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ARTICLE INFO ABSTRACT

Keywords: Aging is a natural physiological process that features various and variable challenges, associated with loss of
Aging homeostasis within the organism, often leading to negative consequences for health. Cellular senescence occurs
Senescence when cells exhaust the capacity to renew themselves and their tissue environment as the cell cycle comes to a
Immunosenescence . L . . . .

Immune system halt. This process is influenced by genetics, metabolism and extrinsic factors. Inmunosenescence, the aging of
Inflammaging the immune system, is a result of the aging process, but can also in turn act as a secondary inducer of senescence
Senotherapeutics within other tissues. This review aims to summarize the current state of knowledge regarding hallmarks of aging

in relation to immunosenescence, with a focus on aging-related imbalances in the medullary environment, as
well as the components of the innate and adaptive immune responses. Aging within the immune system alters its
functionality, and has consequences for the person’s ability to fight infections, as well as for susceptibility to
chronic diseases such as cancer and cardiovascular disease. The senescence-associated secretory phenotype is
described, as well as the involvement of this phenomenon in the paracrine induction of senescence in otherwise
healthy cells. Inflammaging is discussed in detail, along with the comorbidities associated with this process. A
knowledge of these processes is required in order to consider possible targets for the application of senother-
apeutic agents - interventions with the potential to modulate the senescence process, thus prolonging the healthy
lifespan of the immune system and minimizing the secondary effects of immunosenescence.

1. Introduction functional organism is disturbed, unfavorable impacts on health are

soon observed [2-4]. In the context of aging, such disturbance in ho-

According to United Nations projections, the number of people over
60 years of age will increase from 962 million in 2017 to 1.4 billion in
2030 and 2.1 billion by 2050. This would reflect a projected increase
from 12.8 % (2017) to 21.3 % of the world’s population [1]. The rapid
growth of the elderly population imposes major challenges to several
sectors of society, including science and medicine. While governments
struggle to implement programs and public policies with the objective of
promoting health and well-being in old age, science faces the formidable
challenge of explaining what aging is, what are its major drivers and
how to tackle the negative aspects of aging.

Aging is a natural process, which is closely linked to the loss of ho-
meostasis, a condition of stability necessary for the minimal function-
ality of different organismal systems. When the dynamic balance of a

meostasis seems to arise from multifactorial causes, which end up
determining a limit on the duration of life [2].

As aging affects virtually all systems in the organism, the immune
system would not be an exception. The alterations that the immune
system usually presents during aging are termed immunosenescence and
seem to stem from two complementary processes: the direct effect of
senescence of the immune cells, and the indirect consequence of tissue
cellular senescence, which weakens organismal barriers, and also fosters
the release of several signaling molecules to which immune cells
respond. Due to the paramount role of immunity in maintaining
organismal homeostasis and eliminating damaged cells, it does not come
as a surprise that immunosenescence constitutes both a consequence of
aging, but also a further accelerator of organismal functional decay [5,
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6].

Aging is increasingly regarded as a single strategic and actionable
target to prevent most age-related or age-aggravated illnesses at once. At
the moment, different senotherapeutic strategies are under clinical
investigation. The question of whether and how senotherapeutic stra-
tegies may benefit the aging immune system is very relevant and de-
pends on a comprehensive analysis of how the cellular and molecular
facets of aging influence the innate and adaptive immune systems.
Therefore, the present review focuses on revisiting the literature and
examining the connection between hallmarks of aging and immunose-
nescence, and presenting perspectives and interventions against this
condition.

2. Immune system (and) aging

Why aging occurs is still a mostly unanswered question, but it is a
fact that it is related to the passage of time, to the decay in organismal
homeostasis, and to increased chances of death. Genetic factors, hor-
monal and metabolic status, as well as environmental stress trigger the
decay of organismal function [7]. However complex, the aging process
seems to always include some key events, which contribute in a greater
or lesser fashion, according to individual genetic and environmental
conditions. Those include genomic instability, degradation of telomeres,
epigenetic changes, loss of proteostasis, dysregulation of the nutrient
sensor pathways, mitochondrial dysfunction, stem cell exhaustion,
altered intercellular communication, and cellular senescence [8,9]. Such
events have been elected as aging hallmarks, and constitute active areas
of investigation. Under experimental conditions, the modulation of at
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least some of these hallmarks can result in the delay of the aging process
to some degree, highlighting their potential as actionable targets in the
context of aging.

Cellular senescence can be characterized as a set of processes that
cause the cell cycle to halt. Furthermore, it is accompanied by genetic
changes, as well as metabolic and paracrine signaling alterations. In the
context of homeostasis, cells that have suffered some type of damage or
that can no longer undergo mitosis are induced to go through apoptosis
or cellular senescence (which is a state resistant to apoptosis). In both
cases, senescent cells attract and activate immune cells, ending up being
eliminated and replaced by healthy tissues [10-12]. Nevertheless, dur-
ing aging, while apoptosis-resistant cells increasingly become senescent,
the elimination of such cells by the immune system does not occur
efficiently [13].

Considering the current understanding of organismal aging, cellular
senescence is considered a key and central element in the process.
Cellular senescence is characterized by phenotypic and genotypic
changes, such as: morphological alteration, chromatin remodeling, and,
perhaps most importantly, a metabolic reprogramming, which results in
the adoption of a senescence-associated secretory phenotype (SASP) [6,
8]. The SASP includes several families of soluble and insoluble factors
such as: interleukins, chemokines, inflammatory factors, growth factors,
among others [14]. SASP is the most important reason why cellular
senescence is considered both a result of aging, but also a driver of
further cellular senescence. It has been shown that the SASP compro-
mises immune system function, including the elimination of senescent
cells [15]. Furthermore, the SASP promotes cellular senescence in a
paracrine fashion, inducing senescence of neighboring cells that present
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none of the hallmarks of aging [16-18].

During aging, it is hypothesized that the aging hallmarks, and
especially senescent cells, contribute to both innate and adaptive im-
munity alteration, which result in immunosenescence and inflammag-
ing, further discussed below and illustrated in Fig. 1. Ultimately, these
events result in compromised organismal barriers, excessive inflamma-
tory signaling, and exhaustion of adaptive immunity, leading to a
limited organismal ability to respond to novel antigens and vaccination,
and contributing to high susceptibility to infectious and cardiovascular
diseases, obesity and cancer, among other age-related diseases and
conditions.

2.1. Immunosenescence and the medullary microenvironment

The bone marrow is a complex organ, whose architecture is still ill-
defined at the cellular level. It is the main site of postnatal hematopoi-
esis, sustained by a small number of hematopoietic stem and progenitor
cells (HPSC) [19]. The medullary stroma is shaped by a series of soluble
and insoluble signals. Cytokines, chemokines, growth factors and hor-
mones make bone marrow the ideal environment for the production of
lymphoid and myeloid cells. It has been shown that HPSC function is
characterized by a low oxidative phosphorylation metabolism and
supported by a local niche, which favors a close interaction between
HPSC, mesenchymal stem cells (MSC) and osteoprogenitor cells [19].

While HPSC originate all cells of the lymphoid and myeloid lineage,
MSC have the ability to differentiate into various connective tissue cell
types, especially from osteogenic and adipogenic lineages, that are
crucial for bone hematopoiesis [20,21]. In general, cells which follow
osteogenic differentiation are able to form “biochemical niches” favor-
ing hematopoiesis. Osteoprogenitors secrete IL-7 and IGF-1, favoring the
differentiation and maintenance of B lymphocytes, while immature os-
teoblasts participate in the expansion of hematopoietic stem cells, and
mature osteoblasts express DLL4, inducing thymic mobilization of
competent T lymphocytes. This indicates the important role of MSCs and
their derivatives in supporting the hematopoietic system maintenance of
immune cells [20,22]. In contrast, MSCs are also able to differentiate
into adipocytes, which have a negative effect on hematopoietic recov-
ery. It is known that, with the aging process, the original bone marrow
tissue composed of fibroblasts, osteoclasts, megakaryocytes, chon-
drocytes (which offer conditions for differentiation), and stem cells, is
gradually replaced by adipocytes [23]. Lipocalin 2, secreted by the ad-
ipocytes in the bone marrow, inhibits erythropoiesis and the presence of
the adipocytes themselves reduces the hematopoietic activity, trans-
forming the red marrow into yellow marrow [24]. Further factors, such
as accumulation of DNA damage in bone marrow cells also promote
HPSC senescence and reduced ability for self-renewal, with consequent
myeloid skewing [25].

Without a qualified stromal tissue, the bone marrow of the elderly,
basically composed of adipose tissue, ceases to induce the production of
HPSC, which imposes an important impact on the repertoire and
competence of T and B lymphocytes to develop effective immune de-
fense [7,26,27]. Therefore, the balance of differentiation into adipocytes
or osteoblasts from MSC, as well as the cytochemical regulation of bone
marrow depends on several factors, including aging [20,21].

If there is a compromise in the production and maintenance of cells
that make up the population of the bone marrow environment, key cy-
tokines important for immune modulation including IL-6, IL-7, IL-11, IL-
15, and GM-CSF are no longer secreted, substantially affecting the
overall immune response [23]. A summary of the major alterations in
the cytokine levels of aging subjects is presented in Table 1; Fig. 2. Such
a disturbance in cytokine production also affects hematopoietic and
immune cells. For instance, T helper cells (TCD4-+ cells) are maintained
in niches organized by stromal cells that secrete IL-7, being the main
survival factor for these cells. Furthermore, the maintenance of cyto-
toxic TCD8+ cells requires the presence of both IL-7 and IL-15 [28].

In the context of “inflammaging", the accumulated senescent cells
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Table 1
Age-related cytokine alterations.
Proteins Protein role Profile Action in SASP -
associated after Immunosenescence stimulus
with SASP SASP 1213
activation
Interleukins
IL-1 Pro- 1 Cognitive decline Changes in
inflammatory (acts by promoting the SASP
activity the production of due to the
amyloid beta loss of p53
protein) [134].% and/or
gain of
oncogenic
RAS
IL-6 Pleiotropic pro- 1 Increased Changes in
inflammatory production of C- the SASP
activity reactive protein, due to the
contributing to an loss of p53
inflammatory and/or
profile, damage to gain of
DNA [135].>P oncogenic
RAS
IL-7 Lymphocyte 1 Stimulates growth, Changes in
proliferation in maturation of B the SASP
peripheral lymphocytes and due to the
tissue. activation of T loss of p53
lymphocytes [136]."  and/or
gain of
oncogenic
RAS
IL-11 Acts on - Action on the
hematopoiesis immune response.
and cell Its reduced
proliferation of expression is related
various tissues to osteopenia and
adipogenesis
[1371.°
IL-15 Regulation of T 1 Interleukin required ~ Changes in
cells, regulation for lymphocyte the SASP
of tissue repair maintenance, and due to the
cognitive loss of p53
performance. and/or
However, at high gain of
levels it has a pro- oncogenic
inflammatory RAS
profile [138].%
Chemokines
IL-8 Chemotactic 1 Pro-inflammatory Changes in
function activity; senescent the SASP
cells overexpress due to the
this cytokine loss of p53
[139].7 and/or
gain of
oncogenic
RAS
CXCL1 Neutrophil 1 Tissue damage, Changes in
(GROa) activating tumorigenesis, the SASP
protein angiogenesis due to the
[140].7 loss of p53
and/or
gain of
oncogenic
RAS
MCP2 Monocyte 1 Present in the Changes in
chemotactic senescent profile.” the SASP
protein due to the
loss of p53
and/or
gain of
oncogenic
RAS, IR
and ATV.
TNFa Apoptosis’ 1 Commitment Changes in
activation immune response, the SASP
maintenance of due to the

(continued on next page)
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Table 1 (continued)

Proteins Protein role Profile Action in SASP —
associated after Immunosenescence stimulus
with SASP SASP 1213
activation
immunosenescence loss of p53
[141].° and/or
gain of
oncogenic
RAS
Activating
several
signaling Related to the
pathways. maintenance of the Changes in
Involved in microenvironment the SASP
IGF-1 proliferation, - of the immune due to the
differentiation, system’s own cells, RAS, IR,
survival, neurodegenerative and ATV.
growth, conditions [142].%
apoptosis and
regeneration.
Changes in
. . the SASP
A signal protein
due to the
produced by
. loss of p53
cells that Related to brain
VEGF R T . N and/or
stimulates the aging [14]. .

. gain of
formation of oncogenic
blood Is.

ood vessels RAS, IR
and ATV.

@ Studies executed in human models.
b Studies involving animal models. IR: X-irradiation; ATV: atazanavir
treatment.

and the increasing SASP components contribute to changes in the
medullary microenvironment and further favor immunosenescence
[29]. In this context, IL-6 and IL-15, necessary for the maintenance of
lymphocytes, can also act as pro-inflammatory cytokines and thus as
part of the SASP profile. Accordingly, IL-6 and IL-15 show increasing
levels with aging (Table 1, Fig. 2) [30-32].

High levels of IL-15 block the apoptotic process in TCD8-+CD28-
cells, preventing T-cell exhaustion and promoting host survival in
experimental models of sepsis [33]. On the other hand, activated TCD8+
cells produce IFNy and TNF-a, which in turn leads to an increase in
IL-15, promoting further attraction of TCD8+CD28-, leading to a feed-
forward inflammatory process, that results in immune response
compromise in the elderly and the maintenance of immunosenescence
[34,35]. Therefore, even though not completely detrimental [30,33],
the levels of IL-15 and other cytokines should preferably be kept in
balance during aging [36].

IL-6 is produced by several cells of the immune system such as
monocytes, macrophages, and T and B lymphocytes. IL-6 promotes both
anti-inflammatory and pro-inflammatory actions, in addition to
different hematological, endocrine, and metabolic effects. The partici-
pation of IL-6 is essential for the maturation of T and B lymphocytes and
also to the stimulation of the production of immunoglobulins [37]. In
bone tissue, it acts by promoting the differentiation of monocytes and
macrophages in osteoclasts, influencing bone resorption.

Studies also show IL-6 as a protagonist during chronic inflammatory
activity, in which IL-6 acts as a mediator between the acute and chronic
phases [38]. IL-6 elicits not only acute phase reactions but also the
development of specific cellular and humoral immune responses,
including end-stage B cell differentiation, immunoglobulin secretion
and T cell activation. In addition, sIL-6Ra receptor signaling is capable
of altering the nature of the neutrophilic leukocyte infiltrate (efficient in
the acute phase of inflammation) to an infiltrate rich in lymphocytes
(present in the chronic phase of the inflammatory process) [39,40].
Thus, circulating IL-6 levels are elevated in several inflammatory dis-
eases, such as systemic juvenile idiopathic arthritis, systemic lupus er-
ythematosus, ankylosing spondylitis, psoriasis and Crohn’s disease. In
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an animal model, IL-6 has been shown to play a key role in the devel-
opment of rheumatoid arthritis [41]. In elderly humans, the circulating
levels of IL-6 were correlated with cognitive and physical performance,
as well as risk of mortality in some studies [42-44], but not in others
[45].

The inflammatory milieu in the bone marrow niche also disturbs the
local redox homeostasis. In vitro, peripheral blood mononuclear cells
stimulated with IFNy had increased levels of reactive oxygen species
(ROS) [46]. A proinflammatory niche and high levels of ROS were
indeed found in the bone marrow of elderly people, which correlated
with high levels of IFNy [47,48]. As previously mentioned, ROS are
drivers of genomic instability, mitochondrial dysfunction, and cellular
senescence, and may reinforce the age-related alterations observed in
the aging bone marrow.

As documented by Chang and colleagues, the senescent cell burden
in the bone marrow is an important driver of hematopoietic system
aging, and their elimination results in significant improvements in he-
matopoiesis [48]. In another study, the suppression of JAK-dependent
cytokine synthesis, which includes IL-6, was effective to prevent
age-associated bone loss. These authors also demonstrated that the se-
lective elimination of senescent cells led to the same outcome [49].
Therefore, different hallmarks of aging, and especially senescent cells,
bear relevant roles in the aging-associated alterations of the bone
marrow niche, which compromises the immune system and favors
immunosenescence.

2.2. Immunosenescence and innate immune response

Outside of the bone marrow, the immune system consists of a
network of molecules, cells, tissues, and organs, that work to guarantee
the homeostasis of the organism, with the responsibility of removing
invading and abnormal agents. It is divided into two main branches:
innate immunity, which comprises the immune system elements that
immediately recognize conserved molecules and respond to such stim-
uli; and adaptive immunity, which recognizes a much wider range of
antigens in a specific way, and also presents immunological memory.

The innate immune system is represented by physical (e.g. skin,
gastrointestinal and respiratory epithelium) and chemical barriers (e.g.
complement system and other plasma proteins), that prevent or delay
the entry of invading agents. This branch of the immune system also
features cells including neutrophils, monocytes/macrophages, dendritic
cells, mast cells, natural killer cells, innate lymphoid cells, natural killer
cells, and lymphocytes with limited diversity. Adaptive immunity, on
the other hand, is mainly represented by lymphocytes [50]. The impli-
cations of aging over different cells in the immune system are depicted in
Fig. 3 and explored in Table 2.

The innate immunity components rely on pattern recognition re-
ceptors (PRR) to identify and respond to microbes and damaged cells.
These mainly recognize pathogen-associated molecular patterns
(PAMPs), such as the bacterial componentes lipopolysaccharide and
lipoteichoic acids, and viral double stranded RNA. PRRs also detect
damage-associated molecular patterns (DAMPs), including high
mobility group box-1, heat-shock and S100 proteins. During the aging
process, both PAMPs and DAMPs become more abundant [51].

2.2.1. Anatomical barriers and aging

The gastrointestinal (GI) tract presents the most extensive interface
between the human organism and the environment, heavily influencing
organismal homeostasis and the immune system. While the GI tract re-
stricts the entry of pathogens, it works in balance with dietary and mi-
crobial components in a highly dynamic fashion. Associated with the GI
epithelium is the gut-associated lymphoid tissue (GALT), which is home
to about 30 % of all lymphocytes present in the body, as well as im-
munoglobulins that are responsible for binding to and inactivating an-
tigens, therefore influencing organismal homeostasis.

Even though the process of intestinal aging has not been completely
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Fig. 2. Cytokine and soluble factor changes associated with immunosenescence and their implications in organismal function.

elucidated at this point, it has been shown that aging leads to compro-
mised stem cell function in the intestinal mucosa, as well as altered ar-
chitecture of mucosal villi [52]. Accompanying that phenotype, at least
some components of the GI tract mucosa are altered, including lower
mucus layer thickness [53], and increased intestinal permeability [54],
the latter of which was associated with frailty in tested subjects.
Furthermore, a reduction of microbial community diversity has been
observed in elderly subjects [55,56], being correlated to chronic
inflammation [57] and neurodegeneration [58]. The role of the local
microbiota in the intestinal mucosa aging is not clear at this point, but it
has been possible to closely correlate some microbiota components to
chronological age, in a study yet in preprint status [59]. Defects in the
barrier function of the GI tract are related to local and systemic diseases,
such as irritable bowel syndrome [60], and obesity [55]. In the context
of dysfunctional GI tract epithelium, microbial components from the
intestine, such as lipopolysaccharides (LPS), present in the cell wall of
gram-negative bacteria, are able to induce an inflammatory response
and damage this intestinal barrier. Inflammation then increases the
permeation of molecules in the intestinal wall, provoking further tissue
alterations.

Recently, similar observations were made for the skin, which is the
major organ in the human body, composing 15 % of body weight [61].
The barrier function of the skin is also compromised with aging, due to
cellular senescence [62], and stem cell dysfunction associated with in-
flammatory signaling [62], both events rooted in intrinsic and extrinsic
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factors [63]. Skin that accumulates senescent cells and shows stem cell
dysfunction frequently takes longer to renew itself, and shows a thinner
epidermis with scarce stratum corneum, which is the upper most layer of
the skin composed of cornified cells and protects the inner layers of the
skin [64]. Recently, the age-related dysfunction of the skin barrier was
significantly associated with high circulating levels of IL-1p, IL-6 and
TNFa in both mice [65] and humans [66]. It was found that a 30-day
emollient application was able to restore the normal levels of circu-
lating IL-1b and IL-6, according to a small trial in humans [66].

Thus, aging hallmarks can be associated with dysfunctional
anatomical barriers and increased exposure and circulation of PAMPs
and DAMPs [67], which may promote the constant innate immunity
activation and inflammation - as hypothesized by different authors [68],
and ultimately disturb the organismal immune system homeostasis.

2.2.2. Aging and DAMP-induced inflammation

Inflammaging is one of the consequences of immunosenescence,
being characterized by an inflammatory state frequently connected with
sterile inflammation, underscoring the importance of DAMP-induced
activation of the innate immunity in this scenario. Hallmarks of aging
appear here once again, since a few of them (e.g. genomic instability,
telomere shortening, epigenetic alterations, loss of proteostasis, and
mitochondrial dysfunction) may directly result in the release of DAMPs
[51], or concatenate to promote cellular senescence, the SASP being
shown to include several DAMPs [14]. Corroborating such a perspective,
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DAMPs generated from mitochondria have also been shown to be
pro-inflammatory [69] and associated with age-related diseases, such as
neurodegeneration [70,71]. Furthermore, as experimentally shown by
De Cecco et al., LINE-1 activation increases exponentially with replica-
tive senescence, activating a type I interferon response and inflamma-
tion [72]. PAMP stimulation has also been shown to induce DAMP
secretion by immune cells [51]. Thus, aging may promote inflammation
in two fashions: directly by compromising cellular metabolism and
activating internal inflammatory pathways; and indirectly by provoking
senescent cell accumulation and the release of inflammatory cytokines
and DAMPs through SASP.

Taken together, the altered anatomical barriers and the accumula-
tion of damaged and senescent cells synergise to alter the function of
innate immunity components, which influence adaptive immunity cells
and contribute to the subclinical inflammatory and exhausted state
observed in aging.

2.2.3. Innate immune cells and aging

As described in the bone marrow, aging alters the milieu of most, if
not all, tissues in the body. Associated with increased PAMPs and
DAMPs, as well as SASP, the aging process results in altered numbers
and functions of innate immune cells, as summarized in Table 2, and
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depicted in Fig. 3.

Neutrophils are one the most abundant leukocytes in the blood, and
constitute a paramount component of the innate immune system. They
are the first cells to reach sites of infection, where they recognize and
phagocytose pathogens. Even though there seem to be no significant
differences in the numbers of circulating neutrophils of healthy older
people compared to younger subjects [73], their function may be
compromised in the elderly population (Table 2). Indeed, it has been
documented that activated neutrophils obtained from older individuals
are more prone to apoptosis [74] and less effective in phagocytosis and
chemotaxis [75]. In aged mice, neutrophil migration is compromised
[76], as is their capacity for phagocytosis and elimination of dead cells
[77,78]. In this sense, it has been shown that the persistence of in-
flammatory neutrophils in lesioned sites may contribute to a failure in
the mechanisms that promote the resolution of inflammation, ultimately
leading to tissue lesion and even mortality [79,80].

Macrophages constitute important innate immunity components,
comprising a heterogeneous cell population that may differ in pheno-
type and behavior according to the site at which they are found [81]. As
cells which are sensitive to the local milieu and also subject to senes-
cence [82], macrophages also present functional alterations with aging.
As revised by van Beek et al. [83], aged macrophages derived from
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Table 2
Age-related alterations in innate and adaptive immune system cell types.
Cell type Role in the Imunosenescence- Implications
immune system related alterations
| phagocytic ability, Susceptibility to the
chemotaxis, apoptosis process.
superoxide Compromise of the
Recognition, production (ROS) efficiency of the
h tosis and trophil
Neutrophils p agocy' osis an neu rf)p i
destruction of o recruitment process
1 susceptibility to R R .
pathogens the apoptosis for infection sites.
pop Decreased
process .
phagocytic response
[143,144].2
igrat bili
Activation of the | migra ory abt 1, -
. phagocytic ability, Decline in the
immune o . .
phagosomal ability, ability to migrate to
Macrophages response, act as R .
" . decreased pro- infection sites. Loss
Monocytes pathogenic

Dendritic cells

Natural Killer
Cells

T lymphocytes

B lymphocytes

sensors". Act as
tissue sentinels

Specialized in the
capture and
presentation of
antigens.

Important
interaction with
adaptive
immunity.

Higher risk of
autoimmunity
and infections.
Important
nonspecific line
of defense,
recognizing and
lysing cells
infectedby
viruses, bacteria
and protozoa, as
well as tumor
cells.

They recruit
neutrophils and
macrophages,
activate DCs and
T and B
lymphocytes

Induction of an
adequate
response to
pathogens and
neoplasms.
Protection after
vaccination.

Antibody
production

inflammatory
cytokines, ability to
heal injuries

| circulating cells,
migratory ability,
phagocytic ability

1 release of pro-
inflammatory
cytokines

| cell cytotoxicity,
production of
cytokines and
chemokines

1 cells released into
the circulation

| activity,
proliferative

capacity, naive cells,

T cell receptor
variability

1 memory T cells

| effective
antibodies,

precursor formation,

expression of
costimulatory
molecules (CD27,
CD40), antibody
affinity.

of chemotactic
activities [145].

Change in cell
availability when
compared to young
and elderly groups
Modification of the
phenotypic profile,
with decline in MHC
II expression
[146]."Higher risk
of autoimmunity
and infections [
1471.

Phenotypic and
functional
alteration.
Decreased cell
proliferative
response. The
altered expression
pattern of the NK
cell receptor with
age can influence
susceptibility to
infections,
inflammatory
diseases and
Alzheimer [148].

Increased
susceptibility to
infectious processes.
Lower capacity of
new antigen
recognition.
Increased
proinflammatory
cytokine secretion
[149,150].

Reduced response to
antibodies. Reduced
production of high
affinity antibodies.
Increased anergy
[145].%

@ Studies executed in human models.

Y Studies involving animal models.
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different sites (e.g. circulating monocytes, peritoneum, skin, brain)
present unchanged or compromised phagocytosis activity, and altered
response to lipopolysaccharide (either higher or lower response,
compared to young counterparts) (Table 2). The macrophage behavior is
frequently associated with their state of polarization, which is dichoto-
mized as pro-inflammatory M1 or anti-inflammatory and fibrotic M2,
despite being two extremes of a continuum [84]. The M1/M2 polari-
zation has been shown to be an intricate product of macrophage stim-
ulation, metabolic status and cellular stress [83]. Nevertheless, during
aging, endoplasmic reticulum stress, altered nutrient sensing, and
inflamed surroundings promote the accumulation of non-conventional,
alternatively activated proinflammatory M2 cells [83]. Since macro-
phages represent an important link between innate and adaptive im-
munity, their altered phenotype promotes adaptive immunity
exacerbation and exhaustion, as discussed in the following section.

Dendritic cells can be classified as conventional or plasmacytoid
dendritic cells [85]. These cells are essential links between innate and
adaptive immune systems because they are the major antigen presenting
cells for naive T-cells, and heavily influence the polarization of TCD4+
cells into Thl, Th2 and other cell patterns. Due to the difficulty in
obtaining human samples for isolation of these cell types, information
regarding their numbers and functionality during aging in humans is
relatively scarce (Table 2). However, a few studies reveal that the
numbers of circulating plasmacytoid dendritic cells are reduced in
healthy elderly, compared to healthy young subjects, and even more in
frail elderly. Reduction of conventional dendritic cells (cDC) has also
been demonstrated in frail elderly [86]. Still, in a large study involving
different tissue samples of patients ranging from 0 to 93 years old,
dendritic cell distribution in different tissues seemed unchanged during
aging [87]. These results show that there are still divergences between
studies and changes in the number of dendritic cells during aging is not
completely clear.

Upon stimulation, plasmacytoid dendritic cells isolated from elderly
donors presented lower IFN I and II producing capacity, which was
associated with lower TLR expression, and compromised antiviral
response [86]. Considering conventional dendritic cells, Zacca et al.
[88] found that conventional dendritic cells from old mice have a weak
ability to stimulate a T CD8 + cell-mediated cytotoxic response, sug-
gesting that immunosenescence affects cDC function, which in turn
compromises the activation of naive CD8 + T cells and the generation of
effector cytotoxic T cells. Agrawal et al. [89] demonstrated that there is
an increase in the production of IL-6 and TNF-a in aged dendritic cells,
suggesting a pro-inflammatory bias nonetheless. Monocyte-derived
dendritic cells can be considered a third subpopulation of dendritic
cells [85]. Agrawal et al. noticed reduced functional capacity of
monocyte-derived dendritic cells (CD14- / HLA-DR+ / CD11+) derived
from older subjects [90].

Among the current explanations for dendritic cell alteration during
aging, there is the excessive NF-xB stimulation [91,92] engendered by
different processes, such as cellular senescence, DAMP and PAMP
stimulation, and changes in local and circulating cytokine levels, as
previously discussed. Therefore, despite the limited data available,
dendritic cells also seem compromised during aging, and this could help
explain several phenotypes of immunosenescence, including the
increased susceptibility to infection, loss of tolerance and compromised
response to vaccination [93].

Natural killer (NK) cells are a subpopulation of lymphocytes involved
in innate immunity. They are characterized as important modulators of
antitumor activity and also act against intracellular organisms. These
cells have the important ability to produce cytokines and chemokines
after cell recognition, so they are important parts of innate immunity
during aging, and also to promote cytotoxicity. Studies have shown that
there are different changes in NK cell subsets with age, generally
accompanied with altered functional activity [94]. Age-related NK cell
population remodeling seems to result in a predominant NK cell profile
characterized by a lower capacity to respond to cytokines, leading to
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dysregulation of DC activation and low interaction with macrophages.
This behavior can contribute to the increased risk of infections with
increased morbidity and mortality in the elderly [95].

The studies cited above provide hints about how aging leads to
multiple alterations of key innate immune components. The compro-
mised barriers in the organism and the accumulation of processes
identified as aging hallmarks lead to an environment characterized by
abundant DAMPs and PAMPs, as well as inflammatory cytokines, which
promote cellular phenotype and functional alterations, from progenitor
to mature cell types.

2.3. Immunosenescence and adaptive immune response

The adaptive immune system is intrinsically associated with and
tuned by the innate immune system. Therefore, it follows that, as the
innate system is altered by aging, the adaptive immunity is also
impaired.

The adaptive immune system is formed by B lymphocytes, T lym-
phocytes and by the complement of antibodies present in the body. After
the recognition of antigens by surface receptors, lymphocytes multiply
in large quantities (clonal expansion), differentiating into effector and
memory cells. However, several cross-sectional studies document that
elderly people have a characteristic immunological profile. They have
low numbers of naive T lymphocytes and a high number of memory T
lymphocytes, especially CD8+ cells (cytotoxic) in an advanced stage of
differentiation [21]. Corroborating this notion, the Leiden Longevity
Study (LLS) - which evaluated a cohort of long-lived individuals repre-
senting 0.5 % of the general population and enjoying a reduced (30 %)
mortality rate compared to the general population - has shown that, in
these individuals, there is no accumulation of highly differentiated T
cells, nor is there a significant reduction in naive T cells [96]. Such an
observation allows one to suppose that the greater susceptibility to viral
and chronic infections in the elderly may be related to the limited
availability of naive cells for the recognition of new antigens, which is
influenced by genetic factors, but also the individual’s history of expo-
sure to antigens.

For lymphocytes to act efficiently in the defense of the organism, the
maturation / selection process of these cells is essential. B-lymphocytes,
which originate plasmocytes (responsible for the production of anti-
bodies and memory cells), may also give rise to regulatory B-cells, which
produce IL-10, essential for the regulation of immune responses, and the
prevention of unnecessary stimuli from activating the immune system.

With age, the altered bone marrow niche is associated with a skew
towards the generation of myeloid cell types [25] in detriment to the
production of lymphocytes (Table 2). In the case of B-cells, the bone
marrow niche has been related to this phenomenon, since experiments
in mice have shown that the transfer of old bone marrow progenitors to a
young bone marrow niche resulted in normal numbers of circulating
pre-B-cells, while the transfer of young bone marrow progenitors to an
old recipient led to the low number of pre-B-cells found in aged mice
[97]. Furthermore, intrinsic factors also seem to compromise B-cell
generation in the aged bone marrow, since Rag2 and recombinase
function are compromised with aging [97], and Pax5 expression (rele-
vant for the maintenance of the B-cell phenotype - [98]) is not optimal
[99]. Corroborating such observations, Kosuke Hashimoto [100] et al.
carried out single-cell transcriptomic evaluation of PBMCs in elderly
people over the age of 110 years and observed a significant decrease in
the overall number of circulating B-cells in this group in comparison to
people between their 50s and 80s, as well as in the naive B-cell subset.

The aged bone marrow is also less effective in selecting autoreactive
B-cells for elimination [101,102]. These processes lead to the accumu-
lation of long-lived age-associated B-cells (ABCs), first identified in mice
[103], but also identified in humans, at least in some pathological
contexts [104-106]. In mice, it has recently been suggested that the
ABCs are memory B-cells [107], with specific characteristics of autor-
eactivity, as well as secretion of TNF-a. The latter acts in the bone
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marrow niche, leading to a decreased survival of B-cell precursors, and
also to a proinflammatory environment characterized by reduced syn-
thesis of IL-10 and IL-4. ABCs also mediate antigen presentation to CD4
+ T-cells in the T-cell zone of lymph nodes, further contributing to the
immune system dysregulation [108].

In recognition of such effects of peripheral cells over the bone
marrow niche [109], the elimination of circulating B-cells in aged mice
resulted in the rejuvenation of the hematopoietic system, with the
reestablishment of the B-lymphopoiesis [110]. Such an intervention has
not led to restored immunocompetence in mice, however [111].

Unlike B-cells, which are produced and matured in the medullary
microenvironment, T-cells are produced in the medulla and matured in
the thymus. The thymus is considered a primary lymphoid organ,
located at the back of the sternum. It is divided into lobes, each lobule
having a cortical and stroma region, these zones being closely involved
in specific processes of maturation and differentiation of T lymphocytes,
providing a specialized environment for this task. The production of
reactive T-cells occurs more robustly during childhood, but the main-
tenance of production occurs throughout life. However, as people age,
the thymus involutes, considerably reducing the production of T-cells
[7,112].

In 1985, Steinman and collaborators demonstrated that the process
of involution of thymus begins from the first year of life. With thymus
involution, there is a lag in the thymic microenvironment with a
consequent decrease in IL-7 production (Table 1), highly compromising
the activation of T lymphocytes [112].

B- and T-cells have important functions in the immune system. With
the progression of age and evolution of the immunosenescence process,
there is a consequent alteration in these cell classes. Studies show that
the levels of composition and expression of the population of peripheral
lymphocytes change dynamically over time. The number of naive T
lymphocytes falls and there is an increase in memory T lymphocytes,
with a significant decrease in B lymphocytes (Table 2; Fig. 3), contrib-
uting to a greater risk of occurrence of infectious diseases, cancer and
autoimmune diseases observed with aging [112,113].

In centenarians, T cell numbers were shown to be similar to controls,
aged between their 50s and 80s, but their profiles were altered. In
addition to the decrease in naive T-cells, CD4+ T cells presented an
altered phenotype. CD4+ T cells, which primarily have an auxiliary
function, mainly coordinating immune response and activating humoral
mechanisms through the connection with B lymphocytes, presented
cytotoxic characteristics in the studied centenarians. According to the
authors of the study [100], the conversion of CD4+ helper T cells into a
cytotoxic phenotype can be seen as a favorable adaptation, which might
be protective against aging.

Underlying these and other modifications observed in the immune
cells lie different processes, telomere shortening being one of the most
well established immunosenescence markers. Peripheral lymphocyte
telomere length is actually a marker of biological aging and health
[114], and is paramount for T-reg function [115]. T-cell differentiation
leads to lower telomerase expression, and is associated with a lower
T-cell proliferation [116]. Mitochondrial stress is related to oxidative
stress in different cell types, and seems to accelerate telomere short-
ening. In T cells, such a correlation was experimentally confirmed by
Sanderson and Simon [117]. In this line, the authors also showed that
antioxidant treatment prevented telomere shortening.

As revised by McHugh and Gil [118], telomere erosion, mitochon-
drial dysfunction and the associated oxidative stress lead to cellular
senescence. Though not a consensus, it seems that T cells may evolve to a
senescent-like state and accumulate with aging. Even though they seem
to lack some of the classic markers of cellular senescence, senescent-like
T cells acquire a specific phenotype related to such a cellular state,
characterized by loss of CD27 and CD28, as well as the expression of
CD57, CD45RA, and/or KLRG-1 [119]. Despite a lack of consensus, the
senescence of T cells may compromise their senescent-cell elimination
response, as suggested by Pereira et al. [13]. According to their
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observations, senescent cells increase expression of HLA-E, while mature
T cells are characterized by high expression of NKG2A. The interaction
between both surface proteins compromises the elimination of senescent
cells, while the blockade fostered the cytotoxic effect of T cells over
senescent dermal fibroblasts.

The age-related phenotypes of B and T cells also compromise their
interaction, as shown by Eaton et al. [120] and others. Finally,
non-proliferative T lymphocytes secrete pro-inflammatory cytokines,
such as IL-6 and TNF-a [119,121]. Such a SASP may be interpreted as an
attempt to defend the organism from the development of cancer, leading
cells to programmed aging.

3. Inflammaging, aging and comorbidities: cause or
consequence?

Understanding the intra- and intercellular events that occur in the
immune system components during aging contributes to the compre-
hension of how immunosenescence, inflammaging and the aging hall-
marks interconnect.

As summarized by Fulop et al. [122], immunosenescence is the state
of the immune system after accumulating the changes that occur with
aging. Inflammaging, the condition characterized by dysregulation and
increased release of inflammatory mediators, is therefore a consequence
of immunosenescence. Nevertheless, inflammaging may engender a
feedforward process further promoting immunosenescence. Organismal
aging also seems to play a dual role in the context of inflammaging and
immunosenescence. As an event associated with functional decay of the
organism, aging of anatomical barriers, cardiovascular components,
neural components, among others, contribute to accumulated DAMPs
and PAMPs in the organism. Such an accumulation also contributes to
chronic immune system activation, which intrinsically relates to
immunosenescence and inflammaging. In this sense, inflammaging can
be seen as the consequence of immunosenescence-related immune
dysfunction, age-related organismal function decay, cellular senescence
and environmental factors, such as infections and obesity.

To some authors, immunosenescence underlies major age-related
illnesses, such as cardiovascular disease, autoimmune disorders, can-
cer and neurodegeneration [123]. Indeed, inflammatory markers, such
as NF-kB, are associated with signs of accelerated aging, alopecia,
kyphosis, osteoporosis, central nervous system changes and even
increased cellular senescence, reduced regenerative capacity and shorter
lifespan in aged mice [124].

4. Perspectives and interventions against immunosenescence

Aging must be understood as a multifaceted process influenced by
intrinsic and extrinsic factors. Even though biological aging is beginning
to be unraveled in a more mechanistic way, several aspects remain
poorly elucidated at this point. The influence of psychosocial factors
over the immune system, mediated via neuroendocrine-immune in-
teractions, for instance, must be better investigated, both during youth
and aging. Understanding of the influence of microbiota is also in its
infancy at this point. In the future, ever more holistic approaches may be
incorporated into the investigation of immunity and immunose-
nescence, the whole exposome possibly becoming investigated in this
sense.

Given the acquired knowledge at this point, there are a few in-
terventions which may be considered with a view to delaying immu-
nosenescence. The practice of regular physical exercise, in conjunction
with a balanced diet and body fat control, for instance, has shown,
through cross-sectional studies, to be associated with a reduction in
inflammatory levels, with a concomitant reduction of SASP-related cy-
tokines. Nahrendorf and colleagues [125] showed that physical exercise
decreases the cardiovascular inflammatory profile and also decreases
atherosclerotic plaque formation. This happens due to the potential that
physical activity has in regulating the hematopoietic microenvironment,
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reducing the systemic supply of inflammatory leukocytes. Nevertheless,
it is possible that physical exercise exerts more direct effects over
cellular senescence than just modulating inflammation.

An important point in relation to maintaining a healthy diet is the
key role that body mass plays in immunomodulation. A diet low in
nutrients and amino acids favors the appearance of opportunistic dis-
eases [126], while diets rich in cysteine, glutamine and arginine have
been shown to be effective in strengthening the immune system
[127-129]. Unbalanced diets may also cause dysfunction in energy
sensing signaling pathways, in an opposite fashion compared to fasting.
Diets may also influence aging by altering local intestinal microbiota.
For instance, it is known that high-fiber diets act in the positive modu-
lation of intestinal immune function. Butyrate, a short-chain fatty acid,
for example, is produced by bacteria located in the colon through the
fermentation of fibers, and inhibits the interaction between macro-
phages and adipocytes, attenuating inflammatory responses [130,131].
Butyrate has also been shown to control the differentiation and matu-
ration of dendritic cells [132], in addition to their capacity to induce
T-reg generation [133]. The anti-inflammatory and antioxidant poten-
tial of some ingredients may also mitigate pro-inflammatory responses.
Corroborating such a notion, fruit and vegetable-rich diets were shown
to reduce neurodegenerative processes and contribute to memory and
cognition.

Since aging is an increasingly fast-pace field, it is important to
recapitulate the most important aspects of aging and to connect the
underlying molecular events to the functional and phenotypic mecha-
nisms of immunosenescence. So far, our little understanding regarding
the connection between hallmarks of aging and immunosenescence has
already provided exciting paths towards the biological rejuvenation of
the immune system and the organism. As knowledge in this theme ac-
cumulates, geroprotector and senotherapeutic strategies are set to
expand.
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