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Abstract

Inflammation underlies chronic diseases frequently associated with aging, such as
cancer, diabetes, obesity, Alzheimer’s disease, and atherosclerosis, among others.
Macrophages are cells of the innate immune response, and they play a crucial role
during the inflammatory process. In the early stages of inflammation, they are
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involved in the destruction of bacteria, parasites, viruses, and tumor cells that
damage surrounding tissues. In the late stages, they participate in the resolution of
inflammation by promoting tissue repair. In addition, macrophages present anti-
gens to T lymphocytes, thus initiating the adaptive immune response. Aging
impairs macrophage functions, thereby contributing to the immunosenescence of
adaptive and innate immunity. Here we summarize data about the effects of aging
on macrophages and discuss the molecular events underlying this process, such as
the shortening of telomeres, the production of reactive oxygen species, and DNA
repair.
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AMD Age-related macular degeneration
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Macrophages
Introduction

Macrophages are phagocytic cells involved in a number of complex functions in
disease and health. They are critical for the establishment of the immune response
against invading pathogens and for the maintenance of homeostasis — the latter
achieved by promoting angiogenesis and tissue remodeling and repair. In addition,
these cells are responsible for scavenging cellular debris and apoptotic cells (Locati
et al. 2013).

Monocytes are the precursors of macrophages, and it has traditionally been
claimed that they originate from undifferentiated stem cells in the bone marrow.
Differentiation is induced in response to growth factors such as macrophage
colony-stimulating factor (M-CSF), interleukin (IL)-3, and granulocyte macrophage
colony-stimulating factor (GM-CSF). However, the only growth factor specific to
macrophages is M-CSF because the M-CSF receptor (CSF1R, M-CSF-R, or CD115
is encoded by the c-fins proto-oncogene) is present only in the monocyte/macro-
phage lineage. Monocytes are carried to body tissues through the blood, and when
they reach their destination, they become macrophages (Epelman et al. 2014).
In response to various factors, including cytokines, cell-cell contacts, and extracel-
lular matrix interactions, macrophages differentiate into various specialized cells
depending on the tissue. For example, in the bone they become osteoclasts, in the
liver Kupffer cells, in the skin Langerhans cells, in the bone bone marrow macro-
phages, and in the intestine crypt macrophages. The activities of differentiated
macrophages vary in function of the tissue. The interaction of macrophages with
factors such as GM-CSF, IL-4, and transforming growth factor (TGF)-f induces
differentiation to dendritic cells, which are key elements in antigen presentation in
the lymph node — a process that induces T cell activation and the acquired immune
response. Under homeostasis, most macrophages are eliminated through apoptosis
and renewed by the monocytes produced in the bone marrow or locally in tissues.

In recent years, it has been claimed that tissue macrophages do not originate in
the bone marrow but rather from local stem cells in tissues. Experimental data are
controversial, in some cases showing that resident macrophages can be maintained
by local proliferation in healthy tissues, including the skin, lungs, central nervous
system, and spleen (Guilliams et al. 2014). Although there are discrepancies about
the origin of macrophages in several tissues, there is consensus that microglia of the
brain are produced locally (Sheng et al. 2015).

The differentiation process is regulated by the combined action of several tran-
scription factors (Valledor et al. 1998). Of these, PU.1, CCAAT-enhancer-binding
proteins (C/EBP), and acute myeloid leukemia/core-binding factor (AML1/CFB)f
play a crucial role in regulating the myeloid-specific expression of the M-CSF and
GM-CSF receptors required for the differentiation, proliferation, and survival of
macrophages. In response to growth factors, these cells proliferate; however, the
presence of microbial agents, cytokines, or inflammatory molecules blocks this
process and induces functional activities (Xaus et al. 1999). This activation leads to
the release of toxic metabolites and to the elimination of microbes by phagocytosis.
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Macrophages are key cells in innate and adaptive immune function. They can act
directly by engulfing and digesting bacteria, parasites, viruses, and tumor cells or
indirectly by releasing mediators such as IL-1 and tumor necrosis factor-a (TNF-a),
which can regulate other cells. Macrophages are also responsible for processing
antigens and presenting peptides to T lymphocytes, as well as for repairing tissue
damage. In humans, mice, and rats, old age is accompanied by alterations in
macrophage functions, which in turn contribute to the immunosenescence of adap-
tive and innate immunity. In this regard, dysfunctions in the following processes
have been reported in aged macrophages: phagocytic activity, cytokine and chemo-
kine secretion, antibacterial defenses such as the production of reactive oxygen and
nitrogen intermediates, infiltration and wound repair in the late phase of inflamma-
tory response, and antigen presentation (Herrero et al. 2001). Such changes lead to
the impairment of the first line of immune defense and a decreased capacity to
contribute to the development of specific immune responses by presenting antigens
to T cells and by producing regulatory cytokines. Since macrophage activity is
essential for the proper function of the immune system, studies addressing the effects
of aging on the biology of these phagocytic cells and the molecular mechanisms
involved in this process may provide insights into aging and immunosenescence. In
addition, in order to fully understand the how macrophages age, it is of great interest
to distinguish between the indirect (i.e., interactions with other cells) and direct (i.e.,
genome modifications) effects of aging on the biology of these cells.

Macrophages and Inflammation

The immune system responds to stress induced by chemical, physical, infectious
agents by producing inflammation. In this process, macrophages play a key role,
initially through their capacity to remove bacteria or parasites. To achieve this
function, these cells use many components that can indirectly damage the surround-
ing tissues. After this pro-inflammatory activity (also called classical activation or
M1), macrophages remove all the damaged tissue and initiate reconstruction. In this
anti-inflammatory phase (so-called alternative activation or M2), macrophages pro-
mpt the synthesis of the extracellular matrix and also cell growth (Fig. 1).

Under physiological conditions, mouse monocytes show a Ly6C™ (an adhesion
molecule) and CD43 ™" (a sialoglycoprotein) phenotype, while the equivalent cells in
humans show a CD14~ (lipopolysaccharide (LPS) receptor) and CD16"" (Fcy
receptor III) one (Ziegler-Heitbrock et al. 2010). Localized around blood vessels,
these cells serve to patrol healthy tissues. When homeostasis is altered, they enter the
affected tissues to initiate an early immune response. This activity requires the
integrin LFA-1 and the chemokine receptor CX(3)CR1. During the first 24 h of
this response, inflammatory loci are invaded by neutrophils, followed by monocytes
with the Ly6C"™" CD43~ phenotype in mice and the CD14"" CD16~ phenotype
in humans. These monocytes trigger the pro- and anti-inflammatory activities men-
tioned earlier. Ly6C"" monocytes require the expression of selective chemokines
(CCL7 and CCL2) and leukocyte-endothelial adhesion molecules (CD62E, p1-
integrins, and VCAM-1). Once in the tissues, monocytes mature and become
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Fig. 1 Macrophages originate from HSCs in the bone marrow and migrate to body tissues where
they become differentiated. Once in the tissues, they may proliferate or become activated during an
inflammatory process. However, when not activated, most macrophages die by apoptosis

macrophages. The same macrophages that are polarized to pro-inflammatory action
become anti-inflammatory a few days later (Arnold et al. 2007).

Macrophages play a key role in both innate and adaptive immunity. They
recognize and destroy invading pathogens and apoptotic cells and modulate the
immune response by producing cytokines and chemokines. Moreover, as antigen
presenters, macrophages are involved in regulating the differentiation and activa-
tion of T cells. In addition to these functions, they play a crucial role in the
resolution of inflammation and in tissue repair, by promoting the synthesis of
the extracellular matrix, fibroblast proliferation, angiogenesis, and elimination of
cellular debris (Wynn and Vannella 2016). Finally, these phagocytic cells elimi-
nate modified proteins, oxidized low density lipoproteins, apoptotic cells, and
other components from tissues. This action is achieved via the expression of
scavenger receptors.

Macrophages reaching inflammatory loci in the early stages of the immune
response kill any remaining microorganisms and remove cell debris and apoptotic
bodies. They then go on to repair damaged tissues (Arnold et al. 2007) (Fig. 2).
Cytokines or bacterial products trigger the activation of macrophages, a process in
which these cells undergo a series of biochemical, morphological, and functional
modifications. Recognized by specific receptors called Toll-like receptors (TLRs),
Thl-type cytokines such as interferon-gamma (IFN-y) — which interacts with its
specific receptor — or bacterial products such as LPS, Gram-positive bacteria and
yeast cell wall components, double-strand (ds) RNAs, bacterial flagellin, and CpG
oligodeoxynucleotides induce classical activation (also known as M1) of these
phagocytic cells. This activation leads to inflammation and elimination of the
pathogen, and it is characterized by the expression of inducible nitric oxide synthase
(NOS2) and by the biosynthesis and release of pro-inflammatory cytokines, includ-
ing TNF-a, IL-1, and IL-6. Moreover, IFN-y leads to the expression of several genes
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Fig. 2 Macrophages play a key role during the inflammatory process. In the initial phase, they are
activated in a Thl context, leading to the release of inflammatory mediators (pro-inflammatory
cytokines and chemokines, NO, ROS, etc.). In the resolution phase, macrophages become alterna-
tively activated by Th2-type cytokines and participate in tissue repair and remodeling through the
production of polyamines and proline

that regulate many aspects of macrophage biology. It induces the expression of the
Fc high affinity receptors (FcyRI) on the cell surface, thus triggering increased
antibody-dependent cytotoxicity; it enhances the phagocytic activity of macro-
phages; and it induces a respiratory burst (generation of nitric oxide (NO) and
reactive oxygen species (ROS)) and the expression of lysosomal enzymes promoting
the destruction of the pathogen (Gordon 2016). IFN-y inhibits M-CSF-dependent
proliferation and protects macrophages from apoptosis induced by glucocorticoids
or M-CSF withdrawal. The protective effect of IFN-y is mediated by p21%®
expression and blockade of the cell cycle at the G1/S boundary (Xaus et al. 1999).
In addition to modulating innate immunity, IFN-y governs adaptive immunity by
regulating the expression of major histocompatibility complex (MHC) class II genes
at several levels — genes that are crucial for presenting antigens to T lymphocytes and
for initiating an immune response.

In addition to this classical activation, several cytokines, such as IL-4 and IL-13,
induce a distinct alternative activation program, also known as M2, in which the
expression of arginase 1 is triggered, together with the upregulation of the mannose
receptor (MR) and several other markers (Locati et al. 2013). Alternatively activated
macrophages exert immune regulatory functions, drive Th2-type responses, and
participate in tissue remodeling.

Curiously, arginine is the substrate for NOS2 and for arginase 1, and the system
that transports this amino acid is induced by both types of cytokine, thus providing
the cell with more arginine (Yeramian et al. 2006; Sans-Fons et al. 2013). NOS2
degrades arginine to produce the “killer” molecule NO, while arginase produces
ornithine and polyamines, which are “repair’” molecules.
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Aged Macrophages

As early as 1908, Metchnikoff hypothesized that phagocytes/macrophages drive
degenerative diseases associated with aging (Metchnikoff and Mitchell 1908).
Macrophages from aged humans and mice display several functional defects with
age. Many studies have focused on the effects of aging on macrophage biology but
have yielded conflicting and sometimes opposing results. This may be due to factors
such as the strain and sex of the experimental subjects, distinct macrophage origins
(bone marrow, peritoneum, spleen, or alveolus), and differences in experimental
conditions (culture, stimulant used, etc.). Furthermore, in the case of humans, it is
difficult to define the term “healthy elderly subject” and would necessarily involve
exhaustive health screening procedures. Moreover, most of the studies on humans in
this field have been performed with monocytes, which generally provide a limited
view of tissue macrophages. In addition, most studies addressing macrophage aging
have reported modifications in the functional activities of these cells; however, few
have attempted to explain the underlying causes of this dysfunction.

Differentiation and Maturation of Macrophages

The immune system is maintained by the generation of immune cells from hemato-
poietic stem cells (HSCs). These cells reside in the bone marrow and provide lifelong
production of progenitors and peripheral blood cells. Simultaneously, HSCs must be
able to maintain the stem cell pool through self-renewing divisions. Increasing
experimental evidence supports the premise that HSCs become aged and have a
limited functional lifespan (Denkinger et al. 2015). The first studies to suggest stem
cell aging involved serial transplantation of whole bone marrow, which allowed only
four to five rounds of transplantation. Given that the HSC compartment facilitates
this regeneration, these findings point to the exhaustion of the stem cell pool. In fact,
there is ample evidence that stem cell quality decreases with each self-renewing
division. In both mice and humans, the proportion of differentiated blood cells
arising from just a few HSC clones increases with age, suggesting that the number
of active, functional HSCs declines with age (Jaiswal et al. 2014). The discrepancy
between immunophenotypically and functionally defined HSCs has been interpreted
as a compensatory increase in HSCs in response to declining function and a
decreased capacity to differentiate. Results from studies comparing HSCs in various
mouse strains indicate that the functional decline of this cell population can be
correlated with lifespan. In addition, a negative correlation has also been shown
between lifespan and proliferative capacity.

But how does the aging of HSCs affect the generation of macrophages? To date, it
is not clear whether the generation of macrophages from their precursors is impaired
with aging. In humans, aging brings about a reduction of CD68" cells, which are
markers of macrophage population (Ogawa et al. 2000). The percentage of CD68"
cells is high in children (first and second decades) and then decreases as the
individual gets older. Moreover, it has been hypothesized that this reduction in the
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macrophage population negatively contributes to the reduction of HSC proliferation
and influences the induction of apoptosis in the bone marrow of elderly people,
probably via reduced production of growth factors and cytokines.

Mice have yielded conflicting data. It has been reported that the macrophage
population is enhanced in the bone marrow, as shown by an increase in Macl " cells.
This is reflected by an increase in the macrophage colony-forming unit (M-CFU)
with age. Moreover, macrophages from the bone marrow of old mice generate less
TNF-a than those from young mice. This observation would suggest that the
increase in the number of macrophages reflects a compensation for their reduced
function. However, it was found that the number of macrophage precursors, their
size, their DNA content, and cell surface markers expressed during macrophage
maturation, such as Macl or adhesion molecules, are similar in macrophages from
aged and young mice (Herrero et al. 2001). It has been demonstrated that the
accumulation of damaged DNA has a profound impact on the functional capacity
of HSCs with age, leading to loss of reconstitution and proliferative potential,
diminished self-renewal, increased apoptosis, and, ultimately, functional exhaustion
(Rossi et al. 2007). In transplantation experiments, mice receiving HSCs from
counterparts deficient in several genomic maintenance pathways show a marked
decrease in the reconstitution of B cells, T cells, and myeloid cells. Moreover, these
authors provided evidence that endogenous DNA damage increases with age in
wild-type stem cells. This observation suggests that an impaired functional capacity
of HSCs with accumulated DNA damage leads to the deficient generation of blood
cells.

In the spleen, marginal zones (MZs) are architecturally organized for removing
blood-borne antigens. MZ macrophages (MZMs) and MZ B cells are particularly
important in host defense against T-independent pathogens and may be crucial for
preventing diseases such as streptococcal pneumonia, which is devastating in older
patients. Immunocytochemistry has revealed gross architectural changes in the MZs
of aged mice, including a decrease in the number of MZMs. In the spleens,
intravenously injected dextran showed less deposition of particles within the MZ
of these animals (Birjandi et al. 2011).

Effects of Aging on Macrophage Functions

A great number of macrophage functions, including phagocytosis, antibacterial
defenses, chemotaxis, wound repair, and activation, are altered in humans, rats,
and mice during aging, thereby contributing to the immunosenescence of adaptive
and innate immunity (Table 1).

Phagocytosis

Phagocytosis is the first step of immune defense against invading pathogens; how-
ever, under physiological conditions, it also plays a critical role in scavenging
apoptotic bodies, cells debris, etc. Tissue macrophages, alveolar macrophages, and
polymorphonuclear leukocytes in the blood all exert phagocytic activity. In general,
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Table 1 Effect of aging on macrophage function

Function Change with aging
IFN-y activation
Production of ROS Decreased
Production of NO Decreased
Activation of MAPK Decreased
Expression of MHC 11 Decreased
Production of PGE2 Increased
STAT1 phosphorylation Decreased
LPS activation
Production of pro-inflammatory cytokines Decreased/increased
Production of chemokines Decreased
Production of ROS Decreased
Production of NO Decreased
Expression of TLR4 Decreased or no change
Activation of MAPK Decreased
MyD88 expression Decreased
NF-kB activation Decreased
Phagocytosis Decreased
Wound repair Decreased
Chemotaxis Decreased

the data available on the effect of aging on the phagocytic function of macrophages
and monocytes show a decrease in such activity. Several reports using murine
models indicate a decline in the adherence, opsonization, tumor cell killing, and
phagocytosis by peritoneal macrophages. In addition, the phagocytic activity of
macrophages from aged individuals declines in parallel with a reduced production
of macrophage-derived chemokines. It has recently been described that aging
impairs phagocytosis by tissue-resident peritoneal macrophages but not by bone
marrow-derived macrophages/monocytes (Linehan et al. 2014). This observation
suggests that age-related defects in macrophage phagocytosis are caused by extrinsic
factors in the tissue microenvironment.

The phagocytosis of apoptotic or necrotic cells by macrophages in aged mice is
reduced compared with the same process in young mice (Takahashi et al. 2015). This
process can release self-antigens, which may induce lymphocyte activation and
autoantibody production, which in turn would result in the development of autoim-
mune diseases frequently associated with aging. Altered expression, function, and
signal transduction of receptors involved in phagocytosis may explain the reduced
phagocytic capacity observed in aging models. However, the effect of aging on these
proteins has not been reported.

Chemotaxis

To eliminate invading pathogens, monocytes must migrate toward the site of inflam-
mation in a process controlled by chemotactic stimuli. The main chemotactic factors
are chemokines such as macrophage chemotactic and activating factor (MCAF),
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macrophage inflammatory protein (MIP)-1a, MIP-1p, RANTES, and IL-8 secreted
by the endothelium, neutrophils, T cells, monocytes, and macrophages, as well as
complement products such as C5a, C3a, and C4a. Aged mice show a decrease in
macrophage production of MIP-1a and MIP-1p (Ashcroft et al. 1998). One study
collected cutaneous punch biopsies of wounds from 138 healthy subjects aged
19-96, at fixed time points from day 1 up to 3 months post-wounding (Ashcroft
et al. 1998). Using quantitative imaging, those authors demonstrated that the arrival
of monocytes/macrophages and lymphocytes to the site was delayed in aged indi-
viduals. Thus, these data suggest that aged macrophages show an impaired chemo-
tactic response, which may contribute to delayed pathogen clearance in healthy
elderly individuals.

Activation of Macrophages

There are a number of observations suggesting that aging is associated with the anti-
inflammatory phenotype (Sharma et al. 2014). Impaired macrophage polarization in
the elderly may dysregulate the development of the host response, making them
more susceptible to infectious diseases (Mahbub et al. 2012). Lymphoid organs of
27-month-old C57BL/6 J mice contain significantly more suppressive, IL-10-secret-
ing, M2 macrophages than young adult mice (Jackaman et al. 2013). These M2
macrophages in aged mice are likely to support tumor growth by inhibiting T cell
function (Ly et al. 2010). Age-related macular degeneration has been attributed to
macrophages switching from a pro- to an anti-inflammatory type in response to the
Rho-associated kinase (Zandi et al. 2015). Using Cx3cr1 """ transgenic mice, it has
been shown that the macrophage phenotype changes with advancing age, showing
an increased number of fibrogenic genes, which have important implications for
cardiac tissue injury responses and aging-associated cardiac fibrosis (Pinto et al.
2014). Therefore, the increase in the anti-inflammatory phenotype of macrophages
with age may be related to various diseases.

The effects of many aspects of classical activation in aging macrophages have
been widely studied. In this regard, there is contradictory data with respect to IFN-y
activation in aged macrophages. Human monocytes from the elderly show stronger
generation of NO and ROS, which contribute to stress and damage reactions (Suchy
et al. 2014). Also, mice show enhanced NO production under resting conditions,
thus contributing to a reduction in the time needed to fully activate senescent
macrophages following exposure to LPS (Smallwood et al. 2011). It was observed
that macrophages from aged mice show increased susceptibility to oxidants and an
accumulation of intracellular ROS (Sebastian et al. 2009).

Moreover, activated macrophages from aged humans and mice produce higher
amounts of prostaglandin E2 (PGE2) than younger individuals. The age-related
increase in PGE2 and cyclooxygenase (COX)-2 seems to be the result of the
downregulation of the nuclear receptor retinoid X receptor (RXR)a, which sup-
presses nuclear factor-kappa B (NF-xB) activity (Chen et al. 2013).

In addition to microbicide activity, IFN-y induces the expression of MHC class 11
molecules, which are involved in the initiation of the adaptive immune response.
Antigen presentation by macrophages is decreased with age both in humans and
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mice, possibly due to diminished expression of MHC class II molecules (Herrero
et al. 2001). It was found that the expression of MHC class II antigen IA molecules
on the cell surface of bone marrow macrophages from aged mice is halved when
stimulated with [FN-y (Herrero et al. 2001). I-Ap mRNA expression is also lower in
aged macrophages as a result of a smaller number of transcription factors that bind to
the W and X boxes of the MHC class II gene promoter.

Activation by LPS is also altered in aged macrophages. The LPS-induced pro-
duction of inflammatory cytokines in peritoneal macrophages from rats and mice
decreases with age. The stimulation of macrophages from aged rodents with LPS
results in a significantly lower production of IL-1, TNF-a, and IL-6, as well as
chemokines such as MIP-1a and MIP-1p. A study using human monocytes revealed
a reduced production of IL-6 and TNF-a, which was related to decreased phosphor-
ylation of external regulated kinase (ERK) 1/2 (Nyugen et al. 2010). Also, dynamic
changes in circulating monocytes occur during aging in humans. In this regard, the
proportions and numbers of CD14"CD16" monocytes are significantly increased
with age (Nyugen et al. 2010; Seidler et al. 2010).

The lower production of pro-inflammatory cytokines in aged mice has been
attributed to IL-6 since aged KO mice for this cytokine recover the capacity to be
activated by LPS (Gomez et al. 2010). The production of oxidative radicals in
response to LPS also appears to decline with age, and the expression of NOS2 and
the production of NO are reduced in macrophages from aged rodents.

Recently, it has been shown that tumor-exposed macrophages from elderly sub-
jects but not those derived from young individuals produce high levels of IL-4, thus
blocking T cell IFN-y production. However, this situation can be rescued by expos-
ing to tumor macrophages stimulated with IL-2 the T cells from elderly subjects that
then induces the release of IFN-y (Jackaman et al. 2014).

Several interpretations have been put forward to explain the decline in the
production of inflammatory cytokines and oxidative radicals in response to LPS
stimulation. The lack of consensus derives from the material used for experiments, as
well as the experimental conditions. There is substantial evidence supporting the
notion of the age-associated dysregulation of TLR, which would result in inappro-
priate activation and impairment of TLR signaling. The mechanisms underlying
these changes remain unknown but are likely to be multifactorial, arising through
expression at transcriptional and posttranscriptional levels, as well as changes in
specific pathways that regulate TLR signal transduction (Shaw et al. 2011;Sharma
et al. 2014).

A microarray analysis of RNA from resting and LPS-stimulated macrophages
from aged and control mice demonstrated that immune response (pro-inflammatory
chemokines, cytokines, and their receptors) and signal transduction genes (TLR
and MAPK pathways) are specifically reduced in macrophages from aged mice.
Moreover, many chemokines involved in innate immunity and inflammation, spe-
cifically in the chemotaxis of neutrophils, macrophages, and eosinophils, are
decreased in these cells (Chelvarajan et al. 2006). All these observations correlate
with the reduction in the overall inflammatory response of spleens of these animals.
Furthermore, a variety of chemokines and receptors that affect CD4 and CDS8 T cell
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migration and T helper cell type 1 development are reduced in aged mouse macro-
phages (Chelvarajan et al. 2006). Several components of the TLR pathway [TNF
receptor-associated factor 6 (TRAF6), CD14, Rel, RelB, and some subunits of the
NF-kB transcription factor] have reduced levels in LPS-stimulated aged macro-
phages. As this pathway is known to be critical for the production of chemokines
and pro-inflammatory cytokines, it was proposed that the reduced levels of the
components of this pathway explain the impaired production of several cytokines
and chemokines in these macrophages (Chelvarajan et al. 2006). In addition to TLR
pathway, those authors also detected an increase in the expression and phosphory-
lation of p38 mitogen-activated protein kinase (MAPK) in these cells. Low doses
of a p38 MAPK inhibitor enhanced pro-inflammatory cytokine production by
macrophages, thereby indicating that p38 MAPK activity participates in cytokine
dysregulation in aged mouse macrophages.

More recently, a variety of explanations have been postulated on the decreased
production of inflammatory cytokines and oxidative radicals in response to LPS
stimulation. One study proposes that an increase in the phosphoinositide-3-kinase-
Akt (pi3k-AKT) signaling pathway underlies cytokine dysregulation (Fallah et al.
2011). However, this was contradicted in another study that showed a decrease in
pi3k-AKT (Verschoor et al. 2014). The decrease in IL-1p and IL-6 expression of
aged macrophages after LPS treatment has been attributed to the dysregulated
expression of miR-146a (Jiang et al. 2012), and the lower DNA methylation in the
TNF promoter may contribute to the age-related increase in the production of this
cytokine (Gowers et al. 2011).

The cellular origin of age-related inflammation has been related to the accumu-
lation of cellular damage, which occurs as a result of exhaustion of the endogenous
macrophagic mechanisms responsible for clearing damage-associated molecular
patterns (DAMPs). The accumulation of DAMPs, such as necrotic cells and extra-
cellular ATP, is sensed by pattern recognition receptors (PRRs) in macrophages,
which trigger the chronic low-grade inflammation seen during aging (Youm et al.
2013). The primary sensor of diverse DAMPs is the NLRP3 inflammasome, which
initiates a sterile inflammatory cascade. This inflammasome activates caspase-1,
which in turn controls the secretion of IL-1p and IL-18. Interestingly, the ablation
of the NLRP3 inflammasome prevents age-related inflammation and functional
decline (Youm et al. 2013). Growth hormone receptor (GH-R)-dependent down-
regulation of this inflammasome in macrophages is linked to pro-longevity effects
that maintain immune system homeostasis in aging. The downregulation of GH-R-
mediated signals in macrophages represents an endogenous regulatory ‘“break”
mechanism that limits age-related inflammation by downregulating NLRP3
inflammasome activation (Spadaro et al. 2016).

The pro-inflammatory signature of macrophages in aged subjects can have
deleterious effects. For example, in contrast to young mice, systemic cancer immu-
notherapy regimes or LPS administration to aged mice results in rapid and lethal
toxicities correlating with heightened systemic pro-inflammatory cytokines. Prior
in vivo depletion of macrophages in aged mice leads to lower cytokine levels and
increased survival. Both aged TNF knockout mice and the treatment in vivo of TNF
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blockade in aged mice result in significant increases in survival and lessened
pathology. Importantly, TNF blockade in tumor-bearing aged mice receiving cancer
immunotherapy has significant antitumor effects (Bouchlaka et al. 2013). These data
demonstrate the critical role of macrophages in the age-associated hyper-inflamma-
tory cytokine responses to systemic immune stimulation.

Also, the reduced expression of cytokines may be important in immune defense.
Pneumococcal infections continue to be a leading cause of death in people >65 years
of age. A major defense mechanism is the production of IFN-p by macrophages. The
initiation of type I IFN responses to Streptococcus pneumoniae is mediated by a
cytosolic DNA-sensing pathway that involves the intracellular recognition of bac-
terial DNA by the adaptor molecule stimulator of IFN genes (STING) and phos-
phorylation of transcription factor IFN regulatory factor 3 (IRF3). Recently, it was
described that during S. pneumoniae infection, age enhances endoplasmic reticulum
(ER) stress and contributes to increased expression of autophagy-related gene
9, which inhibits STING-mediated IFN- production (Mitzel et al. 2014).

There are few data regarding the way in which aging affects the alternative
activation of macrophages. Arginase expression, which plays a crucial role in
M1/M2 polarization, is decreased with age, as shown in mice infected with helminth
(Sugawara et al. 2011). Also, IL-10 secretion in peritoneal macrophages is increased
(Liscovsky et al. 2011). However, further studies are required to examine whether
changes in macrophage polarization with aging are responsible for some aspects of
immunosenescence.

Wound Repair

In addition to their crucial role in the initial phases of the inflammatory response,
macrophages secrete angiogenic and fibrogenic growth factors and thus have key
functions in the removal and regeneration of damaged tissue. These cells have been
shown to be both anti- and pro-angiogenic, and their role in regulating angiogenesis
at sites of tissue injury is critical and complex. Studies in humans and in rodents have
revealed an age-related decline in coetaneous wound repair, which affects the
inflammatory response and the growth phase of the repair process. These changes
include enhanced platelet aggregation and delays in many processes, including
reepithelialization, angiogenesis, collagen deposition, turnover and remodeling,
healing strength, and infiltration and function of macrophages, as well as decreased
wound strength. Using a murine model of excision wound repair, it was shown that
repair and reepithelialization processes are delayed significantly in aged mice and
that the rate of wound repair can be partially restored by the addition of peritoneal
macrophages from young mice. In addition, the rates of collagen synthesis and
angiogenesis are delayed in aged animals. TLRs 2, 4, 7, and 9 and adenosine A
(2A) receptors mediate macrophage production of vascular endothelial growth factor
(VEGF) and other angiogenic factors. Hence, the decrease in TLR function observed
in aging may contribute to delay wound healing. Furthermore, the expression of cell
adhesion molecules on the vascular endothelium is decreased in the elderly, and
responsiveness (receptor expression) to VEGF and epithelial growth factor (EGF) is
reduced (Danon et al. 1989).
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Excess antiproliferative activity of macrophages may underlie several patholo-
gies. Macrophage dysfunction plays a critical role during neovascular proliferation
in diseases related to aging. In the eye, choroidal neovascularization (CNV) causes
blindness in patients with age-related macular degeneration (AMD). Increased IL10
in senescent eyes activates STAT3 signaling, which induces the alternative activation
of macrophages and vascular proliferation. Targeted inhibition of both IL10
receptor-mediated signaling and STAT3 activation in macrophages reverses the
aging phenotype. In addition, adoptive transfer of STAT3-deficient macrophages
into the eyes of aged mice significantly reduces the amount of CNV. Systemic
and CD163" eye macrophages obtained from AMD patients also activate STAT3
(Nakamura et al. 2015). This study demonstrated that impaired SOCS3 feedback
leads to permissive IL10/STAT3 signaling that promotes alternative macrophage
activation and pathological neovascularization. Subsequent to laser injury to the
retina, IL-10 is upregulated, and Fas ligand, IL-12, and TNF-a are downregulated in
ocular macrophages of old mice, thus revealing an anti-inflammatory phenotype.

In uveal melanoma in aged mice, tumor progression was found to be determined
by the presence of macrophages, as local depletion of these cells prevented tumor
outgrowth. This finding thus indicates that the macrophages of these mice exerted
strong tumor-promoting activity. These macrophages carried M2-type characteris-
tics, as shown by CD163 and peroxisome proliferator-activated receptor y expres-
sion, and multiple angiogenic genes were heavily overrepresented in the tumors of
these animals (Ly et al. 2010). Thus, communication between tissue cells and the
innate immune system appears to be impaired, thus contributing to the functional
deficiencies observed in tissue repair.

Muscle aging is associated with increases in anti-inflammatory macrophage
population, which can enhance muscle fibrosis. Bone marrow cells from young
mice transplanted into old mice showed fewer anti-inflammatory macrophages and
less accumulation of collagen. Thus, the increase in anti-inflammatory macrophages
in aging muscle and the associated muscle fibrosis are determined in part by the age
of bone marrow cells (Wang et al. 2015).

Following bleomycin-induced lung injury, aged mice develop more lung fibrosis
and exhibit increased morbidity and mortality when compared to young mice.
Bleomycin-exposed aged NLRP3 ™'~ mice show reduced fibrosis compared to their
wild-type age-matched counterparts. Bone marrow-derived and alveolar macrophages
from aged mice display higher levels of NLRP3 inflammasome activation and
caspase-1-dependent IL-1p and IL-18 production (Stout-Delgado et al. 2016). These
increases are associated with altered mitochondrial function and increased production
of ROS. That study demonstrated that age-dependent increases in mitochondrial
reactive oxygen species (mtROS) production and NLRP3 inflammasome activation
by alveolar macrophages contribute to the development of experimental fibrosis.

The injured arteries in aging rats develop thicker neointimas than those in younger
animals, and this greater thickness was found to be significantly correlated with a
higher number of tissue macrophages and increased vascular IL-18. The depletion of
macrophages in aged rats by means of treatment with clodronate liposomes amelio-
rates the vascular accumulation of IL-18 and significantly decreases neointimal
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formation. In addition, the injured arteries of these rats accumulate more fibrinogen-y
than those of young animals (Rodriguez-Menocal et al. 2014).

Metabolic Modifications

Advancing age is increasingly accompanied by obesity, the accumulation of visceral
adipose tissue, and inflammation. The term obesity is not defined by excess weight
only but also by the accumulation of a large amount of fat. While the source of the
inflammation in aging has not been identified conclusively, the activity of macro-
phages in adipose tissue has been shown to be associated with higher inflammation
in aged mice. Recently, there has been increasing interest in the field of age-induced
obesity and inflammation; however, how age-induced obesity influences leukocyte-
mediated inflammation is not clear. It should be noted that there are inconsistencies
in the literature and in some cases contradictory results. These are attributable to the
varying sources of cells (i.e., human or mouse), culture conditions, and experimental
protocols used in the studies. In fact, it is difficult to analyze the cause and
consequences of all the modifications described below.

Aging is accompanied by increases in visceral fat similar to those seen in young
obese (0b/0b or diet-induced obese) mice. The pro-inflammatory cytokine levels and
organ pathologies of both young 0b/0b- and diet-induced obese mice are comparable
to those in aged ad libitum mice after systemic immunotherapy, and they culminate
in death (Mirsoian et al. 2014). Aging brings about qualitative changes in adipose
tissue macrophages, which show a shift toward a pro-inflammatory environment.
The mechanism behind this shift appears to be related to a decrease in peroxisome
proliferator-activated receptor-y (PPRY) expression in adipose tissue macrophages.
This observation reveals a unique inflammatory cell signature in the physiological
context of aging adipose tissue that differs from that induced in a setting of diet-
induced obesity (Lumeng et al. 2011).

Abnormal polarization in older macrophages is caused by programmatic changes
that lead to reduced expression of the ATP-binding cassette transporter (ABCA)1.
Downregulation of ABCA1 by microRNA-33 impairs the ability of macrophages to
effectively efflux intracellular cholesterol, which in turn leads to higher levels of free
cholesterol within senescent macrophages. Elevated intracellular lipids polarize
older macrophages to an abnormal, alternatively activated phenotype, thereby pro-
moting pathologic vascular proliferation. Mice deficient for 4bcal are characterized
by an accelerated aging phenotype, whereas restoration of the cholesterol efflux
using liver X receptor agonists or miR-33 inhibitors reverses it. Monocytes from
older humans with AMD show similar alterations (Sene et al. 2013).

Ghrelin is the only circulating orexigenic hormone known to increase obesity
and insulin resistance. The expression of the ghrelin receptor, growth hormone
secretagogue receptor (GHS-R), increases in adipose tissues during aging, and
aged Ghsr™'~ mice exhibit a lean and insulin-sensitive phenotype. These animals
show a reduction in macrophage infiltration, the M1/M2 ratio, and pro-inflammatory
cytokine expression (Lin et al. 2016). These studies demonstrate that ghrelin signal-
ing plays an important role in macrophage polarization and adipose tissue inflam-
mation during aging.
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Adipose tissue inflammation and insulin resistance in diet-associated obesity
have been correlated with aberrant ER stress. An elevated ER stress response has
been reported in the adipose tissue of old compared to young mice. Similar exper-
iments with adipose tissue macrophages revealed an elevated ER stress response
when induced with thapsigargin. Treatment with chemical chaperone 4-phenyle-
butyric acid alleviates ER stress in adipose tissue macrophages and attenuates the
production of TNF-a in both young and old mice. Finally, old mice fed 4-phenyle-
butyric acid show reduced expression of ER stress and inflammatory cytokine genes
(Ghosh et al. 2015). These data suggest that an exaggerated ER stress response in
aging adipose tissue contributes to age-associated inflammation and that this stress
response can be mitigated by treatment with chemical chaperones.

Monocytes play a crucial role in atherosclerosis by differentiating into foam cells
(lipid-laden macrophages) and producing atherogenic pro-inflammatory cytokines.
Ex vivo foam cell formation is enhanced in monocytes from older individuals by
both extrinsic and intrinsic mechanisms (Angelovich et al. 2016).

Effect of Aging on Tissue-Resident Macrophages

In addition to studies on the effect of aging on macrophage biology, many reports
have focused on the impact of aging on certain tissue-specific macrophages. Thus,
alterations in the function of these macrophages may contribute to the pathologies
observed in these tissues during aging. Macrophages are dispersed throughout the
body. Some take up residence in particular tissues, where they become fixed
macrophages that serve various functions and they are named to reflect their tissue
location: alveolar macrophages in the lung, thymic macrophages in the thymus,
histiocytes in connective tissues, Kupffer cells in the liver, mesangial cells in the
kidney, osteoclasts in bones, Langerhans cells (LCs) in the skin, and microglia in
the brain.

LCs were originally described as an epidermal macrophage population containing
large granules and capable of phagocytosis. Later, they were classified as immature
dendritic cells, since after activation they can migrate from the skin to regional
lymph nodes, a hallmark characteristic of dendritic cells. Although macrophages and
LCs belong to the myeloid lineage, the precise lineage relationship between them is
not clear. The number of epidermal LCs and their function are diminished in humans
and mice as a result of aging. However, it is not clear whether this defect is caused by
a decrease in the production of bone marrow precursors.

Cutaneous delayed-type hypersensitivity (DTH) responses to recall antigens are
significantly decreased in older individuals (Agius et al. 2009). These subjects show
defective activation of dermal blood vessels as a result of decreased TNF-a secretion
by macrophages. This decrease prevents memory T cell entry into the skin after
antigen challenge. However, isolated cutaneous macrophages from these subjects
can be induced to secrete TNF-a after stimulation with TLR 1/2 or TLR 4 ligands
in vitro, thereby indicating that the defect is reversible. The decreased conditioning
of tissue microenvironments by macrophage-derived cytokines can therefore
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lead to defective immune surveillance by memory T cells (Agius et al. 2009). These
age-related changes may contribute to altered coetanecous immune function, such as
poor or variable contact hypersensitivity to allergens in the elderly.

The lungs of aged mice have elevated levels of pro-inflammatory cytokines and a
resident population of highly activated pulmonary macrophages that are refractory to
further activation by IFN-y. These macrophages secrete more pro-inflammatory
cytokines in response to Mycobacterium tuberculosis infection than similar cells
from young mice. The nonsteroidal anti-inflammatory drug ibuprofen reverses lung
and macrophage inflammatory signatures (Canan et al. 2014).

Age-dependent dysfunction in macrophages is associated with poor activation of
NF-kB and MAPK following TLR stimulation. In this regard, alveolar macrophages
of aged mice show TNF-a-mediated induction of A20, a cytosolic and homeo-
static suppressor of the NF-kB and MAPK signaling cascades that deubiquitinates
(i.e., inactivates) the common upstream signaling molecule TRAF6 (Hinojosa
et al. 2014).

Microglial cells are small, highly ramified, immune sentinels of the brain. They
are distributed throughout the brain parenchyma and are continuously monitoring
the microenvironment in order to detect injuries or pathogens. After activation,
microglia initiate an innate immune response by producing pro-inflammatory
cytokines.

There are many differences between aged and young microglia, including mor-
phology, cell number, and dynamics (Harry 2013). Aged microglia display slower
acute and sustained chronic post-injury responses (Hefendehl et al. 2014). The
phagocytic capacity of aged microglia is reduced as is their endocytosis (Orre
et al. 2014). During their lifetimes, microglia respond to various stimuli and produce
ROS, which can induce DNA damage with age and thus the accumulation of
mutations that produce dysregulation (Perry and Holmes 2014). These mutations
can trigger a substantial loss of microglia (through cell death), and the renewal of this
cell population may be impaired as a result of telomere shortening, which in turn is
caused by a decrease in telomerase activity. Taken together, these observations
suggest that aged microglia decline in homeostatic function and become susceptible
to deterioration (Lourbopoulos et al. 2015).

Several lines of evidence from humans and mice support the notion of microglial
senescence, which leads to neurodegeneration. Microglia from healthy aging human
brains show an increased expression of pro-inflammatory cytokines (TNF-a, IL-1f,
IL-6, and IL-12), and similar findings were obtained using a mouse model (Lee et al.
2013). Conditioned media from bone marrow-derived macrophages of aged rats
show an increase in the expression of pro-inflammatory mediators in glial cells.
Also, there is an age-related increase in macrophage infiltration into the brain, and
this is combined with enhanced expression of IFN-y and the TLR 4 agonist (Barrett
et al. 2015). All these features are likely contribute to damaging the cascade, thus
impairing neuronal function. Higher expression of these cytokines produces tissue
degeneration. Therefore, the increased levels of these molecules in senescent micro-
glia may contribute to brain damage during aging and even to the onset of neurode-
generative diseases.
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The efficiency of central nervous system remyelination declines with age. This
decline is in part due to an age-associated decrease in the phagocytic removal of
myelin debris, which contains inhibitors of oligodendrocyte progenitor cell differ-
entiation. It has been shown that the expression of genes involved in the retinoid X
receptor (RXR) pathway decreases with age in both myelin-phagocytosing human
monocytes and mouse macrophages. Macrophage-specific RXRa (Rxra) knockout
mice revealed that loss of function in young mice causes delayed myelin debris
uptake and slowed remyelination. In contrast, RXR agonists partially restore myelin
debris phagocytosis in aged macrophages (Natrajan et al. 2015). These results reveal
the RXR pathway as a positive regulator of myelin debris clearance and a key player
in the age-related impairment of remyelination.

The K* channel expression pattern of microglia strongly depends on the cellular
microenvironment, and it has been recognized as a sensitive marker of the functional
state of this cell population. Although age-related changes in the microglial
phenotype are accompanied by alterations in the expression of voltage-activated
microglia, there are no modifications in Ca**-activated or K™ channels (Schilling and
Eder 2015).

Alternative activation of microglia by IL-4 is claimed to support growth and
repair processes after central nervous system injury. Aged mice show reduced
functional recovery after spinal cord injury. This reduction is associated with the
impaired induction of IL-4 receptor o (IL-4Rar) in microglia. The failure to success-
fully promote an IL-4/IL-4Ra response in aged mice results in attenuated expression
of arginase, IL-1pB, and chemokine ligand 2 and diminished recruitment of IL-4Ro"
macrophages to the injured spinal cord. The expression of this key signaling cascade
is reduced with age, thus correlating with impaired functional recovery after spinal
cord damage (Fenn et al. 2014).

There are few data on how aging affects the function of osteoclasts. Bone mass is
maintained by a delicate balance between formation and resorption. At the cell
level, the rates of bone formation and resorption reflect the number and activity of
stromal/osteoblastic cells and osteoclasts — both of macrophage origin. The former
regulate the number and activity of osteoclasts through expression of the soluble
receptor activator of NF-xB ligand (RANKL), M-CSF, and osteoprotegerin (OPG).
With advancing age, RANKL expression in whole bone and in cultured bone
marrow cells from both humans and animals gradually increases, while the expres-
sion of OPG either decreases or remains unchanged. RANKL expression is also
increased in early stromal/osteoblastic cells from aged mice. Furthermore, the
osteoclast progenitor pool increases with advancing age in these animals. It has
been demonstrated that aging significantly enhances stromal/osteoblastic cell-
induced osteoclastogenesis, promotes the expansion of the osteoclast precursor
pool, and alters the relationship between osteoblasts and osteoclasts. Consistent
with these changes, the efficacy of osteoclasts to form bone is also impaired (Cao
et al. 2005). All these modifications may contribute to the osteoporosis associated
with aging.

Human skeletal aging is characterized by a gradual loss of bone mass as a result of
excess bone resorption that is not counteracted by new bone formation. Human bone
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marrow cells show an increased expression of the M-CSF receptor and RANK with
age. The generation of osteoclasts in vitro is also augmented with age (Chung et al.
2014). These findings support the hypothesis that human bone marrow cells and their
products contribute to skeletal aging by increasing the generation of bone-resorbing
osteoclasts.

It was recently shown that Wnt4 attenuates bone loss in mouse models of
osteoporosis and skeletal aging by inhibiting NF-kB via noncanonical Wnt signal-
ing. In addition to promoting bone formation, Wnt4 inhibits osteoclast formation
and bone resorption. Mechanistically, Wnt4 impedes NF-kB activation mediated by
Tak1 in macrophages and osteoclast precursors independently of B-catenin (Yu et al.
2014).

In summary, the aging process impairs the function of macrophages and tissue-
specific macrophages, thus leading not only to a deficient immune response but
also to the development of several pathologies in the tissues in which these cells
reside.

Molecular Mechanisms Involved in Macrophage Aging

The data presented so far indicate an age-associated malfunction of macrophages.
Most of the aforementioned studies describe this dysfunction but do not shed
light on its origin. Many theories have been formulated to explain the aging
process. Given that immunosenescence is a hallmark of aging, these theories
may also explain the changes that occur in the immune system as a result of
maturation (Fig. 3).

Genomic DNA
) ] (Chromatin) . -Oxidative damage
Epigenetic . Accumulation of “Telomere shortening
changes * DNA damage -Impairment of DNA Repair

Altered gene expression

Altered functional activities

Fig. 3 Molecular view of macrophage aging. Altered gene expression caused by the accumulation
of DNA damage and by epigenetic changes may, in part, explain the dysfunctions observed in aged
macrophages
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Aging and Altered Gene Expression

Aging is associated with changes in gene expression of several cell types. Immune
cells lose the expression of several genes. As discussed above, aged macrophages
also show altered expression of many genes (TLRs, pro-inflammatory cytokines,
chemokines, MHC class II molecules, signal transduction molecules, transcription
factors, etc.), which may explain the loss of some functional activities. The molec-
ular basis of this altered expression is related to impaired signal transduction
(MAPK, protein kinase C, etc.) (Chelvarajan et al. 2006). In other cases, changes
in gene expression result from age-related modifications of one or more transcrip-
tional factors. For example, it was demonstrated that loss of MHC class II expression
in aged macrophages is caused by lower levels of transcription factors that bind to
the promoters of these genes, thereby reducing binding efficiency (Herrero et al.
2001). Moreover, changes in gene expression may be due to epigenetic mechanisms.
In this regard, methylation of CpG islands decreases during cellular senescence, and
the activity of the DNA-methyl transferase is also lower in aged cells. Furthermore,
the acetylation and deacetylation of histones are involved in cell senescence. The
histone acetyl transferase activity of p300/CBP is reduced in several tissues in aged
mice (Li et al. 2002). Moreover, the histone deacetylase silent information regulator
2 (Sir2) and its homologs in mammals sirtuin (SIRT)1 and SIRT6 are involved in
regulating genomic stability and aging in yeast, worms, and mice (Mostoslavsky
et al. 2000).

Although many functions of innate immune cells decline with age, the elderly
show a chronic low level of inflammation, which is a major contributor to
age-associated frailty and morbidity, as well as increased mortality. This low level
is caused by increased basal inflammatory cytokine production by innate cells such
as macrophages — a process known as inflammaging. It is currently unclear how
healthy macrophages are maintained throughout life and how inflammation is linked
to myeloid dysfunction during aging. It has been shown that autophagy, an intracel-
lular degradation mechanism, regulates the acquisition of major aging features in
macrophages (Stranks et al. 2015). In the absence of the essential autophagy gene
Atg7, macrophage populations are increased, and key functions such as phagocyto-
sis and nitrite burst are reduced, while the inflammatory cytokine response is
increased — a phenotype also observed in aged macrophages. Macrophages from
aged mice exhibit a significantly reduced autophagic flux compared to that of young
mice. Interestingly, in aged macrophages, the promoter regions of Atg5 and LC3B,
two genes involved in autophagy, are hyper-methylated, and this is accompanied by
low gene expression. Treatment of aged mice and their derived macrophages with
methyltransferase inhibitor or specific DNA methyltransferase siRNA restores the
expression of Atg5 and LC3 in vivo and in vitro (Khalil et al. 2016). On the basis of
these observations, it is pertinent to study the epigenetic regulation of gene expres-
sion during aging in macrophages.

Another mechanism that could explain the major susceptibility of aged macro-
phages to apoptosis is related to ER stress. When macrophages phagocyte debris or
pathogens, ER stress is induced through activation of three transducers located on
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the ER membrane, namely, inositol-requiring enzyme-1 (IRE1), activating transcrip-
tion factor-6 (ATF6), and protein kinase RNA-like ER kinase (PERK). This activa-
tion either relieves ER stress or induces cellular apoptosis. IRE1 triggers apoptosis
through TRAF and Jun amino-terminal kinase (JNK) or through IRE1-dependent
decay (RIDD), which is dependent on the ribonucleolytic function of IREI.
Normally, IRE1 targets specific mRNAs, such as x-box binding protein 1 (XBP1),
to exert its ribonucleolytic function and induce splicing of XBP1. However, pro-
longed ER stress induces RIDD and leads to indiscriminate degradation of
membrane-associated mRNAs regardless of their sequences. In response to
tunicamycin (TM), a known ER stress inducer in macrophages, peritoneal macro-
phages of aged mice are more susceptible to apoptosis than macrophages from
young mice. Also, aged macrophages express less phosphorylated IREla
(p-IREla) than young ones. Knocking down XBP1 using small interference
RNA-targeted XBP1 (si-XBP1) increases the protein levels of p-IRE1a and reduces
apoptosis in aged macrophages but not in young ones. Moreover, concurrently
knocking down the gene expression of both IREla and XBP1 abrogates the
apoptosis-reducing effects of si-XBP1 in aged macrophages (Song et al. 2013).
These results suggest that the IRE1a-XBP1 axis contributes to age-associated
apoptosis induced by ER stress, and they identify a novel interaction by which
aging enhances ER stress-induced apoptosis in macrophages.

Aging is the single biggest risk factor for malignant transformation. Among the
most common age-associated malignancies in humans are non-melanoma skin
cancers. Mutant H-Ras activation in mouse epidermis, a frequent event in cutaneous
squamous cell carcinoma (SCC), causes a differential outcome in aged versus young
mice. While H-Ras activation in the young skin results in hyperplasia that is
accompanied mainly by rapid hair growth, activation in aged skin leads to more
dysplasia and gradual progression to in situ SCC. The progression of SCC is
associated with increased inflammation; pronounced accumulation of immune
cells, including T cells, macrophages, and mast cells; and also excessive cell
senescence. A strong age-dependent anti-inflammatory response involving enhanced
IL4/IL10 expression was reported. Furthermore, upon switching off oncogenic
H-Ras activity, young but not aged skin regenerates successfully. This observation
would suggest a failure of the aged epidermal stem cell to restore damaged tissue.
These findings support an age-dependent link between the accumulation of senes-
cent cells, immune infiltration, and cancer progression, which together may contrib-
ute to the increased risk of cancer associated with old age (Golomb et al. 2015).

Telomere Shortening

Telomeres are chromatin structures that cap and protect the ends of chromosomes. In
vertebrates, they are formed by tandem repeats of hexamer sequences (TTAGGG)
that are associated with various specific proteins involved in the maintenance and
regulation of telomere length (Zhang et al. 2016). With self-replication, telomeres
lose TTAGGG repeats because conventional DNA polymerases are not able to
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completely replicate linear chromosomes (Lansdorp 2005). Progressive telomere
shortening has detrimental effects; chromosome caps are unprotected, leading to
genomic instability and cell death. However, in healthy cells, telomere erosion
initiates a cell senescence program that prevents further divisions, thereby protecting
cells from excessive telomere loss and cell death. Telomere shortening is involved in
the aging process and in the regulation of replicative lifespan. Late generations of the
telomerase KO mice (Terc ') show severe telomere dysfunction characterized by
critically short telomeres and end-to-end fusions. These mice suffer from various
age-related diseases that affect highly proliferative tissues (Blasco 2002). Among
these tissues, the generation and function of immune cells are impaired by telomere
attrition. Numerous studies have confirmed that loss of telomeric DNA with pro-
gressive telomere shortening occurs in cells of the hematopoietic system as a result
of a function of normal replicative aging. Terc '~ mice have been reported to show
reduced proliferative capacity of T and B cells (Blasco 2002).

HSCs display telomere shortening during in vitro culture and in vivo aging
(Zimmermann et al. 2004). HSCs derived from humans and mice lose telomeric
DNA with age despite the presence of detectable telomerase activity (Allsopp et al.
2001). Moreover, telomere shortening occurs during serial transplantation of HSCs,
coinciding with impaired function (Allsopp et al. 2001). These observations suggest
that telomere attrition alters the capacity of HSCs to generate blood cells. In support
of this notion, HSCs from telomerase-deficient mice characterized by short telo-
meres show a reduced ability to repopulate irradiated mice (Allsopp et al. 2001).

To determine the effect of aging on macrophages, bone marrow-derived macro-
phages was produced in vitro. In this cellular model, the effect of aging on this cell
population without the influence of other cell types that may be affected by this
process was analyzed. It was showed that telomeres shorten as macrophages age,
leading to decreased GM-CSF- but not M-CSF-dependent proliferation of these cells
as a result of reduced phosphorylation of signal transducer and activator of tran-
scription (STAT)5a. Macrophages from aged mice showed shortened telomeres,
increased susceptibility to oxidants, and an accumulation of intracellular ROS. In
these macrophages STATS5a oxidation was reduced, which led to the decreased
phosphorylation observed. Interestingly, the same cellular defects were found in
macrophages from Terc ™~ mice, thereby suggesting that telomere loss is responsi-
ble for enhanced oxidative stress, for reduced Stat5a oxidation and phosphorylation,
and, ultimately, for impaired GM-CSF-dependent macrophage proliferation
(Sebastian et al. 2009). The microglia of these animals also show deficient capacity
to proliferate (Raj et al. 2015).

DNA Damage

Accumulation of DNA damage may also explain the aging process. Increasing
experimental data suggest that somatic mutations accumulate and increase exponen-
tially during aging (Tucker et al. 1999). This may be due to a greater number of
mutations or to deficient DNA repair activity. DNA damage produced by these
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mutations may alter gene expression patterns, the generation of modified proteins,
and some cellular functions. To repair this damage, cells have developed a DNA
damage response, which includes the detection of the lesion and the activation of cell
cycle checkpoints and several repair mechanisms to repair the damage. Deficiencies
in some of the components of the DNA damage response lead to senescence and
premature aging, thus supporting the notion that accumulated DNA damage con-
tributes to aging.

Advanced age is accompanied by impaired mitochondrial functions, such as
lowered oxidative capacity, reduced oxidative phosphorylation, decreased ATP
production, a significant increase in ROS generation, and a diminished antioxidant
defense. Mitochondrial biogenesis declines with age due to alterations in mitochon-
drial dynamics and the inhibition of mitophagy — an autophagy process that removes
dysfunctional mitochondria (Sobenin et al. 2015). Mitochondrial aging is character-
ized by structural alterations to this organelle and by mitochondrial DNA (mtDNA)
damage (Yao et al. 2013). Somatic mtDNA mutations during aging are due to the
high mutation rate of the mitochondrial genome, which is at least 5- to 15-fold higher
than that in the nuclear genome. Mitochondrial dysfunction contributes to the
development of oxidative stress. The electron transport chain constantly produces
superoxide radical anions, which, in the case of mitochondrial dysfunction, cause
electron leakage. These electrons go on to form hydroxyl radicals and hydrogen
peroxide from superoxide and ROS associated with lipid and protein oxidation. ROS
production induces macrophages nonresponsive to growth factors such as GM-CSF
(Sebastian et al. 2009). ROS formation may trigger a cascade of events such as
inflammation, cellular apoptosis, and DNA damage.

Alterations in the maintenance of telomere length and in the nucleotide excision
repair (NER) and nonhomologous end-joining (NHEJ) repair pathways limit stem
cell function in an age-dependent manner by intrinsically diminishing the self-
renewal and proliferative capacity of HSCs. Moreover, elevated levels of ROS
contribute to impaired HSC function. Studies in mice deficient for the ataxia-
telangiectasia mutated (Atm) gene show that the self-renewal capacity of HSCs
depends on Afm-mediated inhibition of oxidative stress. Afm-deficient mice show
progressive bone marrow failure, which results from a defect in HSC function that is
associated with elevated ROS (Ito et al. 2004). Therefore, DNA damage- and
ROS-dependent HSC failure may lead to an impaired production of blood cells,
among these macrophages, during aging.

Few reports have assessed the direct influence of DNA damage and ROS on
macrophage biology. The activation of macrophages leads to an increase in ROS and
NO production, as well as many pro-inflammatory cytokines that result in the
clearance of the invading pathogen. However, this prooxidant environment may
also cause DNA damage in macrophages themselves, including the induction of
apoptosis (Xaus et al. 2000). This observation suggests that it is crucial for these
cells to be supported by highly efficient antioxidant defenses. In this regard, it has
been shown that the levels of antioxidant defenses, such as superoxide dismutase
activity, decrease with aging in macrophages, although no data about DNA damage
in these cells has been reported.
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In addition, elevated levels of ROS modulate some redox-sensitive transcription
factors. Among these, NF-kB is highly relevant because it is a key regulator of
macrophage biology. It is thought that the phosphorylation of IkB, the inhibitory
subunit of NF-kB, is the key step in NF-kB redox activation. ROS-mediated
phosphorylation of IkB, leading to its ubiquitination and degradation, allows the
NF-kB complex to be translocated to the nucleus and act as a transcriptional
activator. In contrast, direct oxidation of critical cysteine residues in the p50 subunit
of NF-kB decreases its DNA-binding activity (Piette et al. 1997). It has been
described that macrophages undergo oxidative stress with aging, as reflected by an
increase in the oxidized glutathione/reduced glutathione ratio (De La Fuente et al.
2004). Thus, alteration of the redox status in macrophages during aging may alter the
activity of NF-xB and the expression of its target genes, which in turn may lead to
the loss of some functional activities.

The loss of DNA damage repair mechanisms contributes to the aging associated
with DNA damage. One example is the metabolic syndrome that occurs in DNA
polymerase n (pol ) deficiency. Mice depleted of pol i (pol n~'7) are character-
ized by obesity, with visceral fat accumulation, hepatic steatosis, hyperleptinemia,
hyperinsulinemia, and glucose intolerance. The infiltration of macrophages into
adipose tissue is apparent in these animals. Furthermore, the plasma and adipo-
cytes of this mouse model show increased expression of inflammatory cytokines.
In comparison to that of wild-type mice, the adipose tissue of pol 7'~ mice
exhibits increased DNA damage and a greater DNA damage response, as reflected
by wupregulation and/or phosphorylation of ATM, phosphorylated H2AX
(YH2AX), and poly[ADP-ribose] polymerase 1 (PARP-1). Concomitantly, the
adipose tissue of this mouse shows increased cellular senescence as early as
4 weeks of age, as indicated by the upregulation of senescence markers, including
p53, p16™ 4% and p21, and senescence-associated (SA) p-gal activity. Treatment
of pol 17/~ mice with a p53 inhibitor, pifithrin-a, reduces adipocyte senescence
and attenuates the metabolic abnormalities (Chen et al. 2015). These studies
indicate that elevated DNA damage is a root cause of adipocyte senescence,
which in turn plays a determining role in the development of obesity and insulin
resistance.

Nijmegen breakage syndrome 1 (NBS1) is a component of the MRE11 complex,
which is a sensor of DNA double-strand breaks and plays a crucial role in the
DNA damage response. Given that activated macrophages produce large amounts of
ROS that can cause DNA lesions, the role of NBS1 in the functional activity of
macrophages was examined. In mice expressing a hypomorphic allele of Nbsl
(Nbs12B2B) 'ROS induced by macrophage activation caused increased levels of
DNA damage that were associated with defects in proliferation, delayed differenti-
ation, and increased senescence accompanied by telomere shortening. Furthermore,
upon stimulation, Nbs1“®2® macrophages exhibited increased expression of
pro-inflammatory cytokines. Macrophage proliferation was also drastically
decreased (Pereira-Lopes et al. 2015). These results suggest that macrophages
require mechanisms of protection against the DNA damage induced by the ROS
produced during pro-inflammatory activation.
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Conclusions and Future Directions

Macrophages are a key component of both innate and adaptive immunity and are of
utmost importance in the elimination of invading pathogens, the initiation of an
immune response by activating T cells, and in the resolution of inflammation and
tissue repair. The deterioration of the immune system, called immunosenescence, is a
hallmark of the aging process, and it contributes to the increased mortality and major
incidence of immune diseases and cancer observed in the elderly. Given the rele-
vance of macrophages in the immune system, the alterations that these cells undergo
during aging may play a key role in immunosenescence.

Here we have summarized increasing experimental data about how aging affects
macrophage functions. We, and many others, have described that most of these
functions are altered in aged humans, rats, and mice. These observations suggest that
dysfunctional macrophages are involved in the deterioration of the immune system
with advanced age. However, most of these studies used peritoneal macrophages or
blood monocytes, which may be influenced by their interaction with other cell types
that are also affected by aging, thus providing a limited view of this process in
macrophages. In contrast, bone marrow-derived macrophages provide an extraordi-
nary model through which to study the effect of aging exclusively on the genomic
expression of these phagocytic cells, without the influence of other cell types.
However, this model does not reflect the precise function of macrophages in tissues
in vivo. Therefore, the integration of data from all macrophage models offers the best
strategy to assess how aging affects macrophage function and the molecular mech-
anisms involved in this process.

Many theories have been postulated to explain the aging process. Although
these theories have been demonstrated in many cell types, very few data are
available regarding the cellular and molecular mechanisms involved specifically
in macrophage aging. It was demonstrated that these cells undergo telomere
shortening with aging and also showed the influence of the accumulation of
ROS and DNA damage in these cells with aging. These studies could shed light
on the origin of macrophage dysfunction with age. As an integrative model, we
propose that the shortening of telomeres leads to an increase in ROS. This increase
in turn induces DNA breakage, which would result in the mutations that can
explain most of the alterations described in aged macrophages (Fig. 4). This
hypothesis is validated by two recent studies. In the first, chimeric mice with
hyper-long telomeres were generated. These mice accumulated fewer cells with
short telomeres and less DNA damage with age and expressed lower levels of p53.
In highly renewing compartments, such as the blood, cells with hyper-long
telomeres were longitudinally maintained or enriched with age (Varela et al.
2016). In the second one, blocking the oxidative damage by means of a transgenic
mouse model with moderate overexpression of human G6PD induced lower levels
of ROS-derived damage and greater protection from aging-associated functional
decline, including extended median lifespan in females (Nobrega-Pereira et al.
2016).
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Fig. 4 Integrative model of
the effect of aging on
macrophages. The shortening
of telomeres leads to an
increase in ROS. This increase
in turn induces DNA
breakage, which would result
in the mutations that can
explain most of the alterations
described in aged
macrophages
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