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Abstract

The immune system is the central regulator of tissue homeostasis, ensuring tissue regeneration and protection against
both pathogens and the neoformation of cancer cells. Its proper functioning requires homeostatic properties, which are
maintained by an adequate balance of myeloid and lymphoid responses. Aging progressively undermines this ability
and compromises the correct activation of immune responses, as well as the resolution of the inflammatory response. A
subclinical syndrome of “homeostatic frailty” appears as a distinctive trait of the elderly, which predisposes to immune
debilitation and chronic low-grade inflammation (inflammaging), causing the uncontrolled development of chronic and
degenerative diseases. The innate immune compartment, in particular, undergoes to a sequela of age-dependent functional
alterations, encompassing steps of myeloid progenitor differentiation and altered responses to endogenous and exogenous
threats. Here, we will review the age-dependent evolution of myeloid populations, as well as their impact on frailty and

diseases of the elderly.
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Introduction

Life expectancy is increasing worldwide and by 2040, it is
expected to further improve and exceed 80 years in most
countries. This implicates a potential raise of incidence and
prevalence of diseases associated with aging, including car-
diovascular, neurological, musculoskeletal, and oncological
diseases [1]. Therefore, medicine has to make an effort to
face changes in the epidemiology of diseases and to improve
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the management of complex and frail patients. In parallel,
scientific research has to deepen our knowledge in the mech-
anisms involved in the onset of age-related diseases.

Aging is considered as the progressive decline of functional
performance leading to an increased risk of mortality [2].
Nonetheless, it is still debated whether aging is a programmed
and regulated process, or a consequence of casual accumula-
tion of stressor events ending in a reduced performance state.
In fact, a central role is played by cellular senescence, i.e.,
the progressive and irreversible cellular loss of proliferative
capacity. Therefore, the relative contribution of the genetic
background individual and the environmental stresses that
it encounters, in determining aging and cellular senescence,
as well as in undermining our adaptive capacities against life
events, is still far to be elucidated. [3]. Notably, cellular loss of
proliferative capacity might be beneficial in some contexts, as
embryonic development, tissue repair, and tumor suppression,
but it can also become detrimental, as senescent cells in old
tissues acquire an altered phenotype, with the production and
secretion of pro-inflammatory molecules [3]. In this context,
the concept of aging had been introduced, as the result of the
imbalance between stressors and compensatory mechanisms,
leading to the accumulation of damage, reduced functional
reserve, and impaired healing capacity [4].
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The immune system has been shown to play a primary
role in these processes, as a common feature of tissue aging
and age-related diseases is the presence of “inflammaging,”
a sterile chronic low-grade inflammation that correlates with
increased morbidity and mortality [5, 6]. The etiopathogen-
esis of inflammaging and the precise mechanisms by which
it induces poor health outcomes is still far to be completely
elucidated. However, mechanical trauma, ischemia, stress, or
environmental conditions such as ultra-violet radiation may
induce pathogen-free inflammation, through the secretion of
damage-associated molecular patterns (DAMPs), that inter-
act with innate immune receptors [6]. A further understand-
ing of the underlying pathogenic pathways is an essential
requirement to identify targetable therapeutic targets in age-
related diseases. Both arms of the immune response, innate
and adaptive, appear to functionally evolve with aging. The
adaptive immune response is known to decline in the elderly,
due to thymus involution and impairment of lymphocyte
subsets [7]. Therefore, infections and external stressors may
not be adequately contained, and antigenic stimulation may
persist over time [8]. In turn, unresolved infections or tissue
damage may lead to chronic stimulation of innate immune
cells, since aged innate immune cells retain the capacity to
recognize pathogen-associated molecular patterns (PAMPs)
and DAMPs, promoting inflammaging [6, 8]. Given its role
in both activation and resolution of the immune response,
innate immunity is a key player in aging, and its malfunction
may affect aging and senescence. Indeed, innate immune
dysfunctions can predispose to frailty, morbidity [9], and
more severe infections, as extensively discussed below.

In this review, we discuss the role of the innate immune
system in inflammaging, senescence, and aging and provide
an up-to-date overview of the putative pathways involved in
the development of age-related diseases.

Immunosenescence and Inflammaging:
the Role of Myeloid Cells

Aging is a highly complex physio(patho)logical process
characterized by progressive loss of integrity at the organ,
tissue, cellular, and molecular levels, leading to impaired
systemic homeostasis and increased vulnerability to dis-
ease and, eventually, death [10]. The complex biological
processes of aging are far from being elucidated. However,
an attempt to describe the common features of aging was
recently summarized in nine schematic albeit interconnected
hallmarks: genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sens-
ing, mitochondrial dysfunction, stem cell exhaustion, altered
intercellular communication, and cellular senescence [10].
This latter is considered a key and central element of aging
process and is characterized by morphological, genetic, and
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epigenetic remodeling, as well as metabolic reprogram-
ming which influence the capacity of cells to renew them-
selves and their tissue environment, as the cell cycle comes
to an exhaustion [11]. Naturally, as aging affects the entire
organism, also the immune system undergoes to substan-
tial changes which, in turn, as recently emerged, act itself
as effector and regulator of aging process [12, 13]. Closely
connected to cellular senescence, the alterations affecting
the immune system during aging are termed “immunose-
nescence” and represent two interconnected processes:
the intrinsic senescence process of immune cells, and
the immune cell-extrinsic stimulation by senescent tissue
and cells, which are sensed by the immune system [14].
Indeed, while senescent cells arrest their replicative cycle,
they maintain an active metabolic, although altered, status
which induces a senescence-associated secretory pheno-
type (SASP) (Fig. 1) [10]. The SASP results in the secre-
tion of a wide range of soluble and insoluble factors such as
cytokines, chemokines, and growth factors. Among these,
interleukin (IL)-6, IL-8, IL-1p, transforming growth factor
beta (TGFp), and granulocyte—macrophage colony stimulat-
ing factor (GM-CSF) represent important mediators for the
further recruitment of immune cells with potential additive
and deleterious inflammatory effects [15].

The immune response is composed by two distinct but
closely interrelated parts: the innate and the adaptive immu-
nity. While it is clearly recognized since 1980s, the concept of
immunosenescence as the immune changes occurring during
aging in the adaptive immune response [16, 17], in the last
two decades, it has become clear that even the innate immune
compartment acquires age-related alterations [17-20]. In
adaptive immunity, these changes include increased propor-
tions of antigen-experienced B and T cells at the cost of naive
cell populations. These changes reflect diminished thymic and
bone marrow lymphopoiesis, reduced antigen-receptors reper-
toire, altered developmental and signal transduction, resulting
in impaired generation of protective humoral (B lymphocytes)
and cell-mediated (CD4" and CD8* T lymphocytes) immu-
nity [19, 21]. Aging of the innate immune system in humans,
instead, demonstrated a paradoxical increase in levels of pro-
inflammatory mediators such as IL-6, tumor necrosis factor
alpha (TNFa), C-reactive protein (CRP), and blood clotting
factors [19]. This state of low-grade, chronic inflammation has
been termed “inflammaging” [22, 23].

Hematopoietic Stem Cell Senescence

Both adaptive and innate immune cells rise from hemat-
opoietic stem cell (HSC) progenitors in the bone marrow,
which were shown to undergo themselves the age-related
changes and to have a limited replicative potency [24]. In
1978, Harrison et al. demonstrated that bone marrow cells
from aged mice, transplanted into recipients, showed loss
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Fig.1 Schematic network connecting senescence/immunosenes-
cence, inflammaging, frailty, and age-related diseases. The physi-
ological cellular and tissue senescence, which occurs during aging,
contributes to inflammaging through the disruption of tissue barri-
ers. This event increases the release of PAMPs mediated by the entry
of pathogens, via the production of SASP factors, and the release of
cellular debris (DAMPs and/or GARBage). PAMPs, DAMPs, and
GARBage elements are recognized by myeloid cells (neutrophils,
macrophages, dendritic cells) via their PRRs, thus enhancing the
production of pro-inflammatory mediators (i.e., IL-6, TNFa, IL-1p).
These last exacerbate the inflammaging process. In addition, senes-
cence of HSCs leads to their reduced renewal and to a biased differ-

of stem cell repopulating ability, suggesting that aging pro-
motes HSC exhaustion or replicative senescence [25]. More
recently, several evidences supported the substantial dif-
ference between young and aged HSCs [26]. Geiger et al.
suggested a set of criteria to define the phenotype of aged
HSCs, although in certain cases, they can appear ambigu-
ous since the aging process is a gradual and highly heter-
ogenous process [24]. These criteria include (a) increased
HSCs number and decreased regenerative potential: unex-
pectedly, aged HSCs appear increased in their number in
the bone marrow niche, probably due to an enhanced short-
term self-renewal activity. However, aged HSCs under con-
ditions of stress, as in serial transplantation assays, exhibit
several functional defects, including a reduced long-term
self-renewal capacity. The increase in the number of HSCs
does not compensate for their loss in function, resulting

DAMP

senescence @ - =

° ~

e
@ 0
oo ®
e o* @

°.% K
o* © 0y

SASP
GARBage

Frailty
mm
» Age-related
diseases

IL-10 ¢

TGFB

Atherosclerosis
Obesity

Type 2 Dyabetes
Neurodegeneration
Sarcopenia

Cancer

Infections (COVID-19)

v

entiation of hematopoietic progenitors toward myelopoiesis, rather
than lymphopoiesis. Inflammaging appears increasingly responsible
for the onset and progression of the most common diseases in the
elderly. Among them, atherosclerosis, obesity, diabetes, neurodegen-
erative and musculoskeletal (e.g., sarcopenia) diseases, cancer, and
infections (e.g., COVID-19) are well characterized for their inflam-
matory facet and/or etiology. These pathologies meet the definition
of age-related disease, also in terms of clinical management among
frail elderly subjects. PAMP, pathogen-associated molecular patterns,
SASP, senescence-associated secretory phenotype, DAMP, damage-
associated molecular patterns, PRR, pattern recognition receptor,
HSC, hematopoietic stem cell. For details, see the text

in an overall reduction in the regenerative capacity of the
pool of aged HSCs; (b) altered homing to, and mobilization
from, the bone marrow: aged HSCs localize outside the
endosteal stem cell niche following their transplantation.
This implies that aged HSCs select distinct niches from
young HSCs. Moreover, transfer of aged HSCs into recipi-
ent mice showed less efficiency in their homing in the bone
marrow, as well as higher responsiveness to inflammatory
stimuli which promotes their mobilization from the bone
marrow niche; (c) finally, a central hallmark of aged HSCs,
and of relevance for this review, is their skewed differentia-
tive potential toward myeloid cell lineage, thus providing
more myeloid and fewer lymphoid progenitor cells com-
pared to young HSCs (Fig. 1) [24, 26, 27].

HSCs committed to the myeloid lineage outnumber
lymphoid cells in both mice [28] and humans [29]. This
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imbalanced ratio of myeloid/lymphoid cell number in
human is corroborated by the upregulation of genes asso-
ciated with myeloid lineage commitment (e.g., GM-CSF
signaling) and malignancies (e.g., AURKA, FOS, MYC),
and by the down-modulation of genes mediating lymphoid
specificity and function (e.g., FLT3, SOX4) [29]. More
recently, comparison between aged and young HSCs from
humans or mice has been characterized for several other
changes, including DNA damage, impaired DNA repair,
altered cell polarity, increased production of reactive oxy-
gen species, and a higher number of differences in gene
expression profile in total HSCs as well as in myeloid- or
lymphoid-committed HSCs [30]. Some of the changes in
gene expression of old HSCs may be due to loss of epige-
netic regulations [31].

Table 1 Overview of main myeloid cell alterations during aging

Beyond the alterations in the number, frequency, or line-
age commitment of aged immune cells, substantial changes
were underlined in their functionality. In the following sec-
tions, we will describe the myeloid immune cell-mediated
inflammaging and its centrality between frailty syndrome
and age-related diseases. The main alterations of myeloid
cells during aging are summarized in Table 1. T and B cell
aging is finely described elsewhere [32, 33].

Myeloid Cells and Inflammaging

As briefly described above, the innate immune cells remain
relatively well functioning in elderly and represent the main
source of inflammatory mediators in response to challeng-
ing agents, thus contributing to the age-related increase

Cell Alteration in aging References
Neutrophil Reduced chemotaxis in response to fMLP, LPS, GM-CSF, due to overactivation of PI3K-y and -8, and to reduced [46-50]
ICAM-1 expression
Reduced complement- and immunoglobulin-mediated opsonization of pathogens due to reduced expression of [20]
CD16 Fc receptor
Reduced cytotoxic superoxide production in response to fMLP, LPS and S. aureus [52]
Reduced NETs formation in response to S. aureus [53]
Increased plasma membrane fluidity (cholesterol enrichment) and subsequent reduction of lipid rafts and receptors  [46, 54, 55]
recruitment
Increased reverse transendothelial migration [56]
Macrophage Increased cell frequency in spleen and bone marrow from mice. Anti-inflammatory and pro-angiogenic phenotype  [57, 60]
Reduced frequency in blood and bone marrow from human subjects [61]
Reduced phagocytosis of bacterial pathogens [41, 62]
Reduced expression of MSR1 and MARCO scavenger receptors by alveolar macrophages [64, 65]
Reduced MHC-II expression and antigen presentation [66]
Increased expression of COX2 and PGE2 production [57, 67]
Increased production of pro-inflammatory cytokines (IL-1p, IL-6, TNFa; reduced production of anti-inflammatory  [57]
cytokines (IL-10 and TGFp
Reduced TLR expression [72]
Reduced phagocytosis of bacterial pathogens due to reduced production of MIP, eotaxin, nitrous oxide and superoxide, [57, 68-70]
and to increased activation of p38 MAPK
Reduced pro-angiogenic capability due to impaired activation of TLR/VEGEF signaling and to decreased expression [72-74]
of VLA-4
Reduced NAD™ production and subsequent pro-inflammatory functions [76,77]
MDSC Increased frequency in the circulation of very old (> 80 years) and frail subjects [81-83]
Increased frequency in different tissues of murine models of aging [84, 85]
Dendritic cell Reduced frequency of conventional and plasmacytoid subsets in frail subjects [89]
Reduced TLRs expression and IFNSs class I and II production by plasmacytoid subset [89]
Increased production of IL-6 and TNFa [91]
Reduced capability of CD8" T cell activation [14]

JMLP formyl-methionine-leucine-phenylalanine, LPS lipopolysaccharide, GM-CSF granulocyte-monocyte colony-stimulating factor, PI3K phospho-
inositide 3-kinase, /CAM-1 intercellular adhesion molecule 1, NET neutrophil extracellular trap, MSRI macrophage scavenger receptor 1, MARCO
macrophage receptor with collagenous structure, MHC-II class 1I major histocompatibility complex, COX2 cyclooxygenase 2, PGE2 prostaglandin
E2, IL interleukin, TNFa tumor necrosis factor alpha, TGFf transforming growth factor beta, 7LR Toll-like receptor, MIP macrophage inflammatory
protein, MAPK mitogen-activated protein kinase, VEGF vascular endothelial growth factor, VLA-4 integrin very late antigen-4, NAD nicotinamide
adenine dinucleotide, MDSC myeloid-derived suppressor cell, /FN interferon
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of low-grade, chronic, and systemic production of pro-
inflammatory mediators (i.e., inflammaging), feeding the
immunosenescence process [17, 34, 35]. This process is
caused by the chronic, repetitive, lifelong antigenic stim-
ulation by challenging self and non-self agents, recently
named “immunobiography” [36]. This phenomenon shapes
the immune system throughout the entire life, generating
different health conditions in old age, from healthy status
(successful aging) to multiple age-related diseases (patho-
logical aging) [36]. These immunological stresses can be
provided either by several species of pathogens, such as
cytomegalovirus (CMV) and herpes simplex virus-1, or
by metabolic products or cellular debris from damaged or
senescent cells and from damage caused by reactive oxygen
species (ROS), by advanced glycation and by nitrosylation.
The accumulation of this ‘garbage’ products in aging cells
which actively contribute to inflammaging was recently
dubbed “garbaging” [37].

The innate immune system professionally recognizes the
exogenous and endogenous challenges and ‘garbage’ and
reacts to them exerting heterogenous inflammatory activi-
ties [37, 38]. Indeed, the innate cells rely on pattern rec-
ognition receptors (PRR) (i.e., Toll-like receptors (TLR),
NOD-like receptors (NLR), and the RIG-like receptors
(RLR)) to identify and respond to exogenous microbial
PAMPs (e.g., LPS, viral RNA), as well as to endogenous
cellular debris and DAMPs, including heat-shock pro-
teins, cytokines, and damaged genomic and mitochondrial
DNA fragments [37]. It is intuitive that senescent cells can
directly promote the release of DAMPs which directly con-
tribute to SASP and, eventually, to inflammaging (Fig. 1).
In addition to the intrinsic ‘sterile’ inflammation induced
by DAMPs, aging hallmarks can be associated with dys-
functional anatomical barriers to exogenous insults, thus
increasing the exposure to microbes and the circulation of
PAMPs [10, 39-41]. Associated with increased PAMPs
and DAMPs, as well as SASP, the aging process results
in altered number and function of innate immune cells,
mainly myeloid, such as neutrophils, monocytes/mac-
rophages, myeloid-derived suppressor cells (MDSCs),
and dendritic cells. The intrinsic immunosenescence of
these cells, as well as their chronic abnormal activity in
response to the aging-associated perturbations of organis-
mal homeostasis, represent the key regulator and effector
of the inflammaging process [14, 17, 20]. More in detail,
inflammaging is characterized by a 2—fourfold increased
levels of pro-inflammatory cytokines, in comparison with
healthy young subjects, in particular IL-1f, IL-6, and
TNFa, as well as CRP, and by reduced serum level of
anti-inflammatory cytokines, including IL-10 and TGFf
(Fig. 1) [7, 42]. Myeloid cells are highly heterogeneous
and contribute to inflammaging at different levels, within
different pathophysiological conditions [20, 43].

Neutrophils

Neutrophils are the most abundant leukocytes in the blood
and represent the first line of defense against bacteria, fungi,
and yeast challenges. They are the first immune cells to reach
sites of infection, where they recognize and phagocytose
pathogens. While in absence of specific stimuli their lifespan
is relatively short, the presence of pro-inflammatory stimuli
(e.g., LPS) can significantly increase it [20]. Even though
ageing showed to have no significant effect in the numbers
of circulating neutrophils in both healthy [44] and hospital-
ized with bacterial infections [45] old adults, as compared to
young people, relevant age-related alterations in neutrophil
function were described [20].

Neutrophils expand from HSCs and migrate from blood
to the site of infection or tissue damage in response to che-
moattractants. Major evidences from in vivo and in vitro
studies reported an impaired chemotactic capability of
neutrophils from elderly subjects. Indeed, cells isolated
from old subjects exhibit markedly reduced migration
in response to chemotactic agents, including the bacte-
rial products formyl-methionine-leucine-phenylalanine
(fMLP), and altered responses to LPS and to myelopoi-
etic GM-CSF [46]. This effect was recently associated to
a constitutive activation of the gamma and delta isoforms
of phosphoinositide 3-kinase (PI3K) [47]. Noteworthy, the
impaired in vitro migrative capability of neutrophils from
old adults with occurring infections was directly corre-
lated to the reduced survival rate of these patients [48].
Accordingly, the aberrant neutrophil migration with age
was demonstrated in healthy aged volunteers [49] and in
a mouse model of cutaneous wound infection [50], where
it was associated to a reduced expression of the adhesion
molecule ICAM-1 on the activated endothelium of aged
mice. Conversely, other studies suggested an unaffected
neutrophil chemotaxis in both murine and human models
of inflammation [51].

Once arrived at the site of infection, neutrophils engulf
the invading agents to expose them to a microbicidal action.
A marked impairment of complement- and immunoglobulin
(Ig)-opsonized pathogens was described in aged-neutrophils,
attributable to a decline in the surface expression of the Fc
receptor CD16 [20]. One of the main mechanisms of neu-
trophil cytotoxic activity is exerted by a huge production of
ROS once the pathogen is engulfed. Controversial evidences
regarding ROS production by neutrophils were associated
to specific stimuli triggering their release. Indeed, while
C. albicans, E. coli, and zymosan did not show significant
difference in the induction of superoxide release by aged
neutrophils in comparison to young controls, the exposure
to fMLP, GM-CSF, or S. aureus was less efficient to prime
the superoxide production by older cells [52]. Neutrophil
extracellular traps (NETs), consisting of a DNA backbone

@ Springer



128

Clinical Reviews in Allergy & Immunology (2023) 64:123-144

and granule-derived enzymes, can entrap and neutralize
pathogens. It has been demonstrated that neutrophils of aged
mice challenged with S. aureus produced significantly lower
amount of NETs [53].

The accredited explanations of dysfunctional neutro-
phils converge in the alteration of their plasma membrane
composition. Indeed, aged neutrophils from mice showed
an increased membrane fluidity as consequence of reduced
cholesterol presence in favor of phospholipid enrichment
[54]. This could represent the reason why the recruitment
of receptors into lipid rafts, the plasma membrane microdo-
mains rich in phospholipids and cholesterol, has been shown
markedly reduced [46, 55].

In a very recent work, it has been highlighted that
CXCR2™ neutrophils from aged mice are recruited and
activated by CXCL1-producing senescent mast cells, into
inflamed aged tissues. Once neutrophils have been activated,
they are able to reverse transmigrate through the endothe-
lium into the blood circulation and, subsequently, to reach
distant organs where they are capable of inducing tissue
damage [56].

Macrophages

At the first conceptualization of inflammaging, Franceschi
et al. proposed that the main responsible of the sustained
production of pro-inflammatory mediators were the chroni-
cally activated macrophages (hence ‘macrophaging’) [22].
The recent advances in immunosenescence suggest that mac-
rophages are not the unique players in inflammaging; how-
ever, it is widely accepted that monocytes and macrophages
are the central components in initiating this process [57].
Macrophages constitute important innate immune cells,
comprising a heterogeneous population that may differ
in phenotype and behavior according to the site and to the
pathophysiological conditions which they encounter. These
cells sense microenvironmental and senescence signals [58].
Activated macrophages are usually divided into two subsets:
MI-like macrophages mainly involved in pro-inflammatory
responses and M2-like macrophages driving anti-inflammatory
and resolving responses. However, this dichotomy represents
extremes of an intricate continuum [58] influenced by environ-
mental stimulation, metabolic status, and cellular stress [59].
In elderly, the number of macrophages showed contradic-
tory indications, despite major evidences show increased
output of myeloid progenitor cells [24] and an elevated num-
ber of macrophages in the spleen and bone marrow of aged
mice, as compared to young controls [57]. Moreover, these
tissue-resident macrophages from old mice demonstrated a
more anti-inflammatory, pro-angiogenic phenotype as com-
pared to the young counterpart [60]. Conversely, human
studies underlined a reduction of mono/macrophage cells
in the blood and in the bone marrow from older adults [61].
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One of the main mechanisms proposed to explain the
increased basal inflammatory rate in elderly is the higher
permeability of gut to microbiota due to senescence and
deterioration of tissues, resulting in higher level of circulat-
ing LPS, responsible of the systemic, low-grade increase of
pro-inflammatory cytokines (e.g., TNFa) [41, 62]. Indeed,
elevated pro-inflammatory mediators impaired the phago-
cytosis of bacteria by peritoneal and bone marrow—derived
macrophages, thus perpetuating an inflammatory phenotype.
Of note, germ-free mice did not develop age-dependent
inflammation and had preserved macrophage function [62].

It was recently shown that intestinal alkaline phosphatase
activity declines in aged mice and humans. In mice, this
decline promoted the increase of hepatic TNFa levels and
of circulating pro-inflammatory cytokines produced by
bone marrow—derived macrophages, as well as the liver
dysfunction [63]. In the murine lung, the resident alveo-
lar macrophage population changes dramatically with age,
impairing the expression of macrophage scavenger receptor
1 (MSR1 or CD204) and macrophage receptor with col-
lagenous structure (MARCO) genes, which have a critical
role in the bacterial phagocytosis and in the efferocytosis
of apoptotic neutrophils; this critically perpetuates the pro-
inflammatory responses [64, 65]. Classically activated mac-
rophages are professional antigen-presenting cells (APCs)
that can stimulate T-cell activation. Aged macrophages from
both human and mice showed a reduced expression of MHC
class II molecules that can limit T cell response in elderly
[66].

The production of pro-inflammatory cytokines by aged
macrophages showed discrepant results. Although the major
concept that macrophages produce more IL-1f, IL-6, and
TNFa during aging, other studies demonstrated that splenic
and thioglycolate-elicited peritoneal macrophage from aged
mice, stimulated with LPS, produced less pro-inflammatory
cytokines, as a result of reduced expression of TLRs [57]. It
is, however, accepted that aged macrophages secrete more
prostaglandin E2 (PGE2) than younger counterparts, as a
result of increased expression of cyclooxygenase 2 (COX2)
[67]. This leads to increased expression of inflammatory
cytokines such as TNFa and IL-6 and decreased MHC
class II molecules on macrophages, as well as increased
production of IL-10 which suppresses T-cell activation, thus
impairing pathogen’s elimination [57]. A possible explana-
tion of these contradictory evidences is the difference in
the tissue sources and activation states of the macrophages
tested, as well as the health state of population tested.

Of note, the observed reduction of TLRs expression in
elderly may be responsible, at least in part, for the higher
susceptibility of old people to bacterial, mycotic, and viral
infections [57]. Aged murine peritoneal macrophages showed
also a reduced phagocytic capacity in comparison with
younger controls [68], as a result of diminished production
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of macrophage inflammatory protein (MIP), eotaxin [57],
and nitrous oxide and superoxide [69]. In addition, old mice
showed reduced wound healing compared to younger mice,
which was correlated with reduced phagocytic capacity of
macrophages [57]. Recently, the impaired phagocytosis of
macrophage has also been observed in elderly humans, and
associated with chronic inflammatory response, regulated by
an elevation p38 mitogen-activated protein kinase (MAPK)
activity [70]. Conversely, aged alveolar macrophages from
rats challenged with K. pneumoniae showed an enhanced
phagocytic activity as compared to young, without differ-
ences in the production of pro-inflammatory lipid mediator
leukotrienes and prostaglandins [71].

As mentioned, aged macrophages have impaired activ-
ity in the wound healing process. Several studies showed
poor cutaneous wound healing in aging, characterized by
enhanced platelet aggregation, delayed re-epithelialization,
angiogenesis, and collagen deposition, in association with
reduced infiltration of macrophages. Moreover, the trans-
plantation of young macrophages into aged mice partially
restored the rate of wound repair [72]. The reduced angi-
ogenesis in elderly was proposed to be associated to the
decreased TLR expression on macrophages, which are also
involved in VEGF signaling [73], or to the decrease in adhe-
sion molecules VLA-4 on monocytes that may impair the
rate of macrophage infiltration to the wound [74].

The metabolic pathways utilized by the macrophages have
important implications for their phenotype and showed sev-
eral influences in the aging process [75]. Notably, NAD* has
been suggested to be a therapeutic target for ageing, since its
levels decrease significantly with age [76]. In macrophages,
NAD" synthesis decreases with age and more prominently
during the immune responses, affecting macrophage effector
activity and resulting in increased pro-inflammatory func-
tions [57, 77].

Myeloid-Derived Suppressor Cells

MDSCs are a group of highly heterogenous immature
myeloid cells that rise during prolonged pathological state.
Indeed, under conditions of immunological stress, includ-
ing cancer, infections, and autoimmune disorders, the sig-
nals arriving from damaged tissues alter the magnitude and
quality of the hematopoietic output which guarantees an
adequate supply of lymphoid and myeloid cells. This “emer-
gency” state perpetually reprograms myeloid cells toward
suppressive functions of T cell-specific immune response.
MDSCs are conventionally divided into two major subpopu-
lations: polymorphonuclear (PMN)-MDSCs and monocytic
(M)-MDSCs [78-80].

Both human and murine studies underlined that dur-
ing aging, there is an increased frequency of circulating
MDSCs [81, 82]. Indeed, PMN-MDSCs were increased in

the circulation of very old people (> 80 years), especially
with a frailty profile, in comparison with younger subjects;
conversely, the monocytic subset was found unchanged [82,
83]. In murine models, several studies showed that MDSCs
frequency is significantly increased with aging in the bone
marrow, spleen, and peripheral lymph nodes [84]. Of note,
the progeroid mouse models Erccl and BubRI mutants
showed higher number of MDSCs in the bone marrow, as
compared to wild-type controls [85]. However, the exact
mechanism by which aging influences the output and dif-
ferentiation of MDSC:s is far to be clarified.

Nonetheless, many aspects of inflammaging may influ-
ence the MDSCs output. As mentioned above, it is known
that senescent cells and tissues secrete a plethora of pro-
inflammatory cytokines (e.g., IL-1p, IL-6, IL-18, TNF), as
well as different alarmins, such as HMGB1, S100A8/9, and
PGE?2 [37, 86]. Interestingly, these pro-inflammatory factors
are potent inducers of both proliferation and activation of
MDSCs [78]. MDSC activity induces an immunosuppres-
sive microenvironment which inhibits both innate and adap-
tive immune responses [78]. Of note, MDSCs secrete the
anti-inflammatory cytokine TGFp which is a potent inducer
of cellular senescence in inflamed tissues [87].

Dendritic Cells

Dendritic cells (DCs) are a primary interface between innate
and adaptive immune responses, as they are the predomi-
nant antigen-presenting cells for naive T cells. They are
generally classified in conventional or plasmacytoid den-
dritic cells [88]. Their impact in the aging process is quite
elusive. However, some studies showed that the numbers
of both plasmacytoid and conventional circulating DCs is
reduced in elderly, more markedly in frailty conditions,
as compared to young subjects [89]. In contrast, another
study underlined no differences in DC distribution, in dif-
ferent tissues [90]. Noteworthy, plasmacytoid DCs from old
donors have reduced TLR expression, decreased production
of interferons class I and II, and damped antiviral response
[89]. In addition, aged DCs showed increased production
of IL-6 and TNFa, suggesting their contribution to inflam-
maging [14, 91]. Conversely, conventional DCs from old
mice revealed an impaired capability to induce CD8* T cell
cytotoxic responses [14].

Inflammaging and Frailty

Frailty is widely recognized as an important and common
geriatric state associated with increased vulnerability to
internal and external stressors, resulting from a significant
loss of homeostatic reserve involving multiple interrelated
physiological systems [92, 93]. In 2013, a group of six
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major international societies in the field of aging and geri-
atric medicine conceptualize frailty as “a medical syndrome
with multiple causes and contributors, that is characterized
by diminished strength, endurance, and reduced physi-
ologic functions that increase individual’s vulnerability and
dependency, and/or death” [94].

In frailty, accumulation of cell damage accompanied by
impairment of repair mechanisms (i.e., DNA repair, syn-
thesis and control, detection and clearance of damaged pro-
teins and lipids, clearance of abnormal organelles and cells)
and defense against injury lead to loss of the homeostasis
and physiological decline [95]. There are several methods
to assess the presence and entity of frailty [96, 97]. Among
others, the two main systems are (1) frailty phenotype (FP),
which diagnoses frailty when at least three of five criteria
(weight loss, exhaustion, weakness, slow walking speed and
low levels of physical activity) are present; one or two cri-
teria identify a pre-frail person [98]; and (2) Frailty Index
(FI), which measures the number of age-related deficits that
an individual accumulates over time [99]. The latter method
considers a more complex scenario reflecting dysfunction
of physiological systems, including age-related diseases, as
well as cognitive deficits. Indeed, evaluating different patho-
physiological factors, such as cellular senescence, oxidative
stress, mitochondrial dysfunction, and dysregulation of
inflammatory processes (immunosenescence and inflam-
maging), the Frailty Index can describe several heterogenous
conditions at different stages of the aging process [95, 97].

Although the concept of frailty has been clearly discerned
from that of multimorbidity [94], multimorbidity is emerg-
ing as a frequent parallel condition mutually connected to
frailty [97, 100]. The term multimorbidity refers to the co-
occurrence of two or more chronic diseases in the same per-
son [100, 101]. Of relevance, multimorbidity was not con-
ceptualized as a sum of single diseases, but rather as synergy
of different diseases associated with worse health outcomes
and more complex clinical management [100]. Multimorbid-
ity prevalence increase consistently with elderly (up to 98%
in subject older than 65 years) [100, 102]. Subjects affected
by cardiovascular disorders exhibit a greater multimorbid-
ity than individuals not affected [34]. Diseases most often
associated with multimorbidity are diabetes, chronic kidney
disease, anemia, chronic pulmonary disease, depression, and
dementia, which all involve inflammaging as an important
risk factor [34, 75]. It becomes intuitive that frailty and mul-
timorbidity are closely related (Fig. 1); both can be consid-
ered as a cause and a consequence of each other, as well as
indicators of healthy status and predictors of disability and
mortality [97, 99, 100, 102]. Multimorbidity can cause an
accumulation of deficits participating in frailty onset and
evaluation. Within this scenario, inflammaging was directly
correlated to an increased risk of age-related chronic dis-
eases and frailty [95].
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It was recently introduced the concept of “anti-
inflammation” which underlines the production of anti-
inflammatory cytokines in aging, to neutralize the dan-
gerous inflammatory processes. The balance between
inflammation and anti-inflammation has been suggested
to determine the onset and severity of age-associated
disorders and the individual’s ability to achieve extreme
longevity [7, 103]. Several studies underlined that the
major pro-inflammatory factors directly correlated with
frailty, independently of the chronic disease states, are
IL-6, TNFa, CRP, fibrinogen, and factor VIII [95, 104].
In particular, recent meta-analysis of more than 20,000
older adults highlighted that frailty and pre-frailty con-
ditions directly correlate with indicators of inflamma-
tion, particularly CRP and IL-6 levels [105, 106].

Furthermore, frail subjects displayed higher expression of
CXCL-10, a potent pro-inflammatory chemokine in monocyte
and macrophage, which directly correlated with IL-6 serum
levels [107]. In line, the levels of circulating IL-10 were
reduced in aged humans [103]. In agreement, IL-10-deficient
mice develops increased typical signs of frailty with age,
including muscle weakness and decreased strength, and in
direct correlation with increased levels of IL-6 [108].

Inflammaging-Related Diseases
as Multimorbidity of Frailty

While it is clear that chronic low-grade inflammation devel-
ops with aging and immunosenescence, it is also evident
that age-related inflammatory conditions worsen the aging
process. This creates a negative loop that influences the out-
come of a successful or unsuccessful aging, and thus deter-
mining longevity.

The principal age-related inflammatory diseases also
represent the most common multimorbidity of frail old
people [97, 100]. These includes cardiovascular diseases
(CVDs), the metabolic syndrome (i.e., diabetes and obe-
sity), neurodegenerative diseases, musculoskeletal disor-
ders (e.g., osteoarthritis, rheumatoid arthritis, sarcopenia)
(Table 2), and cancer (Table 3) and infective diseases [34,
109-111]. In each of these conditions, alteration of various
molecules or macromolecules can act as DAMPs detected
by the innate immune cells, and thus initiating and maintain-
ing the chronic inflammatory response. In turn, inflamma-
tion contributes to the formation of further DAMPs thereby
accelerating the disease process.

Cardiovascular Diseases

Cardiovascular diseases (CVDs), such as heart failure, myo-
cardial infarction, atrial fibrillation, and stroke, are classified
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Table 3 Immunosenescence, inflammaging and cancer

Description References
Chronic exposure to IL-1p, IL-6 and TNFa support tumor growth and metastasis spread [177-179]
Senescent immune cells directly promote SASP [180]
SASP promotes tumorigenesis and immunosuppressive behavior of immune cells [182-184]
Essential factors for MDSC expansion, infiltration and activation (e.g., CSFs, CCL2, IL-1p) are increased in elderly [186, 187]
Age-related expansion of immunosuppressive MDSCs impairs the clearance of senescent and cancerous cells, leading to tumor ~ [185]
immune escape
Aged TAMs defect in anti-tumoral cytokine production and antigen presentation [188-191]

N2 TANs resemble aged neutrophils for their reduced chemotactic and phagocytic capacity, and their impaired free radical

production and apoptosis

Several SASP molecules remodel the ECM, favoring immune and cancer cell trafficking and dissemination

Aged immunosuppressive myeloid cells alter the ECM composition

[52, 193-196]

[199, 200]
[201]

IL interleukin, TNF tumor necrosis factor, SASP senescence-associated secretory phenotype, CSF colony-stimulating factor, CCL2 C—C motif
chemokine ligand 2, MDSC myeloid-derived suppressor cell, TAM tumor-associated macrophage, TAN tumor-associated neutrophil, ECM extra-

cellular matrix

as a group of heart and blood vessel disorders which are
directly associated with features of organismal aging and
loss of homeostasis, and increased risk of frailty [34, 112].

Both cardiovascular comorbidities and frailty are influ-
enced by the same risk factors, including low physical
activity, smoking, dietary pattern, obesity, and diabetes.
Additionally, many biomarkers reflecting multisystem dys-
function are common for the two [34]. Of concern, numer-
ous studies have shown that inflammaging is a major risk
factor for CVDs [34, 75, 110].

Atherosclerosis and insulin resistance are the leading
mechanisms in the development of CVDs [113]. Atheroscle-
rosis is a typical inflammatory disease [114] and is the main
pathological basis of cardiovascular dysfunctions, which are
extremely frequent in the elderly [115]. This pathological
condition is characterized by mutual relationship between
the age-related increase of pro-inflammatory mediators and
tissue and cellular senescence; these impact on the patho-
genic process, as well as on the intrinsic production of anti-
gens by atherosclerotic plaques, which trigger and sustain an
inflammatory response. Therefore, a vicious cycle is gener-
ated, influencing and amplifying the role of inflammation in
atherogenesis [34].

Atherosclerosis is a process that continues throughout
human life. It usually begins at an early age and become
clinically evident at more advanced age in the form of coro-
nary heart or cerebrovascular or peripheral arterial disease
[111]. Therefore, it appears that aging of the immune sys-
tem contributes to the development of clinically manifested
atherosclerosis such as coronary heart disease [34, 112,
116]. This inflammatory condition may be initiated by auto-
antigens released by damaged cells, such as high-mobility
group box 1 (HMGB1) and heat shock protein 60 (HSP60),
by the accumulation of cholesterol-containing LDL particles,
or by infective agents such as C. pneumoniae [117]. These
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agents are recognized by pattern recognition receptors (PRRs)
and several scavenger receptors expressed mainly by innate
immune cells, stimulating the production of large amount of
pro-inflammatory cytokines and the subsequent engagement
of immune cells in the intima of the arterial wall [116]. Classi-
cal mediators of inflammation by the innate immune response,
including CRP, IL-1p, IL-6, and TNFa, correlate with the
occurrence of myocardial infarction and stroke in healthy and
individuals with known coronary disease [118].

Monocytes that migrate into the intima of the arterial wall
differentiate into macrophages and then transform into foam
cells in the lipid necrotic core of the atheroma. The mac-
rophage content of the plaque represents the kinetic balance
between the recruitment of blood monocytes, their differen-
tiation into tissue macrophages and proliferation in situ, and
their emigration or death. Their activation state changes dur-
ing both the progression and regression of atherosclerosis.
The cholesterol-engulfed macrophage (foam cell) promotes
innate immune responses and inflammation by both increas-
ing the sensitivity of TLRs to their ligands and activating
the NLRP3 inflammasome. These result in the release of
IL-1B, IL-18, and other pro-inflammatory cytokines [114,
119]. While in early phase of the atherosclerosis process
the clearance of senescent myofibroblasts through recruit-
ment of inflammatory phagocytic cells may be beneficial,
as they can limit tissue fibrosis, late atherosclerosis is
characterized by massive cell apoptosis and accumulation
of cells with senescent features, which support an exacer-
bated pro-inflammatory status and lead to the formation of
a necrotic core that ultimately causes fragility and rupture
of the plaque, formation of a thrombus, and acute vascular
occlusion [34, 110].

Elevated secretion of TNFa, IL-6, and IL-1f from car-
diomyocytes and peripheral tissues has been shown to play
an important role in the pathogenesis and progression of
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myocardial dysfunction; the plasma levels of these pro-
inflammatory cytokines can predict the short- or long-term
survival in patients with cardiac heart failure [110, 118]. In
agreement, in elderly individuals, genetic gain-of-function
modifications of IL-6 receptor (IL6R) and CRP genes were
associated with increased risk of CVDs, as well as other
inflammatory diseases, regardless of other cardiovascular
risk factors [34]. Of note, a genome-wide study on Chinese
centenarians highlighted that a single nucleotide polymor-
phism (SNP) of /L6 gene was significantly associated with
extreme longevity confirming the role of IL-6 in condition-
ing morbidity and mortality, especially in old age [120].
The gold standard therapies for the treatment of CVDs
rely mainly in the metabolic regulation of hyperlipidemia
through life style changes and/or hypolipidemic drugs (e.g.,
statins), and blood pressure medications [121]. However,
recent indications from several mouse model studies as well
as from two big clinical trials showed that pro-inflammatory
cytokine-regulating drugs reduces major cardiovascular
events in subjects with previous myocardial infarction and
with residual inflammation, independently of lowered lipid
levels. These studies include CANTOs trial using canaki-
numab, an anti-IL1p monoclonal antibody, and MEASURE
trial using tocilizumab, an IL-6 receptor blocker monoclonal
antibody [111].

Metabolic Syndrome

In the last decades, the prevalence of metabolic syndrome
has dramatically increased worldwide [122]. This condition
is characterized by concurring and high prevalent disorders
and diseases including obesity, type 2 diabetes mellitus
(T2DM), hypercholesterolemia, non-alcoholic fatty liver dis-
ease, and their multiple complications [123]. In recent years,
it has become evident that systemic low-grade inflammation
in the liver, muscle, and adipose tissue is a major contributor
to the development of obesity and insulin resistance [124].

Obesity

Obesity represents a serious health condition strongly
associated with inflammaging and constitutes a model of
accelerated aging [125]. Indeed, adipose tissue dysfunc-
tion is a central etiological mechanism of obesity; beyond
the altered metabolic homeostasis, its high immune cell
infiltration is a key contributor to pathological metabolic
alterations. This immunometabolic circuit is emerging for
its role in human aging process [126]. Thus, the inflamed
adipose tissue makes obesity a condition strongly associated
to pro-inflammatory state [127]. The seminal discovery by
Hotamisligil et al. showed a TNFa overexpression in obe-
sity, whereas the TNFa blockade restored insulin sensitivity
[128]. Moreover, hypertrophic and hyperplastic adipocytes

in abdominal, intramuscular, liver, and pericardial fat can
produce pro-inflammatory and chemotactic compounds,
such as IL-6, IL-1p, TNFa, and CCL2, as well as hormones
that modulate inflammation, such as adiponectin and lep-
tin [34]. These lead to an increased infiltration of immune
cells, in particular macrophages and T lymphocytes, which
further amplify the production of pro-inflammatory media-
tors, generating a vicious cycle of chronic inflammatory state
named “metaflammation.” This metabolic-driven inflamma-
tion resembles the critical inflammatory process of aging
[129]. Additionally, in vivo administration of IL-10 prevents
the IL-6-induced insulin resistance [130]. Thus, the balance
between pro- and anti-inflammatory cytokines seems likely
to impact metabolic homeostasis. Concordantly, obesity in
humans has been associated with increased risk for autoim-
mune diseases [131]. Weight loss combined with exercise
improves functional status, reduces some of the features
of frailty in obese older individuals, and improves the car-
diovascular risk profile. However, the connection of these
beneficial effects and inflammation is still undefined [132].

Neutrophils showed contradictory evidence for their
enrichment in adipose tissue from obese individuals; how-
ever, while some evidence suggests that their increase in
response to high fat feeding is transient, others show a per-
petuating and chronic supply of adipose tissue neutrophils
(ATNSs) [133]. Adipose tissue macrophages (ATMs) are the
most abundant immune cell in adipose tissue, representing
more than half of leucocytes in fat depots, in both lean and
obese animals [133]. Emerging evidences have highlighted
that insulin resistance and lipotoxicity increase neutrophil
infiltration, macrophage proliferation, and the release of
inflammatory mediators that induce smooth muscle and
endothelial cell activation, thus accelerating the atherogen-
esis [34].

Type 2 Diabetes

T2DM alone or associated with metabolic syndrome is
related to chronic inflammation [111]. T2DM is very closely
related to obesity, which is not a specific disease of the
elderly, and in some cases may be paradoxically a protective
factor against many adverse events related to aging [134].
However, following the new classification of diabetes into
five different clusters, Cluster 5, which represents the most
common form of diabetes (about 40%), called mild age-
related diabetes, is linked to physiological maladaptation
during aging which includes the early onset of inflammaging
[34, 135]. T2DM is also a strong risk and prognostic factor
for CVDs; in agreement, the effect of diabetes on the risk
of CVDs and the CVD mortality increase dramatically with
elderly and frailty conditions [136]. Inflammation also plays
a role in the pathogenesis of diabetes or insulin resistance.
The basic underlying mechanism in T2DM is the reduced
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insulin sensitivity of the target organs, due to changes in the
intracellular signaling pathways. Insulin resistance can be
also a consequence of obesity condition [137].

Since T2DM is commonly present in the elderly, it is
expected that its immunological profile overlaps immunose-
nescence. However, inflammation-driven T2DM is observed
at early ages, suggesting that T2DM could represent a model
of premature immunosenescence [110]. Other studies indi-
cated that T2DM and hyperglycemia increased some inflam-
matory markers such as IL-6, TNFa, and CRP, which were
associated with increased oxidative stress and represent typi-
cal features of aging process [138, 139].

A classical feature of immunosenescence presented in
T2DM patients is the diminished phagocytic activity and TLR
responsiveness of peripheral blood monocytes, as well as their
higher susceptibility to apoptosis in culture [140]. In addition,
elevated levels of glycated hemoglobin (HbAlc), the major
marker for diabetes diagnosis, correlate with a decreased
phagocytic activity of circulating monocytes and neutrophils;
this is restored in patients treated with the insulin-sensitizing
drug, metformin [141].

Neurodegenerative Diseases

As mentioned above, the Frailty Index includes the evalua-
tion of cognitive status of old people [99], and epidemiologi-
cal evidence suggests that physical frailty may be associated
with cognitive impairment and decline in late life. However,
the causal relationship between physical decline and neuro-
cognitive disorders is far to be clarified [142]; nevertheless,
when considering immunosenescence and inflammaging
as causal network, a bidirectional interconnection emerges
[111, 143]. Inflammaging is considered one of the most
important processes involved in neurodegenerative disorders
[143, 144], which in turn are also considered as systemic
inflammatory conditions and, thus, influencing or contrib-
uting to inflammaging and, eventually, to other age-related
inflammatory diseases [145, 146]. Immunosenescence may
accelerate brain aging and memory loss, while aging of
the brain either directly, by the innate cell recirculation, or
indirectly, by the neuro-endocrine-immune network, may
influence systemic aging of the immune system [111]. Of
note, the most important risk factor for neurodegenerative
diseases is aging itself [147]. In this context, inflammaging
and peripheral immunosenescence can modulate neuronal
immune cell activity and reactivity, leading to a chronic low-
grade inflammation in the central nervous system (CNS),
called “neuroinflammaging” [148].

The most relevant and frequent forms of neurodegenera-
tive disease are Alzheimer’s disease (AD) and Parkinson’s
disease (PD). As for most of the pathological processes
involving inflammation, immune reactions can be both bene-
ficial, at early stages, and detrimental when the pathological
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challenges are chronically sustained [149]. The triggering
events of neurodegeneration according to our present knowl-
edge may be infections, metabolic alterations, traumas, and
vascular dysfunctions. These result in the activation of resi-
dent innate immune system which start a process favoring
the recruitment of further immune cells from the periphery
and in the production of amyloid-beta (Ap) peptide by CNS
cells[111].

Microglia are tissue-resident macrophages in the CNS,
derived from the yolk sac during embryogenesis, which
colonize the developing brain where they stay during the
individual’s lifetime, acting as the first line of defense. They
detect molecules of damaged CNS cells or infiltrated patho-
gens throughout PRRs expressed on their surface and on
the surface of infiltrating monocytes. Senescent microglia
are characterized by a higher proliferative rate which in turn
can culminate in the shortening of telomeres and replicative
senescence [150]. Aged microglia have an increased produc-
tion of pro-inflammatory cytokines that are accompanied by
reduced capacity to phagocyte AP fibrils. Further, senescent
microglia are characterized by morphological changes, by an
accumulation of mitochondrial DNA damages that induce
an overproduction of ROS, and of increased expression of
TLRs [151-153]. Accumulation of misfolded proteins [154]
and chronic exposure to TGFf that impairs the production
of anti-inflammatory cytokine by microglia [153] were pro-
posed as mechanisms contributing to the aged phenotype
of microglia.

Indeed, in AD, neuronal senescence and degeneration
activates microglia that are directly involved in the genera-
tion of AP senile plaques; this mechanism triggers a chronic
inflammation inducing a further infiltration and activation
of peripheral monocytes and macrophages in the CNS, thus
contributing to the release of pro-inflammatory cytokines
and the upregulation of immune receptor such as CD14,
TLRs, and MHC-II, which promote brain tissue damage
[151]. The Ap-rich areas were shown to induce an M2 to M1
functional switch of macrophages, with increased production
of IL-1p and TNFa, promoting oxidative stress, apoptosis,
and neuronal loss [155]. Of note, AD patients have elevated
levels of IL-6, TNFa, and IFNy in the circulation and in
cerebrospinal fluid; these are associated with increased risk
for AD cognitive decline [151]. PD is characterized by neu-
roinflammatory process akin to AD and to other neurodegen-
erative process; increased MHC-II and TLR expressions, as
well as the production of TNFa and IL-6, were described for
their involvement in PD pathological process [156].

Musculoskeletal Disorders
Musculoskeletal health and frailty are in close and inter-

connected relationship. While musculoskeletal functioning
is a central parameter for the definition of frailty, frailty
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is commonly associated with the main age-related mus-
culoskeletal disorders such as rheumatoid arthritis (RA),
osteoarthritis (OA), osteoporosis, and sarcopenia [96, 104,
109, 157]. The direct link between the pathogenesis of RA,
OA, osteoporosis, and the processes of inflammaging and
immunosenescence is widely characterized and described
elsewhere [9, 158]. Conversely, the immune-related events
involved in sarcopenia are less defined and are emerging as
new tools to understand and treat sarcopenic patients [104].

Sarcopenia

Sarcopenia is a very common geriatric disease defined as a
syndrome characterized by progressive and generalized loss
of skeletal muscle mass and strength, with a risk of adverse
outcomes such as physical disability and poor quality of life
and death. Progressive loss of muscle mass begins as early as
40 years of age, and its rate has been estimated at about 8.0%
per decade until the age of 70 years [157, 159]. Similar to
the frailty phenotype, the European Working Group on Sar-
copenia in Older People (EWGSOP) recommends categoriz-
ing sarcopenia into pre-sarcopenia, Sarcopenia, and severe
sarcopenia, depending on the presence of specific criteria.
Severe sarcopenia as defined by EWGSOP is pre-frailty by
the Frailty Phenotype. Sarcopenia is often considered a pre-
cursor syndrome or the physical component to frailty [160].
Moreover, sarcopenia is reported to be twice as common as
frailty in the general population [161].

One of the main links between inflammation and sar-
copenia comes from the evidence that patients with sepsis
(the majority of them are in elderly [20]) are subject to both
chronic pro-inflammatory state and periods of extreme inac-
tivity. These were suggested as a model of accelerated aging,
as in conditions of critical care, patients reported prolonged
weakness as result of muscle loss and changes in muscle
cell functionality [162]. Another clinical condition intersect-
ing inflammation and muscle deterioration is the so-called
sarcopenic obesity where fat accumulation and sarcopenia,
which both increase in elderly, co-occur [163]. The chronic
inflammatory alterations present in old obese and diabetic
subjects (see above) are shown to contribute to the devel-
opment and progression of sarcopenia [109], as well as to
affect insulin sensitivity. Since insulin is a central anabolic
signal, and insulin resistance is considered the main factor
controlling the development of T2DM, these observations
connect obesity-associated metabolic syndrome, immunity,
and sarcopenia [164]. Moreover, RA, OA, and osteoporosis,
which, as mentioned, are critical chronic inflammatory dis-
eases, are closely associated with sarcopenia [157].

Of note, inflammaging impairs many physiological
functions such as insulin sensitivity, hormonal secretion,
endothelial functionality, and vascular structures which
are directly correlated with muscular strength, cellular

metabolism, and energy regulation, thus impacting on
the sarcopenia development [165]. Moreover, the homeo-
static balance between protein synthesis and catabolism
has been described as central players in the relationship
between pro-inflammatory state and muscle degeneration.
Increased protein degradation (via altered mitochondrial
function), cell death or apoptosis, increase of insulin
resistance—dependent muscle adiposity, and impaired mus-
cle repair capacity are the main mechanisms underlying
inflammation-induced muscle degeneration [166].

In particular, the inflammaging markers IL-6, TNFa,
and CRP have been suggested to chronically induce further
inflammatory signals in muscle tissue, to increase muscle
adiposity that interferes with the insulin-like growth factor 1
(IGF-1)-dependent protein synthesis homeostasis, thus pro-
moting the overall pathogenesis of sarcopenia [165]. Fur-
thermore, immunosenescence and SASP factors have been
shown to directly affect the regenerative capacity of muscle
stem cells (satellite cells) [165, 167]. Notably, in human,
several epidemiological studies (among them the InCHI-
ANTI and the Framingham Heart and Health ABC studies)
have found that high circulating levels of IL-6, TNFa, IL1ra,
and CRP significantly associated with poor overall physi-
cal performance and reduced muscle strength, indicating
reduced muscle mass and increased fat mass, status [167].
At tissue levels, IL-6, TNFa, and CRP were associated with
decreased mitochondrial oxidative capacity, increased p65
NF-«B activation (essential signal in the production of pro-
inflammatory cytokines [168]), and decreased lean mass and
muscle strength [167].

Myeloid Cells in Skeletal Muscle Homeostasis

Myeloid cells, in particular macrophages, are essential regu-
lator of muscle regeneration following an acute injury [169].
Higher neutrophil counts are associated with low levels of
physical activity and frailty [104]. Neutrophils are central
to tissue repair, and studies have demonstrated that they are
recruited to the site of injury within a couple of hours. How-
ever, migrating neutrophils also cause secondary damage to
healthy muscle, and few studies reported that muscle dam-
age is reduced when functioning neutrophils recruitment to
the damaged tissue is prevented [104].

Macrophages contribute to the repair of damaged skeletal
muscle by clearing tissue debris and releasing cytokines and
growth factors that stimulate the proliferation and differentia-
tion of satellite cells, as well as tissue revascularization. They
are prominently in an M1 phenotype (producing TNFo and
IL-1pB) during the early, proliferative stages of muscle regen-
eration, and in an M2 phenotype (producing IL-10 and TGFf)
during the differentiation and regeneration phase [170]. The
functional change of macrophage activation during mus-
cle aging has shown controversial results. Some evidences
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underlined that pro-inflammatory TNFa produced by mac-
rophage favors sarcopenia [171]; others indicated that aging of
skeletal muscle correlated with and increased M2 phenotype,
which contributes to the fibrosis of muscular tissue in asso-
ciation with increased intermuscular adipose tissue deposi-
tion [170]. Ultimately, the mechanisms and the inflammatory
phenotype of macrophages need to be further elucidated, as
their role in muscle regeneration and their immunometabolic
pathways become increasingly relevant [169, 170, 172].

Immunosenescence, Inflammaging,
and Cancer

The probability to develop a progressive and invasive cancer is
more than double in subjects over 60 as compared to younger
individuals, which defines cancer as both a disease of aging and
as the leading cause of death in both males and females between
the ages of 60 and 79 [173-175]. Accumulation of DNA damage
and epigenetic dysregulations, which favor cellular senescence
and oncogenesis, as well as persistency of chronic low-grade
inflammation in elderly patients (inflammaging), has been
pointed as the links between aging and cancer development
(Table 3) [109, 176]. As described above, inflammaging is
characterized by increased plasma levels of pro-inflammatory
cytokines such as IL-1p, IL-6, and TNFa. The prolonged cell
exposure to IL-1f, IL-6, and TNFa has been associated with
high risk of cancer onset and progression, since these cytokines
support tumor growth and metastasis spread [177-179]. Fur-
thermore, SASP phenotype of senescent cells has been identified
as an important promoter of tumorigenesis during aging [180].
In this scenario, a double role is attributed to the immune
system, since it can provide antitumor activities, in spite of
its tight association with the disease onset and progression
[181]. In young and healthy tissues, effector cells, such as
T cells, neutrophils, macrophages, and dendritic cells, work
together to prevent malignant tissue growth and to clear
damaged cells. Contrariwise, the progressive decline in over-
all immune function that characterizes immunosenescence
plays as direct promoter of SASP, inflammaging, and tumor
development [182, 183]. This physiopathological network
affects both adaptive and innate immune functions, increas-
ing recruitment of immune cells and their orientation toward
immunosuppressive functions, which facilitate the greater
susceptibility toward cancer development [184].
Accumulation of MDSCs has been observed in bone mar-
row, spleen, and blood of both tumor-bearing and aged mice
[81, 185]. While the signals that regulate expansion (e.g.,
CSFs), infiltration (e.g., CCL2, CXCL2, IL-8), and activa-
tion (e.g., IL-1pB, IL-6, TNFa) of MDSCs are significantly
upregulated in elderly [186, 187], a clear association with the
increased cancer susceptibility is still missing. However, the
interplay between immunosuppressive populations and the
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secretomes associated with SASP may support MDSC infiltra-
tion of the tumor site. In agreement, the age-related expansion
of MDSCs decreased the cytotoxicity of T cells, impairing
senescent and cancerous cell clearance and leading to tumor
immune escape [185]. Similar results were observed with an
increased number of immunosuppressive M2 macrophages
in the spleen and bone marrow of aged tumor-bearing mice
[188, 189]. In general, aged monocytes and tumor-associated
macrophages (TAMs), which are potentially important for the
recognition and clearance of cancer cells, are defective in anti-
tumor functions, including cytokine production and antigen
presentation, thus facilitating tumor progression [190, 191].

Previous studies have described two functional states of
neutrophil activation, the N1 (cytotoxic and anti-tumoral) and
N2 (immunosuppressive and pro-angiogenic) [192]. While
these two subsets were identified and characterized in young
mice, their role in cancer development has not been defined
in the elderly. Of note, in young mice, it was reported that the
anti-inflammatory N2 tumor-associated neutrophils (TANs)
play a relevant role, in many cancers [187]. These immu-
nosuppressive N2 TANs are characterized by a decreased
chemotactic and phagocytic activity, impaired production of
free radicals and altered apoptosis [193, 194], features that
resemble senescent neutrophils [52]. Interestingly, N2 TANs
are increased systemically in aged patients and exhibit a simi-
lar function to MDSCs [195, 196].

Noteworthy, loss of extracellular matrix (ECM) integrity
is a hallmark of cancers associated with tumor progression
and metastasis [197]. The ECM acts as a physical barrier,
an anchorage site, or a “trail” for cell migration. It has been
established that ECM integrity decreases substantially as we
age. Age-related changes in ECM physical properties include
decreased collagen density [198], reduced ECM fiber area and
thickness, and altered mechanical features, such as stiffness
[198, 199]. Of relevance, recent studies highlighted that many
of the molecules characterizing the SASP are ECM-degrading
enzymes (e.g., MMPs). These can sustain cancer development
by creating a permissive environment for invasion, dissemina-
tion of cancer cells, and immune cell trafficking through ECM
remodeling [199, 200]. Of note, immunosuppressive myeloid
cells play a pro-tumoral role also through alteration of ECM
composition [201]. It appears therefore that inflammaging,
SASP factors, and ECM remodeling bridge immunosuppres-
sive myeloid cells with age-related tumorigenesis, suggesting
the need for further studies on this front.

Inflammaging and Infections: the Paradigm
of COVID-19

It is established that frail elder population is more sus-
ceptible to experience more frequently infections than
younger population [202, 203]. Moreover, it is known that
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immunosenescence is associated to increased susceptibil-
ity to infectious diseases and decreased vaccine efficacy
[204]. On the other side, the infections can support the
chronic inflammaging during aging, through the release of
PAMPs which stimulate innate myeloid cells to produce
pro-inflammatory cytokines [203]. Such an immune profile
is a serious challenge for the limited capacity of the aged
immune system to resolve infections. Onen et al. reported
that frail HIV-infected patients show an increased number
of comorbidities as well as an increased risk of developing
malignancies [205]. In addition, while CMV infection is
commonly asymptomatic, frail patients tend to be sympto-
matic. Indeed, the high levels of circulating IL-6, found in
frail patients, activate latent CMV infection and positively
feed back on its replication, and thus inducing the produc-
tion of further pro-inflammatory mediators such as TNFa,
IL-1p, and IL-6, perpetuating viral infection [206].

In this scenario, the recent coronavirus disease 2019
(COVID-19) pandemic is leading a rapid, although dra-
matic, comprehension of aging, frailty, and inflamma-
tory dysregulation. Indeed, COVID-19, which is caused
by the SARS-CoV2 virus infection, suddenly emerged as
a disease of aging [207]. Subjects over 60 years of age
with pre-existing pathological conditions, most of them
described as age-related diseases (e.g., hypertension, dia-
betes, obesity, cancer), are more prevalent among hos-
pitalized COVID-19 patients [208] and have a mortality
rate about three-fold higher as compared to patients below
60 years old [209].

Despite the mechanisms leading SARS-CoV2-positive
elderly immunocompromised patients toward a bad prog-
nosis are still unclear, there is a common consensus that
the viral entry triggers a potent inflammatory phenomenon
leading to an acute respiratory distress syndrome (ARDS),
which resembles the cytokine release syndrome (CRS) or
cytokine storm phenomenon observed in leukemia patients
after chimeric antigen receptor (CAR) T-cell therapy [210].
Specifically, the release of pro-inflammatory cytokines
involved in the acute phase response (TNFa and IL-1), as
well as chemoattractant factors like IL-8 and CCL2, orches-
trates a progressive increase in circulating IL-6, which in
turns feeds back a potent hyperinflammatory status [211].
Furthermore, it was seen that ACE2-mediated SARS-
CoV2 endocytosis induces the expression of angiotensin
II (Ang-II), which by binding AT1R (Ang-II type I recep-
tor) leads to the activation of the metalloprotease ADAM17
and cleavage of (IL-6R), switching it to its soluble form
(sIL-6R). This latter binds circulating IL-6, and the result-
ing complex is able to signal through gp130 expressed by
non-immune cells, activating that JAK/STAT3 signaling
pathway, thus perpetuating the inflammatory state [212].

Of note, several studies have underlined the central role of
innate myeloid cells in triggering the inflammatory burden

and in promoting the pathological process of COVID-19
[213-219]. Indeed, two separated studies by Silvin et al.
[214] and Schulte-Schrepping et al. [213] observed in the
peripheral blood and in the lungs of COVID-19 patients
an increase of classical inflammatory monocytes, at the
expenses of non-classical subset, correlating with the
severity of the disease progression. The over-represented
monocytic subsets showed a marked pro-inflammatory
interferon-stimulated signature and a massive production
of calprotectin (S100A8/S100A9), a potent inflammatory
and myelopoietic stimulator. In addition, it was described
that bronchoalveolar fluid (BALF) from patients with severe
COVID-19 is enriched in CCL2 and CCL7, which drive the
recruitment of CCR2" monocytes [215, 220]. A significant
expansion of populations of intermediate CD14*CD16"
monocytes producing IL-6 was observed in the peripheral
blood of patients with COVID-19 requiring intensive care
unit (ICU) hospitalization [221]. In such a scenario, it is not
surprising that a combined treatment with corticosteroid and
the monoclonal antibody targeting the IL-6 receptor (tocili-
zumab) reduces the mortality rate in hospitalized COVID-19
patients by one third [222].

Emerging evidence has also shown that microRNAs
(miRNAs) are involved in the inflammaging process and that
changes in the expression of these miRNAs have been linked
to increased production of IL-6, TNFa, and IL-1f [223].
Among these, the expression of miRNA-146a-5p, which in
physiological conditions, is able to dampen NF-kB activa-
tion and the consequent IL-6 production has been shown to
be reduced during inflammaging [224]. Of note, miRNA-
146a-5p levels in COVID-19 patients treated with tocili-
zumab were found to be significantly increased in subjects
who responded to therapy, suggesting a direct link and a role
of the pre-existing inflammaging in the COVID-19 progres-
sion and outcome [224].

Research and Clinical Perspective

Despite the increasing understanding of the mechanisms
underlying innate immunity modifications inducing inflam-
maging and age-related diseases, whether these processes
can be targeted and modified is still far to be elucidated.
Different approaches have been proposed, with contradic-
tory results.

As mentioned above, targeting specific inflammatory
molecules has led to conflicting outcomes. Administration of
canakinumab, a selective inhibitor of IL-1f, to patients with
previous myocardial infarction and high CRP levels resulted
in a significantly lower rate of recurrence of cardiovascular
events compared with placebo, independent of lipid-level
lowering. Nonetheless, the incidence of fatal infections was
higher than in the placebo group [225]. Similarly, patients
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receiving canakinumab were also analyzed for lung cancer.
Those diagnosed with cancer had higher levels CRP and
IL-6. Treatment with canakinumab significantly reduced the
levels of inflammatory molecules and mortality rates, but
fatal infections or sepsis were significantly more common
than in the placebo group [225]. Tocilizumab showed mixed
results. In fact, while in RA patients the MEASURE trial
showed that it modulates lipids and proteins toward an anti-
inflammatory composition compared with placebo [226], the
net cardiovascular risk of patients treated with tocilizumab
seems to be comparable or slightly increased than those in
patients receiving etanercept, a TNFa antagonist. In fact,
in a recent randomized controlled trial, individuals affected
by RA and treated with tocilizumab showed significantly
increased serum levels of cholesterol and triglyceride com-
pared with RA patients treated with etanercept, and the esti-
mated hazard ratio for major adverse cardiovascular events
in the tocilizumab group relative to the etanercept group was
1.05. Serious infection occurred more frequently in patients
treated with tocilizumab [227]. Tocilizumab was also stud-
ied in a double-blind, placebo-controlled trial on patients
with ST-segment elevation myocardial infarction. The myo-
cardial salvage index as measured by magnetic resonance
imaging was larger in the tocilizumab group than in the pla-
cebo group, and adverse events were similar among groups
[228]. On the contrary, IL-6 blockade did not affect coro-
nary flow reserve during hospitalization or after 6 months in
patients with non-ST-elevation myocardial infarction [229].
Tocilizumab may also have a role in cancer, as demonstrated
in pre-clinical studies, where it seems to suppress metastasis
formation to enhance the cytotoxic effect of cisplatin, and to
overcome resistance to chemotherapy [230, 231].

Another approach to target inflammaging could be
addressing the upstream pathways responsible for inflam-
matory molecule production. Immunometabolic sensors able
to modulate gene programming have been identified, as sir-
tuins, insulin-like signals, and mammalian target of rapamy-
cin (mTOR) [75, 232]. Targeting them could be a promis-
ing way to reach longevity and reduce age-related diseases
[233]. In fact, sirtuins play a role in metabolism, oxidative
stress, cell survival, and autophagy. They act as deacetylase
and depend on NAD + for their activity; therefore, reduced
NAD + levels with aging impair their activity [234]. Restor-
ing an adequate sirtuin function could be an important step
in improving lifespan. Moreover, mTOR is a metabolic sen-
sor for amino acids, oxygen, and hormones and modulates
ribosome function and mitochondrial metabolism by tuning
gene expression. Its dysregulation has been implicated in
age-related diseases, and studies in human cellular models
demonstrated that mTOR inhibition suppresses the SASP
[235]. Other immunometabolic sensors with a described role
in aging are forkhead box O transcription factor (FOXO)
and AMP-activated protein kinase (AMPK), and they all
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act in an interrelated network linking nutrient sensing and
gene expression. Among the genes modulated by these sen-
sors are those related to metabolism, oxidative stress, cell
fate decisions, and inflammation [234]. They also modulate
NF-«B, a pleiotropic transcription factor and a major regu-
lator of the SASP, therefore a promising target to address
inflammaging [3].

Dietary restriction appears to effectively regulate innate
immunity and to extend lifespan, by its impact on the immu-
nometabolic sensors, leading to gene reprogramming, as
demonstrated in pre-clinical models [236, 237]. In particu-
lar, caloric restriction increases sirtuin expression and modu-
lates mTOR and other immunometabolic sensor pathways,
thus reducing pro-inflammatory molecule levels [238, 239].

Further studies in this direction and the standardization
of the caloric restriction approach could allow metabolic
and anti-inflammatory effects, inducing both delayed aging
and genetic reprogramming with an impact on lifespan. It
would be a low-cost, high-impact lifestyle modification that
would overcome the potential side effects of pharmacologic
targeting of specific inflammatory molecules, as cytokines or
NF-kB, or the oncologic risk associated with interventions
of epigenetic reprogramming of senescent cells [3]. Another
recent and intriguing research field concerns the activity of
transposable elements (transposons), repetitive sequences
contained in the genome of all organisms that can move
among different genomic locations, potentially amplifying
their copy number. Evidence shows that retrotransposons, a
subgroup of transposons, can promote aging and age-related
diseases. In young cells, transcriptional regulators control
retrotransposons in the genome, promoting the formation
of heterochromatin. In adult somatic cells, regulators are
reduced and retrotransposons can activate, with detrimental
consequences. Genetic and epigenetic modification occurs,
DNA can be damaged, and retrotransposon sequences can
accumulate in the cytoplasm, triggering the host innate
immune response. This can become a vicious circle, as DNA
damage induces inflammation, but in turn, inflammation can
enhance DNA damage. Retrotransposons have been impli-
cated in age-related diseases, mostly in neurodegenerative
diseases, and a role has been proposed in cancer, cardio-
vascular diseases, and diabetes, due to their potential pro-
inflammatory activity which can drive inflammaging. The
understanding of the peculiar activity and regulation of ret-
rotransposon in aging and in the stimulation of the immune
response can lead to the development of targeted therapies.
Interestingly, nucleoside reverse transcriptase inhibitors,
currently approved for the treatment of HIV infection, were
demonstrated to reduce cytoplasmic retrotransposons and to
decrease IFN activation [240].

Of note, chronic inflammation can also have a benefi-
cial role, as occurs in tissue remodeling or in the response
against tumors. Moreover, in centenarians, high levels of
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pro-inflammatory molecules have been found, but they did
not present signs of age-related diseases, suggesting that
inflammaging can co-exist with healthy aging. Probably, the
inflammatory state can be both detrimental or pro-adaptive,
depending on other conditions as its magnitude, gene vari-
ants conferring reduced sensitivity to inflammation, or the
presence of an anti-inflammatory response, which modulate
the final effect [5].

Conclusion

Aging can induce modifications in cellular metabolism,
function, and gene expression, leading to secretion of pro-
inflammatory molecules and to a chronic sterile inflam-
matory state, named inflammaging. The innate arm of the
immune system plays a key role in this process, undergoing
alterations which ultimately result in an impairment of mul-
tiple systems, as cardiovascular, neurologic, and musculo-
skeletal systems. An increased risk of age-related diseases
has been associated with inflammaging and immunose-
nescence, including cancer. A deeper understanding of the
mechanisms underlying the detrimental effects of inflam-
maging can allow the identification of potential targets, in
order to promote healthy aging and increase longevity.
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