prostaglandin (PG) E, and IL-10 after LPS
stimulation [63-65], whereas TNF-a, IL-6 and IL-1 and IL-12 production are decreased as
mentioned above. Defective TLR4 signaling associated with decreased pro-inflammatory
cytokine production may significantly contribute to increased susceptibility to infection and
elicit a poor adaptive immune response in the elderly.

The cytokine and chemokine milieu during inflammation affects the polarization of
macrophages toward an M1, pro-inflammatory, or an M2, anti-inflammatory, phenotype.
Aging impacts macrophage polarization as the cytokine microenvironment in aged subjects
promotes the M2 phenotype [66]. The decreased production of pro-inflammatory cytokines
and increased production of anti-inflammatory cytokines, together with a decrease in MHC
class Il molecules result in a state of immunosuppression which significantly affects T cell
function [67]. A good example of impaired macrophage cytokine production affecting
protective immunity in aged subjects has recently been reported by Agius and colleagues,
where cutaneous delayed-type hypersensitivity responses to bacterial, fungal or viral
antigens by CD4* memory T cells is significantly decreased in older subjects [68]. The
authors linked the defective immunosurveillance by T cells to reduced production of TNF-a
by cutaneous macrophages, resulting in decreased endothelial activation and a subsequent
decrease in T cell recruitment to the aging skin. Skewing of macrophage polarization in
advanced age towards the alternatively activated phenotype may result in insufficient
elicitation of protective immunity which may be responsible for the poor prognosis
following infections and malignancy.

Other cellular signaling pathways involved in eliciting immune responses have also been
shown to be defective in aging. Examples of this include increased phosphorylation of
inhibitor of B (1xB) leading to elevated translocation of nuclear factor-kxB (NF-«B) to the
nucleus in inflammatory peritoneal macrophages from aged mice [69]. Microarray analysis
using RNA from resting and LPS-stimulated macrophages from aged and young mice
revealed that genes encoding pro-inflammatory cytokines, chemokines and their receptors
were down-regulated in aged mice [70]. Among these were genes in the TLR pathway
leading to NF-xB activation, MyD88 and tumor necrosis factor receptor-associated factor 6
(TRAF®6). Similarly, Sunil et al. have shown decreased activation of members of the NF-xB
family in cells from aged rats [71]. These observations clearly indicate that there are several
age-related defects in macrophage function and future research targeting the key molecules
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of these signaling pathways may provide therapeutic intervention that can lead to restoration
of basal, macrophage effector responses.

DENDRITIC CELLS

The dendritic cell (DC) acts as an important bridge between innate and adaptive immunity
by sequestration and presentation of antigen to the adaptive immune system and playing a
critical role in the mediation of T cell specific self tolerance. DCs are unique in their ability
to phagocytose antigen, migrate to secondary lymphoid organs, differentiate into a mature
phenotype and activate naive T cells [72,73]. Several unique features of DCs are altered in
elderly human and older animals, which may contribute to the immunosenescent cellular
response, chronic inflammation and autoimmune pathology (Fig. 3) [74].

Dendritic cells can best be considered in the context of two broad subpopulations: myeloid
dendritic cells (mDC) and plasmacytoid dendritic cells (pDC). Plasmacytoid DCs, which do
not express the typical DC surface marker CD11c and resemble plasma B cells in
circulation, have been shown to play a role in autoimmunity and are the major subset of DCs
responsible for IFN-a generation in response to infectious challenge [73,75-78]. On the
other hand, mDCs, a population that can be further subdivided to include Langerhans cells
(LC), interstitial dendritic cells and monocyte-derived dendritic cells (MDDC), have been
shown to have a major role in IL-12 secretion and induction of the Th1 immune response
[72,73,79]. Advanced age alters the relative population balance of these two DC subsets. In
one report, the absolute number of mDCs and their CD34™" precursors in human peripheral
blood decline with age while the pDC subpopulation is maintained [79]. However, another
study found that there is a decline in the pDC population with no change in the mDC subset
[75]. While these divergent findings need to be reconciled, functional and phenotypic
changes in mDCs from aged subjects have been described. Myeloid DCs isolated directly
from aged human peripheral blood have shown an increased basal expression of the co-
stimulatory molecule CD86 and marker of DC activation CD83 [79,80]. However, when
PBMCs from young and aged subjects are induced with IL-4 and GM-CSF to differentiate
into MDDC:s in vitro, studies have shown no difference in baseline expression of DC surface
markers [80,81]. Additionally, following stimulation with either LPS or inactivated
influenza viral components, there was no difference in expression of these markers between
MDDCs differentiated in vitro from young and aged subjects [81]. These findings suggest
that in vitro, DCs are capable of undergoing appropriate lineage specific differentiation and
highlights the importance of in vivo modeling to better understand how the aging
microenvironment may contribute to a skewed cellular phenotype.

Functional changes associated with advanced age have also been found in the MDDC subset
[80,82]. MDDCs from healthy elderly human donors have deficient pinocytic and endocytic
capabilities in response to antigen and a compromised migratory response to macrophage
inflammatory protein-3p (MIP-3pB) and stromal cell-derived factor-1 (SDF-1) [80]. The
cause of these phagocytic and migratory defects has been attributed to abnormalities in the
PI3K, a critical feed-forward mediator of both phagocytosis and migration. The PI3K
pathway was shown to be compromised by a decrease in the phosphorylation of AKT, a
serine/threonine kinase, suggesting a possible mechanism for disruption in MDDC function
[80]. AKT also acts as an inhibitory mediator of downstream NF-«xB activation, an important
moderator of cellular homeostatic and immune responses that is elevated in DCs from aged
subjects [82]. Disruption of this pathway not only appears to contribute to the functional
defects seen in the MDDC subset but also suggests a possible role of DCs in the heightened
NF-«xB signaling tied to aging and cellular immunosenescence [83]. These signaling
alterations may be the root of aberrant cytokine production observed in aging studies.
Monocyte derived DCs differentiated from PBMCs in vitro from aged subjects have been
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shown to generate higher levels of TNF-a and IL-6 in response to LPS stimulation [80],
which may contribute to the increased systemic levels of pro-inflammatory cytokines
associated with advance aged [84,85]. Interestingly, mDCs obtained from elderly humans
cultured in vitro with LPS produced less IL-12 than mDCs from young subjects, while IL-10
production by mDCs from aged subjects was comparable to their younger counterparts [79].
In contrast, there was no difference in the production of pro-inflammatory cytokines by
MDDCs differentiated in vitro in the presence of inactivated influenza virus [81],
implicating that specific TLR signaling pathways may be differentially affected in DCs with
advanced age and, as previously mentioned, emphasizing the importance of the aged
environmental milieu in these studies.

The effect of aging on LCs, a tissue specific subset of mDCs, is characterized by an overall
decline in LC density in epidermal and epithelial sites [74,86,87] in addition to functional
defects. Studies in humans confirm a decreased density of resident LC expressing CD1a, a
characteristic membrane marker, in the skin of elderly individuals as compared to young
[87]. Furthermore, the authors also demonstrate a deficient migratory response of these LCs
to TNF-a with advanced age. In murine models, TNF-a has been shown to play an important
role in mobilization and migration of LCs to lymph nodes [87-89] and systemic
administration of TNF-o antibody has been shown to inhibit this migratory response [90].
Interestingly, TNF-a and other pro-inflammatory cytokines have been shown to be
systemically elevated in aging [84,85]. This enhanced expression of TNF-o with advanced
age may desensitize aged LCs to the chemotatic effects of TNF-a by downregulating cell
surface receptors and overall signal transduction. Moreover, the impaired migratory ability
of LCs to regional lymph nodes might hinder antigen presentation and ability to effectively
combat dermal infection.

As DCs are important in both the initiation and regulation of subsequent adaptive immune
responses, the emergence of the autoimmune-linked Th17 subset of T lymphocytes has lead
to the implication of DC dysregulation as a contributor to autoimmune pathology [91].
Along with macrophages, DCs are the principal cell type that produce I1L-23, a cytokine
critical to the maturation and maintenance of Th17 cells. In elderly humans, bone marrow
derived DCs have been shown to have increased mRNA expression of p19, a subunit of
IL-23, in addition to increased protein production of 1L-23 following stimulation with LPS
and R484, a TLR7/8 agonist [91]. These changes are associated with age-specific epigenetic
modifications in histone methylation that promote preferential binding of the NF-xB
transcription factor c-Rel, resulting in upregulation of IL-23 production from aged DCs. In
concert with these data, basal elevation of NF-«kB activity in DCs from aged humans has
also been described [82]. Furthermore, exposure of DCs from aged subjects to human DNA
in vitro resulted in heightened activity of interferon regulatory factor 3 (IRF3) and NF-«B,
providing further insight into the age-associated changes in DC signaling pathways, which
can contribute to an autoimmune phenotype at a cellular level [82]. Additionally, DCs from
aged subjects also demonstrated an elevated expression of co-stimulatory molecules,
increased IL-6 secretion and IFN-a production [82]. These findings supply further evidence
for the role of the innate immune system, and specifically that of DCs, as a mediator of
autoimmune pathology and chronic inflammatory conditions.

Heightened sensitivity of DCs to self antigen may prime the body to mount an attack against
endogenous tissue [77,78], while additional functional defects in pDCs may compromise the
ability of aged individual to effectively fight infection [75,76]. Although pDCs are generally
associated with high levels of IFN-o generation in response to infectious challenge, when
aged pDCs were exposed to herpes simplex virus (HSV) infection, they produced decreased
levels of IFN-a that can be associated with defective initiation of IFN pathway signaling via
TLR9 [75,76]. Specifically, these signaling defects were attributed to inadequate
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upregulation of interferon regulation factor 7 (IRF7) and deficits in the PI3K signaling
pathway [76]. Activation of TLR9 also increased oxidative stress in pDCs from aged mice
compared to young mice with reduction of this stress allowing partial recovery of IFN-a
production [76]. Additionally, DCs isolated from the mesenteric lymph nodes (MLN) of
aged mice demonstrate an impaired ability to generate a sufficient T cell response after
exposure to Encephalitozoon cuniculi [92]. After antigenic exposure, MLN DCs of aged
mice exhibited impaired IL-12 and IL-15 generation and poorly induced proliferation of
young T cells in vitro. Furthermore, adoptive transfer of DCs isolated from the MLN of aged
mice showed impaired cytolytic activity in vivo. Interestingly, administration of IL-15
restored the cytolytic activity of aged MLN DCs and increased expression of CD80 and
CD86, providing a potential means to enhance the immune response to vaccination and
opportunistic infections in the elderly [92].

As it becomes clear that age-associated deficits in pDC and mDC subsets may play a role in
the increased susceptibility to infection [75,76,92], chronic inflammatory states [74,85,93]
and autoimmune pathology [77,78,82,91] in the elderly, further research involving DC
population dynamics, TLR expression, intracellular signaling pathways, cytokine production
and the interaction between DCs and T cells should provide additional insight into the
pathophysiology of clinical disease states associated with aging.

NATURAL KILLER CELLS

Natural killer cells are crucial modulators of tumor, microbial, and viral immunogenicity
that also demonstrate alterations in immune function and cellular phenotype with advanced
age (Table 1). NK cells are characterized phenotypically by surface expression of CD56
(NCAM) and CD16 (FcyRlIlla) in humans and expression of NK1.1/1.2 in mice. These
unique cells can be distinguished from T and NKT cells by their lack of T-cell antigen
receptor (TCR) and thymic independent maturation [94,95]. Although NK cells share a
common T cell precursor in the bone marrow, they, unlike thymic T and NKT cells, undergo
maturation in the bone marrow, driven by a poorly described mechanism that may involve
IL-12, IL-15, and IL-21 [96,97]. While the precise nature of NK maturation is not fully
understood, NK cells from aged individuals have decreased peak proliferation of cellular
DNA after administration of deuterium-enriched glucose when compared to young subjects
[98].

In spite of decreased bone marrow production, it is generally accepted that the mature,
highly cytotoxic CD56%M peripheral NK cell population expands with age [95,99-102].
This shift to the mature, cytotoxic NK cell phenotype with advanced age suggested the
possibility of functional alterations in NK cytotoxicity, however, studies following the strict
exclusion criteria of the SENIUER protocol in humans did not indicate any difference in NK
cytoxicity in peripheral blood [103,104]. Indeed, when NK cells from elderly subjects were
examined on an individual basis for lytic activity, they actually had lower cytotoxicity [105].
The deficits in NK cytotoxicity have, in part, been attributed to defective IP3 release
following receptor binding which subsequently decreases signal transduction via the PKC1
pathway [106]. Additionally, aged human NK cells responding to IL-2, IL-12, IFN-a and
IFN-y stimulation demonstrate preserved cytotoxic activity against the NK-sensitive K562
cell line [103,104]. Conversely, cytokine-induced cytolytic capabilities against Daudi, a NK
resistant cell line, are decreased in NK cells from elderly subjects [94,100,103,104].
Perforin, an intracytoplasmic cytolytic enzyme found in NK cells, has also been examined to
determine whether it plays a role in the diminished NK cell cytolytic activity seen with
advanced age. While no decrease in perforin production in elderly subjects has been found
in vitro [107], a decrease in intracellular perforin expression by NK cells as measured by
flow cytometry has been described [108].
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In response to cytokine stimulation, NK cells play an important role in not only direct
cytolytic activity of infected cells but also in release of pro-inflammatory cytokines and
chemokines that facilitate the Thl driven immune response [94]. NK cell production of IFN-
¥, TNF-0, IL-2 and I1L-12 is decreased in elderly individuals and may contribute to T cell
deficits associated with aging [95]. After IL-2 or IL-12 stimulation, NK cells from aged
subjects display increased production of the pro-inflammatory chemokines, MIP-1aq,
RANTES and IL-8, but the level of these mediators fail to reach peak amounts produced by
cells from young subjects [109]. The attenuated response to I1L-2 cytokine stimulation may
be due to lower surface expression of 1L-2 receptors on NK cells from aged subjects [94]
and may be the reason that 1L-12 stimulation of aged NK cells generated more chemokine
production when compared to IL-2 stimulation [109].

Clinically, NK cell deficits in cytokine stimulation, cytotoxicity and cytokine/chemokine
production directly translate into increased risks of infection, morbidity and mortality
encountered in both aged humans and rodents [102,110,111]. Interestingly, NK cytotoxicity
can be modulated by external agents, for example, hormonal treatments or zinc
administration [112]. Physiological doses of zinc in infected, elderly patients act to improve
NK cytotoxicity, restore IFN-y production, and improve clinical outcomes [111].
Furthermore, administration of thyroid hormone (T3 and T4), melatonin, growth hormone
and insulin-like growth factor-1 (IGF-1) also restored NK cell cytotoxicity and IFN-y
production. Whether hormones act through well-described hormone receptors on NK cells
that induce cytokine production or by activation of mucosal gut receptors that enhance zinc
absorption, or both mechanisms, is unknown [113]. Hormonal and nutritional enhancement
of NK function in the elderly offer the potential for clinical interventions and provide a
strong rationale for further study of NK cells in the elderly.

NATURAL KILLER T CELLS

Natural killer T cells are considered to be a unique T cell subset that express TCRs and
NKZ1.1, undergo maturation in the thymus and/or at extrathymic sites, and play an important
role in viral and antitumor cytolytic activity [94,112]. Two specific NKT cell subsets, the
invariant CD1d-restricted NKT cells (iNKT) and the CD8* T lymphocytes with elevated
expression of NK cell markers (NKT-like cells), undergo alterations in population size and
function with aging (summarized in Table 1) [114-116]. Invariant NKT cells have been
shown to be increased in the spleen and lymph nodes in aged mice [117], however, this
subset is decreased in peripheral blood and liver in aged humans [114,115]. Additionally, in
aged human subjects, iINKT cells demonstrate decreased proliferation following stimulation
with CD1d ligand a-GalCer [116], which may contribute to differences in the iINKT cell
population with advanced age. Interestingly, the NKT-like cell population reportedly
increases in peripheral blood from healthy elderly humans [114,116,118,119], suggesting
that advanced aged may alter the population dynamics of NKT cells in the peripheral pool.

In addition to these age related changes in the NKT cell faction, NKT cells demonstrate a
propensity to skew the environmental cytokine milieu, promoting chronic inflammatory
injury and altering T lymphocyte polarization [31,120]. Compared to iNKT cells from
young mice, iNKT cells from aged mice infected with HSV-2 demonstrated elevated
expression and production of IL-17A that was associated with increased hepatic damage
[31]. Adoptive transfer of INKT cells from aged mice into young mice subsequently
challenged with HSV-2 resulted in overproduction of IL-17A and exhibited more hepatic
necrosis, supporting the concept that excessive 1L-17A contributes to persistent
inflammatory pathology and ensuing morbidity in the elderly [31]. Invariant NKT cells are
not only involved in promotion of an IL-17 driven immune response, but aged iNKT cells
also impact T cell polarization by releasing elevated levels of Th2 cytokines, IL-4 and IL-10
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[120] and decreased levels of the Thl cytokine IFN-y before and after stimulation by 1L-12
as compared to young mice [113].

Aside from differential cytokine production, NKT cells from aged subjects also decrease the
proliferative response of the T lymphocyte population [117]. Removal of NK/NKT cells
from splenocyte suspensions and systemic administration of anti-CD1d antibody, an
inhibitor of INKT TCR/CD1d-mediated activation, restored T cell proliferation in aged mice
[117], implicating NK/NKT cells in the dysregulation of cell-mediated immunity with
advanced aged. Taken together, the effects of NKT cells exhibiting an aged phenotype
would influence T cell proliferation and skew T cell polarization, contributing to chronic
pathological conditions, decreased microbial immunity and altered anti-tumor cytolytic
activity with advance age.

CONCLUDING REMARKS

Age-associated impairment in the various components of the immune system has been
extensively studied. However, it is evident from the recent studies reported herein that some
aspects of innate immunity require more investigation than others. While the murine model
of aging can be successfully used to study some cell types (e.g., macrophages and DCs), the
model does not accurately reflect the role of other immune cells (e.g., neutrophils) in the
elderly. Tackling immunosenescence as it affects the innate arms of the immune system is a
logical step forward as efficient antigen presentation and co-stimulation by macrophages and
DCs may promote a ‘normal’ humoral and cell-mediated immune response in aged
individuals. Moreover, future aging research should focus on the key signaling molecules
modulating the various signaling pathways involved in phagocyte and APC effector
responses and on cross-talk between these pathways. Furthermore, studying the intrinsic
defects of a cell without the interference of the aged microenvironment is as crucial as
focusing on the overall aged phenotype. In vitro research coupled with in vivo studies on the
complex physiological interactions between immune cell types and its surrounding milieu
can hold a promising future for aging research.
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A

Fig. (1).
Neutrophil defects with advanced age. Arrows (1, | or <) denote increased, decreased or
unaltered levels in the aged compared to the young. Abbreviations: fMLP, N-formyl-
methionyl-leucyl-phenylalanine; GM-CSF, granulocyte monocyte colony stimulating factor;
LPS, lipopolysaccharide; TREM-1, triggering receptor expressed on myeloid cell-1, TLR4,
Toll-like receptor 4; MyD88, Myeloid differentiation primary response gene (88); IP3,
inositol 1,4,5-triphosphate; DAG, diacyl glycerol; cAMP/PKA, cyclic adenosine
monophosphate/protein kinase A; ERK, extracellular signal-regulated protein kinase;
MAPK, mitogen activated protein kinase; SHP-1, inhibitor of Src family of tyrosine kinases,
SOCs, suppressors of cytokine signaling.
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Fig. (2).
Macrophage defects with advanced a ge. Arrows (1, | or «») denote increased, decreased or
unaltered levels in the aged compared to the young. Abbreviations: IFN-y, interferon-
gamma; ROS, reactive oxygen species; MHC, major histocompatibility complex; RNS,
reactive nitrogen species; iNOS, inducible nitric oxide synthase; LBP, LPS-binding protein;
JNK, janus kinase; MAPK, mitogen activated protein kinase; PGE2, prostaglandin E2; I-kB,
inhibitor of xB; NF-«xB, nuclear factor-kappaB; COX, cyclooxygenase; TNF-a, tumor
necrosis factor-alpha; MIP, macrophage inflammatory protein; IL, interleukin.
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Fig. (3).
Dendritic cell defects with advanced age. Arrows (1, | or <) denote increased, decreased or
unaltered levels in the aged compared to the young. Abbreviations: mDC, myleiod dendritic
cell; MDDC, monocyte-derived dendritic cell; pDC, plasmacytoid dendritic cell; LC,
Langerhan’s cell; LPS, lipopolysaccharide; PI3K, Phosphoinositide-3 kinase; AKT, serine/
threonine kinase; MIP, macrophage inflammatory protein; TNF-a, tumor necrosis factor-
alpha; IL, interleukin; sSRNA, single-stranded ribonucleic acid; IFN-y, interferon-gamma;
IRF, interferon regulation factor; HSV, herpes simplex virus.
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Table 1
Natural Killer and Natural Killer T Cells

1 NKT-like cell population in human peripheral blood
NKT Cells | | iNKTcell proliferation after a-Gal Cerstimulation

1 IFN-yafter IL-12 stimulation

1 IL-4, IL-10 and IL-17

Role in age-associated defective T cell proliferation

Age-Associated Defects Refs.

| bone marrow production [98]

1 CD56dim cell population [95,99-102]

| cytotoxicity [94,100,103-106]
NK Cells | or «—perforin [107-108]

| IFN-y, TNF-a, IL-2 and IL-12 production [95]

| chemokine production in response to IL-2 and 1L-12 [109]

Improved cytotoxicity and IFN-y production after zinc or hormone treatment | [111-113]

| iINKTpopulation in human peripheral blood and liver [114-115]

1 iNKTpopulation in murinespleen and lymph node [117]

[114,116-119]
[116]

[113]

[31,120]

[117]

Arrows (1, | or <) denote increased, decreased or unaltered levels in the aged compared to the young.

Abbreviations: NK, natural killer cell; NKT, natural killer T cell; iNKT, invariant natural Killer T cell; NKT-like, natural killer like T cells; TNF-a,

tumor necrosis factor-alpha; IL, interleukin; IFN-y, interferon-gamma; a-GalCer, a CD1d ligand.

Curr Immunol Rev. Author manuscript; available in PMC 2012 February 1.




