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A B S T R A C T

Aging is characterized by a morpho-functional adaptation, variably affecting major physiological systems, de-
pending on a complex interaction between genetic, environmental and stochastic factors. This dynamic inter-
action drives an age-related remodelling of a number of pathways/systems, providing the chance to reach the
extreme limit of human life in healthy state which is reflected in the ever-increasing number of centenarians.
This conceptualization implies that aging process per se and the development of the most common age-related
diseases (ARD) are somewhat separate but must share somehow common set of basic biological mechanisms.
One of the features that characterize both processes is the development and progression of an inflammatory state
named inflammaging. Notably, inflammaging is characterized by a peculiar presentation, being a chronic,
systemic, low grade and therefore for a long time subclinical, inflammatory process. For these reasons, even if
the rate of progression of inflammaging is currently recognized as the main force driving aging and one of the
main risk factors for clinical morbidity and mortality in the elderly, current knowledge on the causal agents are
still incomplete and the “clinical evaluation” of inflammaging has not yet been standardized. Even if a number of
biomarkers of inflammaging have been identified, their analysis is not recommended as part of the routine
evaluation of elderly patients. This review will aim to describe the concept of inflammaging within several other
concepts such as the definition of aging per se and how we integrate it in the context of ARD.

1. Introduction

Aging is a complex phenomenon which constitutes the subject of
intensive research. Independently of the cause(s) aging of multicellular
organisms manifests itself by numerous changes at all levels. These,
from molecules to organs, were recently modeled within seven main
hallmarks of the basic aging process [1]. The hallmarks including
Adaptation to stress, Epigenetics, Inflammation, Adaptation to stress,
Proteostasis, Stem cells and Regeneration pretend to catch all aspects of
the biological aspect of aging, namely decreased adaptation to stress,
loss of proteostasis, stem cell exhaustion, metabolism derangement,
macromolecular damage, unfavorable epigenetic modifications and
impaired intercellular communication. All of these most important
hallmarks of aging are intricately linked. Further insight into the me-
chanisms of biological aging led to the ideas that intercellular com-
munication, including immunosenescence and inflammaging, is at the

crossroad between all the hallmarks of aging [2]. However, answers to
the basic questions of why these changes may be important and how
they can influence the outcome of aging are far from complete.

Nowadays one of the most crucial questions of the biological aging
research is to determine what is aging per se [3,4]. It is not trivial as this
drives the whole conceptualization of the aging research and denotes
how studies are designed and interpreted and the results are translated
into practice. Since ancient times to more recently, especially with the
contribution of Metchnikoff, the father of gerontology, humanity has
always been concerned by this question [5]. Two schools with opposite
ideas dominate; the first is considering aging as a sort of disease state
[6] while the second is considering it as a physiological adaptation [7].
At the end, these two ways of conceptualizing aging converge to say
that aging is the most important risk factor for most common age-re-
lated diseases [8–10]. Thus, the way of approaching aging must be
thoroughly questioned. If aging is a disease, as strongly promoted by

https://doi.org/10.1016/j.smim.2018.09.003
Received 16 June 2018; Received in revised form 20 September 2018; Accepted 24 September 2018

⁎ Corresponding author at: Research Center on Aging, Faculty of Medicine and Health Sciences, University of Sherbrooke, 3001, 12th Avenue North, Sherbrooke,
Quebec, J1H 5N4, Canada.
⁎⁎ Corresponding author at: Department of Clinical and Molecular Sciences (DISCLIMO), Università Politecnica delle Marche, Via Conca 70, Ancona, Italy.
E-mail addresses: Tamas.Fulop@Usherbrooke.ca (T. Fulop), f.olivieri@univpm.it (F. Olivieri).

Seminars in Immunology 40 (2018) 17–35

Available online 02 October 2018
1044-5323/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10445323
https://www.elsevier.com/locate/ysmim
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.1016/j.smim.2018.09.003
mailto:Tamas.Fulop@Usherbrooke.ca
mailto:f.olivieri@univpm.it
https://doi.org/10.1016/j.smim.2018.09.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.smim.2018.09.003&domain=pdf


the new concept of Geroscience, we could influence or intervene to
modulate the seven hallmarks of aging and at least postpone the aging-
related chronic diseases and thus increase healthspan/functionspan
[11–13]. If aging is a naturally occurring physiological process which
may be a simple risk factor for the chronic diseases among many others,
treating or curing it would not lead to clinically relevant results redu-
cing the onset of these diseases. However, if a certain deceleration of
the aging process would become possible this would most probably
remain without influencing the appearance of diseases. An alternative
possibility is that aging and age-related chronic diseases share the same
underlying mechanisms and depend on the genetic and environmental
influences which determine the rate of aging and diseases differentially
[14]. Whichever of these ways of thinking may be the driving force of
diseases, the seven hallmarks may operate independently of aging, al-
though it is undeniable that the interactions between the hallmarks
become increasingly complex during aging (Fig. 1).

However, among the seven hallmarks of aging one seems to be the
most influential for the increased incidence and prevalence of age-re-
lated diseases (ARD), namely the impaired intercellular communication
including the immunosenescence and inflammaging [10,15–17]. They
represent an intricate process where one cannot exist without the other
and a number of positive/negative feedback relationships were de-
scribed [18]. In this article the recent development in the field will be
described in order to determine, beyond the association studies, what
may be the role of inflammaging /immunosenescence and the related
mechanisms leading to age-related chronic diseases.

2. Immunoadaptation of aging

We will briefly summarise how immunity evolves with aging as this
may be relevant to the onset of age-related diseases. Age-related im-
mune functionality has long been investigated and the most important
paradigm stated that the decrease in T cell functions determines and
characterizes immunosenescence [19–23]. It was also suggested that
reduced immune functions, as measured ex vivo, are responsible for
several age-related diseases such as cancer, cardiovascular diseases,
neurodegenerative diseases, and frailty syndrome [15,19,24–26].
Whether age-related changes act alone or through, what we call, in-
flammaging is not always clearly elucidated, as clear biomarkers of
these phenomenon are still missing [18,27]. Nonetheless, more recent
studies have demonstrated that both arms of the immune system, innate
and adaptive, are evolving following the various antigenic encounters
during lifespan [28]. This clearly suggests that the profiling of the
immune system reflects immunological history as well as predicts re-
sponses against future challenge.

2.1. Innate immunity in aging: the fate keeper

The innate immune system is an ancestral immune response as-
suring the first line of defense towards challenges coming from the
inside or the outside [29]. This is a very fast and efficient reaction that
determines the rest and the fate of the immune response. By itself it can
most of the time eliminate the aggression, but in some cases the
adaptive cavalry is solicited. Thus, the innate immune system is chal-
lenged every moment of life to protect against invaders and this has to
be sustained throughout life [30].

Very important actors of innate immunity are the various phago-
cytic cells including neutrophils, monocyte/macrophages, dendritic
cells (DC) and natural killer (NK) cells [31–35]. These cells are
equipped with a very efficient machinery to eliminate the challenge
whatever it is. These cells detect the aggression via the sensing of the
Pathogen-associated molecular patterns (PAMPs), and/or Damage-as-
sociated molecular patterns or alarmins (DAMPs) through various re-
ceptors which include the Pattern recognition receptors (PRR), the
complement and Fc receptors as well as the Danger receptors [36–40].
The number of these receptors does not fluctuate significantly during
aging in many studies, however the results are inconsistent depending
on the cells and the receptors type [41–44]; however, due to mod-
ification of the physico-chemical properties in the cell membrane, as
well as in the components of the intracellular signaling pathways, the
signaling conveyed from surface receptors to the nucleus is altered
[45]. This may significantly impact some functions depending on the
cell type and the corresponding pathways but globally include phago-
cytosis, intracellular killing, chemotaxis and free radical productions
[42,46–48]. in vivo, this may translate in a modification of the role of
some cell types as some may lose specific functions under specific cir-
cumstances (type of antigen, antigenic load, pre-existing condition,
etc…) [49,50]. This supports the concept that innate immune cells may
be able to compensate for lack of function of some more specific im-
mune populations.

Aging requires an extended period of time to happen. Thus, age-
related immune adaptation is not the result of a punctual phenomenon
but of the convergence of immune history of an individual, what was
called by C. Franceschi the immunobiography [28]. The diversity, in-
tensity, duration and repetition of immune stimulations may have long-
lasting consequences on the immune system. Studying both the basal
state as well as the activated state of the immune system and its com-
ponents is important to understand the impact of the immunobiography
on immune responsiveness [41,50]. During life the innate immune
system is constantly stimulated by various stimulants such as bacterial,
viral or cellular damage derivatives (PAMPs and DAMPs) [18]. At the
beginning the innate immune system is able to return to the quiescent
state after neutralizing these aggressions, but with the accumulation of

Fig. 1. Conceptual schematization of the three different
approaches to inflammaging and age-related diseases.
Although they may have some similarities they represent
completely different approaches which will also lead to
different translational approaches to decrease Age-related
dideases. 1. The concept of geroscience; 2. The concept
that aging and chronic diseases have the similar molecular
mechanisms; 3. Concept of the triggering role of in-
flammaging to reveal and/or worsen (clinically) the al-
ready existing damage(s) but not causing it.
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the stressors this period of rest is less and less frequent. Thus, the innate
immune cells become more permanently (or semi-permanently) acti-
vated as a manifestation of the innate immune memory [51–53].
Trained innate immune memory is an emerging concept and has been
demonstrated in vitro extensively [51–55]. This leads to a state of low
but significant secretion of pro-inflammatory cytokines that contributes
to Inflammaging, as we will discuss later [56]. Most of these pathways,
related to innate cell receptors such as the PRR, FcγR, C3bR, NOD-like
Receptors or DAMP related receptors through various intracellular
signaling molecules such as MAPKs, PI3K-akt and JAK-STAT, lead to
NFκB nuclear translocation [45,57–59]. However, in the meantime,
anti-inflammatory cytokines are also produced which will for some
time balance the pro-inflammatory state [60–62]. This state of “back-
ground” inflammation by virtue of a shifted immunometabolism is
absolutely necessary to maintain certain alertness for the sake of the
functionality in the innate immune response in individual with a dense
immune history [18,63–65].

However, the corollary of this basal primed status of the innate
immune cells is the immune paralytic status displayed in response to
antigenic stimulation [50]. This latter can be either detrimental leading
to death or beneficial by avoiding the over-reaction of the system and
minimizing tissue damages [50,66–68]. Thus, the effect of the stimu-
lation will be an appropriate response, but this response may not be at
the level expected. It is of note that most of the elderly subjects are able
to mount an innate immune response; nevertheless, the efficiency is not
always optimal [49,69]. This immune paralysis in an already existing
inflammatory state of the elderly subjects may play a protective role by
preventing the further increase of the inflammatory reactions. This may
be one of the consequences of immune training. However, what could
be the consequence of trained memory in a long-term setting (aging),
with a high number, variety and occurrence of the antigenic interac-
tions? This is probably one of the most important questions in the field
that is requiring attention.

As the innate immune response may not be enough to get rid of the
aggression, the innate immune system besides being able to clear the
challenge would also set the stage for the adaptive immune response.
This will happen via antigenic presentation or by the secretion of var-
ious factors including cytokines/chemokines which will prime the
adaptive immune response of T and B lymphocytes [70–73].

2.2. Adaptive immune system changes with aging

The adaptive immune system has been the subject of extensive
studies in aging [19,21–24,74–78]. For a long time the paradigm of
immunogerontology has been that most significant age-related immune
changes are displayed in the T cell compartment [79].

The investigations on the origin of T cell defects identified that
antigen presentation by DC and monocyte/macrophages has been im-
paired [80]. The strength of the antigen presentation may affect the
TCR early events and generate a sub-optimal intracellular signaling
cascade [81,82]. Indeed, alteration in the TCR and IL-2R signaling has
been demonstrated either in the feed forward or in the inhibitory sig-
naling [50,82–86]. The most important signaling molecules altered in
the TCR initiated pathways were found at the relatively early stage of
the signal transduction (such as but not limited to p56lck, Zap70 and
PLCγ) as well as at later stage (the ERK1/2) for the activation [45]. In
the inhibitory signaling the two most important molecules having al-
tered functioning were SHP-1 [86] and DUSPs [82,84]. Also, one study
demonstrated the reduction of numbers of HLA molecules per cell both
on monocytes as well as on lymphocytes with advancing age [87]. This
generates a dysregulated translocation and activation of transcription
factor leading to decreased clonal expansion and IL-2 production [50].
As in the case of the innate immune system, resting, unchallenged T
cells of elderly subjects also display a basal state of pre-activation [88].
This has been demonstrated for the TCR, the STAT pathway and for
certain calpain-dependent signaling molecules [86,89,90].

The main result of the immune challenges occurring during lifespan
is the phenotypic and functional adaptation of the T cell compartment
[91,92]. Through the progression of the aging process there is an ac-
cumulation of the memory T cells as a result of constant challenges and
a concomitant decrease in the naïve T cell population [19,93–95]. This
is accentuated by the reduced thymic output [96,97] with a con-
comitant decline of the TCR repertoire.This was supported by many
animal experiments, however recently it was challenged in humans as it
seems that even during aging the naive T cell repertoire, despite being
reduced, is still enough for most of the new challenges [25], mainly on
the basis that there may not be a dramatic shrinkage of the TCR re-
pertoire involving the remaining and slowly produced new thymic
emigrants, as supposed for decades [26]. Moreover, the newly recon-
sidered homeostatic proliferation of naïve T cells under IL-7 stimulation
may replace the failing thymus, at least partially. The recently dis-
covered Stem Cell-like Memory T cells may also participate in the in-
complete replenishment of the naïve T cell compartment [98]. Overall,
the alterations may not be so dramatic and even the T cell repertoire
may be relatively sufficient to supply the demand. Indeed, centenarians
do not present more cancer, as its prevalence plateaus after the age of
90. Furthermore, there is no tendency for these individuals to suffer
from unknown new pathogen-induced infections and they respond to
vaccination as young subjects [99]. It is of note that findings of two
longitudinal studies led to the conclusion that having more CD8+ naïve
T cells was not considered a survival advantage [100,101].

One other mechanism by which thymic involution may contribute
to immunosenescence is the increased release of harmful autoreactive T
cells [102,103]. These cells may induce autoimmune disorders in the
elderly, however most of the elderly never develop autoimmune dis-
eases. Nevertheless, the importance of these autoreactive T cells, mi-
grating from the involuted thymus due to impaired intrathymic nega-
tive selection, lies in the fact that they may contribute to inflammaging
via a self/auto-reaction of tissues releasing endogenous DAMP stimu-
lating products and pro-inflammatory mediators. The accumulated
memory cells due to their high proliferative history present a decreased
telomere length which was considered also a hallmark of aging
[104–108] as related to cell senescence. In the meantime, the expansion
of the memory compartment assures an efficient protection against the
previously encountered pathogens. That is why it is challenging to
describe this as immunosenescence and it should rather be considered
as aging-associated immunoremodelling or immunoadaptation [18].

The chronic immune stressor which has been considered for a
decade as exercising the strongest immunoremodelling effect is cyto-
megalovirus (CMV) infection [100,109,110]. This occurred on the basis
that relatively the largest proportion of the existing memory T cells is
devoted to containing the CMV in a quiescent state [75,111]. However,
recent data seem to suggest that CMV is not the main determinant cause
of driving the T cell compartment to a state of senescence; even more, it
has been demonstrated that this infection could be associated with
longevity [112–117].

As described in case of the innate immune system that the con-
stitutively stimulated immune cells have much difficulties to return to
the original quiescent state and therefore remain activated even in the
basal state with aging concomitantly to decreased specific effector
functions [50]. A similar phenomenon can be also observed in T cells,
especially in CD4+T cells [118,119] and in Tregs [120]. Interestingly,
after stimulation in a mice model it was observed that T cells (CD4+
and Tregs) lifespan increased in the periphery due to decreased apop-
tosis via the reduction of the Bim levels. It is of note that Bim, a pro-
apoptotic protein, has been found to be an important regulator of the
negative selection of B lymphocytes in the bone marrow and of T
lymphocytes both in the thymus and the periphery, as well as of T
lymphocyte apoptosis during the termination of an immune response.
Mice lacking Bim accumulate self-reactive lymphocytes and develop
autoantibodies. The mechanism is due to inability to elevate Bim gene
expression [118–120] which lead in parallel to a decrease in their
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effector functions such as clonal expansion, IL-2 production and de-
fective helper functions for B cells. Thus, these cells remain for a longer
period in the circulation but lose in the meantime their effector func-
tions.

Not only the effector arm of the adaptive immune system is changed
with aging but also the immune regulatory arm. The major effectors of
the immune regulation/suppression are Tregs derived either directly
from the thymus or indirectly from CD4+T cells [121]. Foxp3+CD4+
regulatory T cells have a major role in suppressing many actors of the
adaptive and innate immunity such as autoreactive T cells [122]. Ul-
timately, Tregs control immune homeostasis and functions for pre-
venting any aberrant immune reactions. The question is not settled
whether the Treg numbers and functions are decreased, as suggested by
the “self” regulation data indicating that recirculating peripheral Tregs
to the thymus are able to supress their precursors [123], or increased
[124] as suggested by the need for maintenance of central tolerance
besides the thymus involution in aging. However, most of the studies
indicate an increase in Tregs either in animals or humans. The question
is very important as to determine whether this increase is beneficial or
harmful in an aging perspective? The increase may be considered as a
mirror for the need in the aging immune system for suppression to
maintain an adequate equilibrium between an excessive activation and
limited suppression [125]. Alternatively, the increased Tregs may in-
hibit the adequate immune response in aging and contributing to age
related diseases such as cancer [126,127]. Together these data suggest
that even if increased the immune response may be altered (im-
munosenescence); however the inflammation is not blunted. It may be
asked whether it is necessary to suppress completely the inflammaging
as this can compensate to some decreased specific functions. The an-
swer is unknown but as the role of the Tregs is dual, they do not sense
inflammaging as detrimental and are not armed to supress it as it was
also mentioned in the letter of Maillard and Saltiel [128] concerning the
beneficial effects on fat metabolism of inflammation depending on its
characteristics and biological circumstances. Nevertheless, some treat-
ment tentative have been made to deplete Tregs which resulted in the
prevention of the age-related insulin resistance [129] as well as in the
reduction of the pathology related to AD [130]. It is of note that these
studies have been performed in mice so their translation to humans
awaits confirmation. Together the role of Tregs in aging, inflammaging
and immunosenescence is still controversial; however, they may be an
important player of inflammaging either by combatting it or exacer-
bating it for elimination of some adverse challenges.

In conclusion, the cellular adaptation with aging is complex and
highly dependent on the immune history [28]. Innate cells via trained
immunity are probably a cornerstone in driving the fate of one’s im-
mune responsiveness in old age while adaptive immunity is showing
more phenotypic adaptation. More studies are required to understand
the functional, metabolic and molecular adaptation of innate cells
during aging. Eventually, all the life-long challenges contribute to a
metabolic reprogramming leading to an inflammatory state called in-
flammaging [62,131,132].

3. Inflammaging

Dynamic interactions (host/gene/environment) drive the age-re-
lated remodelling of a number of pathways/systems defined as hall-
marks of aging, providing the chance to reach the extreme limit of
human life in a healthy status [2]. This conceptualization implies that
aging process per se and the development of the most common age-
related diseases (ARDs) must share a common set of basic biological
mechanisms. One of the features that characterize both processes is the
development and progression of an inflammatory status that for its age-
related condition was named inflammaging [56]. Notably, inflamma-
ging is characterized by a peculiar presentation, being a sterile in-
flammatory status, chronic, systemic, low grade and therefore sub-
clinical for a long time (Fig. 2). For these reasons, even if the rate of

progression of inflammaging is currently recognized as the main force
driving aging and one of the main risk factors for morbidity and mor-
tality in the elderly, current knowledge on the causal agents is still
incomplete, the measurement of “inflammaging” has not yet been
standardized and it is not routinely evaluated in the elderly. The level of
cytokines often remains within the (high) normal range but is sig-
nificantly more elevated than in younger individuals; this is why in-
flammaging is also referred as low-grade inflammation. IL-6, TNFα and
CRP are often cited in inflammaging related studies. The source of these
pro-inflammatory proteins is primarily liver (for acute phase proteins)
as well as myeloid cells. Several mediators secreted by monocyte/
macrophages such as TNFα, IL-1 and IL-6, as well as chemokines such
as MCP-1, and IL-8 are increased in elderly and a myeloid hypothesis
could be retained to explain the association between an aging organism
and low-grade inflammatory state [133,134]. In the meantime, the anti-
inflammatory mediators such as IL-10, IL-4, IL-13 may also be increased
as a tentative measure to control this state [60]. It is noteworthy that
most reports on inflammaging do not include the analysis of the anti-
inflammatory component and as such do not discuss the regulation of
inflammation. Still, few studies were able to report for instance that
elevated IL-6 levels in elderly individuals was accompanied by elevated
levels of sIL-6R and/or sgp130, two molecules that may counterbalance
the IL-6 component of inflammaging [62,135].

These mediators of inflammation are not only secreted free in the
extracellular space but also under the cargo of extracellular vesicles
(EVs), both small (or exosomes) and large. The EVs are shed from the
majority of cells and mediate intercellular communication between
various cells. EVs contain various substances including proteins such as
cytokines but also mRNA transcripts, miRNA and DNA fragments. They
are not only secreted but can be also taken up by any cells of the or-
ganism including neurons. EVs may play physiological role [136,137].
For instance, besides their perceived detrimental role, the free radicals
generating NADPH oxidases (NOXs) mediating redox signaling are
implicated in tissue repair [138]. Recently Hervera et al. [137] showed
that ROS signaling is needed to the peripheral as well as central nervous
tissue regeneration. ROS signaling is initiated by the NOX2 derived
from vesicles from cytokine recruited inflammatory macrophages.
Furthermore, EVs can exert complex immunomodulatory effects on
target cells, acting both as antigen-presenting vesicles and as shuttles
for packets of information. All such functions seem to be encompassed
in the adaptive mechanism mediating the interactions of the organism
with a variety of stressors [139]. Once again, we are in the situation
when “physiological” injury provoked inflammation has a largely
beneficial effect, tissue regeneration and trying to blunt it with anti-
oxidant would be disastrous. As these injuries are occurring from any
sources during aging may result a low grade inflammaging, maintaining
a readiness state for repairs in the organism. When this situation ex-
ceeds a threshold and the exosomes may change content or are enriched
in certain content such as Amyloid beta protein (Aβ) or α-synuclein,
they may become pathologic. This may be the case in various neuro-
degenerative diseases such as AD where exosomes may propagate the
neuroinflammation by transporting various mediators including Aβ
[140,141]. Considering their important role in various pathologies they
become targets of therapies either by their neutralization or by their use
to transport targeted molecules. In this perspective a number of recent
reports support the hypothesis that the EVs isolated from young cells/
animals ameliorate age‐related functional declines in older ones [142].
EVs extracted from young donor mouse serum were able to attenuate
inflammaging in old mice, contributing to partially reverse thymic in-
volution, enhancing negative selection signals, and reducing autoreac-
tions in the periphery [143]. Overall, the pro-rejuvenation effects of
EVs from young cells/subjects were apparently related to the ability of
EVs content to restrain inflammaging and immunosenescence, further
supporting the notion that these are two crucial mechanisms in aging
process. However, these in vitro manipulations did not provide any
evidence whether these changes will result in any decrease in age-
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related diseases or decrease mortality. Nevertheless, it could be an in-
teresting mean to modulate inflammaging in specific pathological
conditions.

A number of evidences showed that the presence of overt infections
during life contribute to fuel inflammaging, however other stimuli are
also participating in its appearance and progression, and this also refers
to the GARBage concept [144]. This concept was introduced by Pr
Franceschi’s group suggesting that besides the macrophage-centered
inflammaging there are other major sources of inflammatory stimuli
represented by endogenous/self, misplaced, or altered molecules re-
sulting from damaged and/or dead cells and organelles (cell debris),
recognized by PRR and DRR of the innate immune system producing
pro- and anti-inflammatory mediators [144]. While their production is
physiological and increases with age, their disposal by the proteasome
via autophagy and/or mitophagy progressively declines. This 'auto-
reactive/autoimmune' process fuels the onset or progression of chronic
diseases that can accelerate and propagate the aging process locally and
systemically. Together the current definition for these molecules is
"molecular garbage", and it is believed as the major source of in-
flammatory stimuli during aging [145]. Moreover, while the contribu-
tion of latent virus infections, such as cytomegalovirus, is debated
[146], recent knowledge on commensal bacteria highlights that they
can become harmful and fuel inflammatory responses [147–149]. In-
dubitably, the finding that non-infectious agents can strongly con-
tribute to the spreading of inflammatory processes has paved the way
for improve our knowledge on the mechanisms that fuel inflammaging
over time: 1) the response of innate immunity to damage associated
molecular patterns (DAMPs) and 2) the secretory phenotype associated
to cell senescence (SASP) that can be acquired by different types of cells
are currently considered as the main non–infectious triggers of in-
flammaging [17,150–152]. Senescent cells are in a state where they
cannot divide (replicative or induced senescence) and very likely the
associated metabolic adaptation (mitochondria related) and/or the
activation of DNA damage associated responses (DDR) lead cells to a
higher capacity to secrete pro-inflammatory molecules such as cyto-
kines [153–155]. While protein-based SASP factors have been ex-
tensively studied, little is known about the SASP related extracellular
vesicles (EVs) and their nucleic acid cargo, including DNA and non-
coding RNA [156]. Recent studies suggested that EVs and their cargo
are members of SASP that are selectively secreted by senescent cells
[157] and may be able to modulate immune system functions [158].

Complex epigenetic mechanisms can contribute to the acquisition of
SASP, including DNA methylation, post-translational histone mod-
ifications and non-coding RNAs modulation [158,159]. Among non-
coding RNA, microRNA (miRNAs) were extensively investigated in
aging process and in age-related diseases, being functional biomarkers

capable not only to coordinate multiple pathways according to each
individual’s genetic makeup, but also intercellular communication
[160]. A number of studies have shown a fundamental role for miRNAs
in regulating immune responses, and most of miRNAs involved in im-
mune regulation show modulation during aging, suggesting that
common epigenetic mechanisms could modulate immunosenescence
and SASP [161]. A number of factors acting during life and capable of
inducing epigenetic modifications in different tissues and organs, such
as nutrition, physical activity and different type of stressors, may con-
tribute to modulate metabolic and immunological homeostasis re-
sulting in a long-term effect in later life [162].

Inflammaging can be therefore considered the complex result of the
reciprocal effects of SASP, related to senescence, and of dysregulated
innate immune cell functions with aging.

To summarize, a substantial subset of aged patients affected by
chronic critical illness have persistent inflammation associated with
immunosuppression and catabolic syndrome [163]. Even if the under-
lying cause of this syndrome is currently unknown, increasing evidence
suggested that altered myelopoiesis, reduced effector T-cell function,
and expansion of immature myeloid-derived suppressor cells can con-
tribute to this phenomenon [164]. Even if this condition is not pri-
marily related to inflammaging, however some molecular mechanisms
could be shared. In fact, even if only some stressors were previously
associated to inflammaging, i.e. an increased burden of infectious
agents or chemical/physical stressors, in the last decade it has been
discovered that a number of different but integrated phenomena can
contribute to fuel inflammaging, such as: 1) an age-related accumula-
tion of senescent cells acquiring a secretory proinflammatory pheno-
type, including senescent innate immune cells, i.e. macrophages, 2) an
age-related accumulation of misplaced self molecules, i.e. cytoplasmic
or cell-free nucleic acids (DNA, RNA and hybrids) that can trigger in-
nate immune responses through the interaction with a plethora of PRR
(TLR-9, RAGE), 3) a defect in central tolerance, which results in in-
creased release of self-reactive T cells, thereby causing self-tissue da-
mage-induced inflammation; 4) a modulation of the gut microbiota
composition, that can modulate inflammation depending from immune
system activity and life-styles. All these different phenomena, whose
likelihood of manifestation increases with age, converge in fuelling the
basal state of inflammation, independently of further stimuli of in-
fectious nature, and at the same time make the immune system less
efficient against infectious agents. The consequent chronic inflamma-
tion could promote a shift in bone marrow stem cell production toward
myeloid cells contributing to chronic anemia and lymphopenia, thus
fuelling a vicious-circle exacerbating inflammaging. In this framework
is the extent of inflammaging that makes innate immune system unable
to return to the quiescent state after a response to stimuli.

Fig. 2. Inflammation and inflammaging: two sides of the
same coin. Aging (left) and disease (right) as parallel,
mutually interfering, but not overlapping continua. Life-
long challenges (consequences of aggressions) would with
time modify the cellular and systemic processes (including
immunological ones) leading to some level of home-
ostenosis defining the process of aging (decreases of re-
serves), culminating in the inflammaging. Depending on
the course of aging its outcome might be longevity or it
may combine (notably via inflammaging) with life-long
pathologies leading to the clinical manifestations of age-
related diseases (ARD). Thus, this is not an unavoidable
process as this may result in functional longevity as in
centenarians.
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This inflammatory status will in its turn maintain the stimulation of
the innate immune system as well as the adaptive immune system.
There is a vicious circle between the innate and the adaptive immune
system for maintaining in an intricate manner their constant stimula-
tion leading to the changes described above. This may lead to the in-
efficient response of both systems or to their alertness to respond in this
already overstimulated situation [18].

The question is arising why these immune and inflammatory
changes matter? There is a common thinking that the Inflammaging is
one of the most important links between aging and the age-related
diseases such as cancer, frailty, cardiovascular diseases, and neurode-
generative diseases [17,165,166]. It is a very appealing theory and we
will examine whether this can be really the case.

4. Inflammaging and the age-related chronic diseases: what is the
relationship?

Starting from the complex framework in which the synergistic effect
of infectious and non-infectious agents can fuel inflammaging in-
creasing the risk to develop some of the most common ARDs, a critical
question is whether inflammaging is the main culprit of ARDs or is
instead an accelerator of the rate of aging, being therefore associated
with increased susceptibility for multiple diseases, impairments, and
disabilities. There are many experimental and clinical evidences that
most of the age-related chronic diseases are inflammatory in nature
[167–175]. However, there are also many common traits of these dis-
eases not related with aging. All of these diseases start decades before
the clinical manifestations appear at some moment in the life of an
elderly subject [176–178]. Thus, the start of the pathological processes
leading to clinical manifestation of these diseases is at young or at
middle age [176–178]. All of them need some kind of a specific trigger
which would induce inflammation or an inflammation-induced change
at a specific part of the body which would lead to the pathology; an
example here is oxLDL for atherosclerosis [179,180]. However, a very
clear distinction should be made between the underlying pathological
changes and the related clinical manifestations for each ARD
[181–184]. These two phenomena are very rarely following the same
trajectory in case of these age-related diseases as the pathological
changes have developed and progressed through decades without
having any related clinical manifestations. These diseases do not de-
velop at old age, as a consequence of aging process, but are only re-
vealed by the lifelong adaptations occurring in the aged organism
physiology or reserves [14,28,60]. The conceptualization that in-
flammaging is the master determinant of the rate of aging process,
would imply that inflammaging could be a therapeutical target to
modulate the trajectories of healthy or un-healthy aging (Fig. 3) [185].
This conceptualization could have great relevance in the geriatric field,
encouraging clinical trials to restrain inflammaging. However, in the
current state of knowledge, there are some issues to be addressed in
order to introduce the monitoring of inflammaging in the clinical
practice as a tool to “assess the rate of aging” or as a target to delay the
development of ARDs: 1) what are the most reliable parameters to
monitor inflammaging?; 2) when the monitoring of inflammaging
should start and what timing should it have?; 3) is it possible to predict
the trajectories of aging by monitoring inflammaging?; 4) is it possible
to apply therapeutic interventions to restrain inflammaging with the
aim to delay the development of ARDs? 5) can therapeutic approaches
to restrain inflammaging delay the progression of ARDs? Considering
some of the main ARD may shed some light on these questions.

4.1. Cancer

Cancer prevalence is increasing with aging except after the 9th

decade of lifespan [186–190]. Cancer is a very complex disease origi-
nating from one single mutation which may remain silent for years. The
triggering signal(s) to accelerate its development and dissemination

may occur at any age but considering that aging is an adaptation of the
organism, it can be proposed that the metabolic shift during adulthood
to the senior category may promote cancer growth [191–193].

The multicellular organisms evolved several protective mechanisms
against cancer which are very active through years of their lives. One of
the most important among these mechanisms is the immune surveil-
lance which very efficiently tracks and eradicates most of the cancers
from the body [194,195]. To explain how tumors grow despite this
mechanism one could hypothesize a rupture in the equilibrium between
immune reactivity and the number of newly emerged cancerous cells
[195]. Once tumor grows significantly, immunosurveillance may be-
come detrimental and help the progression of the cancer, due to the
immune cell secretory capacities controlled by metabolic regulation of
the environment. [196–198]. This may be especially true in case of the
aging organism. We have published several reviews on the potential
role of immunosenescence affecting both of arms of the immune system
in cancer development [199–201]. However, considering our growing
knowledge on immunosenescence which is presently mostly considered
as an immunoadaptation/remodelling, the question is arising whether
do these changes with aging indeed contribute to the emergence of
cancers over the lifetime? We can answer with confidence that cer-
tainly, they may. On the one hand, there is the potential problem that
there may not be enough naïve cells to recognize all the newly emer-
ging cancer neoantigens or that even if they can recognize them, they
cannot proliferate and generate sufficient functional T cells to be able to
eradicate them. Additionally, there could also be competition between
the tumor and the activated T cells for nutrients which would further
reduce T-cell proliferative capacity and differentiation into effector T
cells. Different metabolites such as indoleamine 2,3-dioxygenase (IDO)
or arginase-1 produced by cancer cells may also further impair the
ability of T cells to combat cancer in the elderly [202,203]. Despite all
the changes in the immune response via immunosenescence the fact
that its incidence is decreasing after 90 years of age raises conceptually
the basic question of whether immunosenescence precedes, is con-
comitant with, or is the consequence of the nascent cancer and for what
we have no answer presently.

Furthermore, the inflammatory environment also favors the devel-
opment of cancers; it facilitates carcinogenesis by triggering initial
genetic mutations or via epigenetic mechanisms. It also promotes
cancer progression and metastasis, also by impairing T-cell activation as
well as increasing the development of myeloid-derived suppressor cells
(MDSC) which are increased with age [204] as well as of Tregs. Tregs
play a major role in the induction of anti-cancer T-cell dysfunction,

Fig. 3. Inflammaging: a lifespan issue. Inflammaging is becoming a useful
concept at various levels. First, it has been used for decade as a concept of low-
grade inflammation and became a set of biomarkers. These biomarkers are
measured from adulthood and persist in older age. Secondly, inflammaging has
been associated with many age-related diseases (clinical manifestations).
Finally, we suggest inflammaging as a potential target for reducing the clinical
prevalence of age-associated diseases (ARDs) by intervention already in pre-
symptomatic (pathological alterations) or paucisymptomatic cohorts.
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especially in the tumor microenvironment by suppressing CD8+ cyto-
toxic T lymphocytes [205]. Thus, targeting either their functions or
their number may be an efficient way to reinvigorate helper and cy-
totoxic T cells to combat cancer. As mentioned above, age-associated
changes to Treg function or number is not clearly defined, although
most data support their increase with aging [206,207]. A global de-
crease of Tregs would not be in any case beneficial as they are also
gatekeepers against autoimmunity which is also increased with aging.
In this context it is not settled whether the apparently contradictory
role of the increased Tregs number with aging - the suppression on one
hand of autoimmunity and on the other hand of the anti-tumor immune
response - may be reconciled. The ultimate role of Tregs as well as any
other immune functions in disease, however, cannot be fully de-
termined until the macro- and micro-immunological contexts and en-
vironment that regulate its function (such as IL-10) are fully elucidated
[208]. Thus, the modulation of Treg number and functions which was
shown beneficial in mice using an anti-CD25 antibody, may not present
the same advantages in humans as presently no data support the use of
anti-Treg treatment for cancer in elderly [209]. However, a better se-
lective fragilization of Tregs in the tumor microenvironment could be a
better treatment future alternative [210]. Other mechanisms which
may induce inflammation including but not limited to oncogenic
viruses such as EBV, HPV or hepatitis C (HCV) [211,212], exposure to
environmental irritants such as asbestos or air pollution [213,214],
dietary causes related to obesity such as lipids [215,216], or bacterial
infections such as H. pylori [217] and finally autoimmunity such as
pernicious anemia [218] may with time lead to the development and
progression of cancers.

Important means of tumor escape from immunosurveillance in-
creasing with age may be represented by the “exhaustion” of chroni-
cally antigen-stimulated T cells as mentioned above [219]. Exhausted
CD8+T cells exhibit more marked upregulation of several inhibitory
receptors at the cell surface relative to functional memory or senescent
CD8+T cells. These markers include PD-1, CTLA-4, LAG-3, and TIM-3,
which suppress the activation of T cells [220]. It should be stressed that
these cells are neither terminally differentiated nor senescent, and by
modulating these receptors, anticancer activities may be restored
[221]. They use the same metabolic pathways as memory cells, de-
pending on PD-1-mediated lipolysis and FAO [222]. The frequency of
these cells is generally found to be increased with age [223].

It is important to remind that cellular senescence which is often seen
as a burden for an aging organism is the ultimate consequence of a
control mechanism aiming to prevent cells from entering a cancer fate
[224,225]. Other powerful anti-cancer mechanisms include the DNA
damage repair, the anti-oxidative and inflammatory defenses [226].
However, as described earlier, senescent cells exhibit also the senes-
cence associated secretory phenotype (SASP) and the pro-inflammatory
substances secreted as well as other parallel mechanisms may instead
favor cancer development [227,228].

How the adapting physiology in aging explains the development
and progression of cancer? Most probably the inflammaging process has
very little to do with the onset but altogether the decrease in the de-
fense/anti-cancer mechanisms collectively contributes to the clinical
appearance of cancers [229–231]. In this context it is interesting to
mention that even the exact role of inflammation per se is still not ex-
actly understood although the notion of inflammation related cancer
dates back for more than 150 years [232,233]. However again the
problem is not the inflammation per se but when and how it appears, as
well as which cells and in which interactions they may participate.
Especially the duration and the intensity may determine whether in-
flammation will have an anti-tumour or pro-tumour effect. In this
context inflammaging may seem to respond to the criteria by its long
duration, but not by its intensity. Furthermore, in this view, cancers are
just the late manifestations of pathological processes ongoing for dec-
ades independently of the aging process, but nevertheless amplified by
it. The best proof for such view is that most of the centenarians escape

from the clinical manifestations of cancer either because they could
combat them earlier and survived or because they even did not develop
them [188,234–237]. This can be the combined effect of genetics and
the environment including better adaptation to age-associated immune
changes and inflammaging, but certainly not aging per se. As we can
consider centenarians from the biological point of view to undergo the
normal aging phenomenon (with no ARD) this means that aging per se
is not a powerful risk factor for cancer. Despite these evidences most of
the present data suggest that cancer is an age-related disease with an
increased prevalence in elderly subjects. Thus, the occurrence of cancer
at any age only signifies that these patients were not sufficiently
“equipped” to combat cancer efficiently as their defense mechanisms
were somehow deficient. The contribution of inflammaging to cancer is
an important but complex question. Why some tissues are more sus-
ceptible to cancers than others? Is inflammation involved in the dif-
ferent susceptibility? No studies have so far reported reduced response
to cancer immunotherapy in older individuals compared to younger
patients [238–241] as we will discuss this further. We propose that
inflammaging could in this context be a favorable determinant of
cancer immunotherapy (checkpoint inhibitors) by providing an en-
vironment susceptible to aid T cells to improve their reactivity and
function against cancer cells. If this proves correct, controlling in-
flammation could be additional method to treat cancer and may enable
the non-responders to cancer immunotherapy to convert to responders.

A recent breakthrough in immunotherapy is the recognition that
exhausted T cells expressing either programmed cell death 1 (PD1,
CD279), programmed cell death ligand 1 (PD-L1), or cytotoxic T-lym-
phocyte antigen 4 CTLA-4 (CD152) or both can be functionally re-
activated. These inhibitory coreceptors can be blocked by antibodies
designated “checkpoint inhibitors” [242,243]. These antibodies block
the negative signals initiated by these receptors resulting in decreased
T-cell killing functions to eliminate cancer cells. The number of these
inhibitory receptors on T cells has been shown to increase with age
contributing also to their decreased proliferation [244]. This might
explain why data from pivotal studies is discordant, with less efficacy in
older versus younger patients for some cancers (head and neck, non-
small cell lung cancer (NSCLC), and renal cancer (RCC) and similar for
others (melanoma and bladder cancer). This lack of efficacy could also
probably be correlated to the small number of elderly patients included
in clinical trials [240,241,245,246]. High expression of PD-L1 is prob-
ably a predictive factor for some tumors; this seems to be independent
of age. There are now other immune checkpoint molecules which fur-
ther identify exhausted T cells such as lymphocyte activation gene 3
(Lag-3) and T-cell immunoglobulin, T-cell immunoreceptor with Ig and
ITM domains (TIGIT), and mucin-domain containing 3 (Tim-3). These
receptors are also increased with aging and are future targets for ICI
therapy [240,247,248]. Taken together, it appears that neither anti-PD-
1 (e.g., pembrolizumab) nor anti-CTLA-4 (e.g., ipilimumab) treatment
shows clear patient age-dependent decreases in efficacy and safety
[26,245,246,249] as it was recently described also for a mouse mela-
noma model investigating the effects of aging [250]. These findings
further question how immunosenescence interferes with the application
of immunotherapy.

4.2. Atherosclerosis/cardiovascular diseases

The most important cause of mortality in elderly subjects is cardi-
ovascular diseases [251,252]. In the majority of cases the underlying
cause is atherosclerosis [251]. Atherosclerosis is also a life-long process
[253]. It starts at a very young age and manifests itself clinically after
decades mainly as coronary heart or cerebrovascular or peripheral ar-
terial disease [181,254–256].

Atherosclerosis is one of the best examples of an inflammatory
disease which progresses with a rate that is independent from age, as it
can manifest itself at different age, and very frequently in middle aged
subjects [257–259]. Atherosclerosis is a very complex process occurring
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in defined locations of the arterial wall [260,261]. The underlying in-
itiating factors are numerous, such as lipid unbalance, heat shock
proteins axis, pro-inflammatory cytokines or infections [179,262–264].
These initiating factors would induce a strong inflammatory reaction
involving a strict interaction between the innate and the adaptive im-
mune cells and the endothelial cells [265–270]. Immune-metabolic
signals will recruit immune cells to the plaques and worsening the
condition until it may become unstable and leading to clinical events
[271–273]. The phenotypic heterogeneity of macrophages was related
to progression of atherosclerotic process and plaques stability [274].
Moreover, recent studies highlighted that senescent cells could also be
key drivers of atheroma formation and maturation [275]. It is of utmost
importance to better control immune-metabolic events in athero-
sclerosis in order to reduce the occurrence of cardiovascular events
during lifespan [272,276,277].

While it is absolutely clear that inflammation induced by various
factors plays an essential role in the development of atherosclerosis, this
is not related to aging as it exists in the same form in young, middle-
aged and elderly subjects [168,184]. However, the clinical manifesta-
tions and complications of atherosclerotic process are increased with
aging [278]. This means that in elderly many other factors influence the
occurrence of the clinical appearance of atherosclerosis which can be
the rupture of the hormetic effect underlying all challenges. Hormesis is
a fundamental component of adaptability, neutralizing many en-
dogenous and environmental challenges by toxic agents, thereby en-
hancing survival by decreasing the deleterious effects of the aggression.
Hormesis is highly conserved, broadly generalizable, and pleiotropic,
being independent of biological model, endpoint measured, inducing
agent, level of biological organization and mechanism [279,280]. The
“bearable” stresses which affect the vascular system leading to the
progression of the inflammatory process from the foam cells to the
unstable plaques during aging may keep for a long time the develop-
ment of atherosclerotic lesions under control; however, when a re-
peated series of stresses occur, the hormetic effect becomes detrimental
(biphasic dose response) and increase the probability that an under-
lying process such as atherosclerosis arises as a clinical event [281]. In
this context, inflammaging can contribute to the concept of hormesis
and indirectly be involved in the clinical manifestation of athero-
sclerosis [282].

Centenarians are not exempt of cardiovascular disease; however, in
their case the hormetic effect seems to be maintained in a beneficial
way for a longer period and the intricate interaction of the genetic
background and a better management of the environmental influences
may be evoked [283]. As all centenarian present atherosclerotic
changes to some extent, these do not seem to be avoidable but their
clinical outcome apparently yes as they also present less cardiovascular
risk factors [284]. Centenarians were shown to display higher IL-6 le-
vels; most of them are CMV seropositive which suggests that the
management of inflammation and factors influencing cardiovascular
diseases is the key. Recent findings in very elderly support also the
dichotomy of the pathological process and the clinical manifestations
related to a better metabolic profile including the levels of blood lipids
and also clusterin [285]. The key indeed seems to be able to combine
the management of inflammation and the related risk factors to avoid
clinical manifestations of cardiovascular diseases at a very advanced
age. Thus, atherosclerosis is clearly an inflammatory disease without
being linked to aging, but the clinical manifestations may be related
somehow to aging because of the hormetic disequilibrium; still, the
centenarians as the model of prototype aging are greatly escaping them.

4.3. From frailty to sarcopenia

Another very important syndrome related to aging is frailty
[286,287]. This syndrome has been described as a vulnerability to
various adverse events in elderly subjects having a decrease in their
physiological reserves. So, in a susceptible elderly even a very small

challenge/stress may induce the frailty syndrome [288,289]. As a
consequence, frail individuals are also more susceptible to adverse
events in the case of challenges. The operational definition of this
syndrome is controversial as many ways to define it exist
[287,290–292]. The two most widely used definitions of frailty are
those of Fried [290] and Rockwood [293]. The frailty phenotype con-
ceptualised by Fried relies on 5 criteria such as exhaustion, reduced
physical activity, loss of weight, decreased strength and slow gait, and
the presence of 3 out of the 5 defines the elderly as frail. The Rockwood
frailty index is relying on almost 80 parameters which include health,
disease and functional parameters. These are the two ways to approach
the same aging problem.

There is no doubt that the process of frailty is relevant to in-
vestigate, but conceptually largely overlaps with the definition of aging
by adding various physiological or functional outcomes [287,294].
Frailty can also be seen as a way to stratify individuals into healthy
versus non-healthy. The integration of frailty as a disease in ICD-10
several years ago was meant to stimulate its better description and
conceptualization in the clinical setting. It is of note that it is not used in
clinical practice as relevant assessment is lacking and as its codification
has not been accompanied by the development of treatments. There-
fore, even if frailty is now considered as a disease this did not help to
better understand or define if and did not lead to change in clinical
practice. More research is needed to clearly define biological measures
for frailty and identify the biological components of frailty including
inflammation. We have shown in frail elderly Singaporeans the in-
flammatory signature [295]. This signature partly overlapped with
cognitive status of the elderly and this suggests the biological processes
underlying physical frailty to be common with cognitive frailty. Again,
this may simply represent mis-management of the aging process by a
group of individuals and frailty being the ultimate clinical manifesta-
tions of this. One way to further stratify individuals is to determine
their biological age [18]. By measuring methylation profiles an in-
dividual’s biological age can be determined [296–300]. Studies have
shown centenarians to be biologically younger than their chronological
age [301]. This suggests biological age as a robust measure of the pace
of aging. By biologically aging slower, the centenarians reduce the
prevalence of adverse events by sustaining primary physiological
functions as was discussed for the cardiovascular diseases [284,285].
Epigenetic profiling in blood has often dismissed the fact that what is
being profiled are the immune cells. Metabolic reprogramming was
shown to drive trained immunity and that epigenetic modifications
were involved in this process [54]. This can directly influence the se-
cretory profile of innate cells and contribute to inflammaging. There are
still very few evidences to conceptualise frailty as an Inflammaging
related process [175,301–304]. Most of the manifestations character-
izing frailty have complex origins, such as reduced activity may result
either from an inflammatory state or from various other changes due to
aging such as the chronic joint pain, obesity, or sensory alterations.

Thus, there is a handful of frailty conceptualizations to formalize in
the field of aging. In a way, the acceptance of frailty as a disease re-
inforced the present tendency towards medicalization of aging and the
possibility that it can be treated. Therefore, the scientists tempted to
reverse frailty aim at intervening in the aging process [305,306]. For
instance, when studying the operational and extended definition of
frailty another disease emerged as the major component of frailty:
sarcopenia [307,308]. As sarcopenia is a more targetable condition,
involving primarily muscles, it is thought to be a reversible process and
its treatment should also reduce the susceptibility to frailty [309]. Very
few groups have reported the inflammatory component of sarcopenia;
still, one can clearly see the possible interplay between muscles, fat and
how inflammation could drive loss of muscle mass, muscle strength and
contribute to sarcopenic obesity [134]. More research is needed in this
field; however, it is now clear that frailty is much more an extensive and
complex process than just sarcopenia.
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4.4. Neurodegenerative diseases

Among the most serious diseases of aging are the neurodegenerative
diseases [310]. They are considered as increasing dramatically with age
and the most important risk factor for their increased incidence is aging
itself [311-313. As aging is associated with the Inflammaging, the latter
is considered as one of the most important factors involved in neuro-
degenerative diseases manifesting itself clinically as dementia
[314–318]. The most important and frequent form of dementia is Alz-
heimer’s disease (AD). The other most frequent age-related neurode-
generative disease is the Parkinson’s disease (PD).

It is now well recognised that the aging of the immune system in-
tricately linked to inflammaging is involved through a mutual inter-
action with the nervous system to induce both neuroinflammation and
systemic inflammation [178,319–321]. Immunosenescence may accel-
erate brain aging and memory loss, while aging of the brain either di-
rectly by the innate cell recirculation or indirectly by the neuro-en-
docrine–immune network may influence the systemic aging of the
immune system [222]. It should be emphasized that although the AD
and PD are mainly considered as central nervous system (CNS) diseases,
they are also systemic diseases [178,319]. Again, in the case of these
neurodegenerative diseases only time and circumstances will decide
whether the age-related immune changes concomitantly to the neuro-
degeneration will be detrimental or beneficial [323–325]. The immune
reactions such as inflammation at the early stages of the challenges are
clearly beneficial [326], but as the challenges will last and are not re-
sumed, the inflammation becomes a trigger and a sustainer of the pa-
thologic processes leading to neurodegeneration. All parts of the aging
immune system may play a role in the development of neuroin-
flammation and vice versa, such as the innate immunity [178,327] and
also the acquired immunity [328,329] via cytokine, chemokine and free
radical production. Thus, it can be suggested that these inflammatory
processes progress over decades following some triggering event(s) of
currently unknown nature trying to limit and repair the initial injury,
however when it becomes chronic and a threshold of neuron destruc-
tion is surpassed, the disease manifests itself clinically in the brain, but
immunologically also in the periphery favoured by inflammaging. A
better understanding of this process should help identifying better
target interventions in the future.

Again, as for atherosclerosis and cardiovascular diseases we should
distinguish between the pathological process and the clinical manifes-
tation of this process. The neurodegenerative process which is initiated
by a still unknown stress in the brain leads to the neuroinflammatory
process in which the microglia and astrocytes play an important role
[330–333]. The aggressions according to our present knowledge may
be infectious, metabolic, traumatic or vascular [334–336]. All of them
result in the activation of the innate immune system of the brain either
directly or indirectly by increasing the permeability of the blood brain
barrier to the mediators and cells from the periphery [334–338] and in
the production of Amyloid beta peptide (Aβ). Among all of the ag-
gressions mentioned the one which was recently the most evoked as a
trigger of this inflammation is infection including various microbes (e.g.
HSV-1) or microbial products such as LPS, amyloids [339–341] and also
resulting in the production of Aβ and pTau [342]. The pro-in-
flammatory effect of these microbial products may be enhanced by the
well-known ApoE4 genotype [343] as it was shown in mice [344]. A
difference in the innate immune response to various stimulations was
demonstrated dependent on the APOE genotype, the ApoE4 genotype
generating in gene dose-dependent manner demonstrated a higher pro-
inflammatory phenotype of the microglia. Thus, APOE4, Aβ, and per-
ipheral inflammation interact to induce cerebrovascular damage and
cognitive deficits [345]. Moreover, the metabolic alterations induced
by dysbiosis may also contribute to the neuroinflammation in AD
through obesity, diabetes and hypercholesterolemia [346,347].

Thus, neurodegeneration is an ongoing process starting decades
before the clinical manifestations occur [183,318]. This can be

accelerated, decelerated but inexorably leading to the clinical mani-
festations of the neurodegenerative process in the brain once it was
initiated. The resulting inflammation is an abnormal, excessive reaction
to the triggers. Again, from the immunological history (im-
munobiography) the aggression is ongoing throughout life however,
because of the changes in the immune system, metabolic systems and
the vasculature this lifelong inflammatory process will ultimately
manifest itself as a cognitive disorder. The same essentially in-
flammatory neurodegenerative process is operating in AD and Par-
kinson disease [348–350].

Taking into consideration the dichotomy between the pathological
and the clinical processes, the neurodegenerative diseases can be con-
sidered as a state in consequence of a lifelong inflammation going un-
controlled with aging. Thus, if we would intervene it is not the aging
process which should be targeted but the major underlying cause which
maintains the inflammatory process independently of age. In this way it
would be possible to decrease the incidence of neurodegenerative dis-
eases with aging as well the other diseases discussed above. However,
the intervention in the inflammaging process as a continuum of the
early interventions will aim to decrease the clinical manifestations of
the already existing diseases without being to be able to modulate the
underlying pathology (Fig. 1).

4.5. Metabolic diseases

Many other diseases of aging may be related to inflammation either
directly or indirectly. This is the case for many metabolic diseases in-
cluding the type 2 diabetes mellitus (T2DM) [351,352]. The basic un-
derlying mechanism in the T2DM is the reduced insulin sensitivity of
the target organs due to changes in the intracellular signaling pathways
[353,354]. It can occur either as a single disease or as a part of a bigger
syndrome called the metabolic syndrome [355]. The latter includes
directly the inflammatory process most specifically related to obesity
[134]. Obesity itself is not a specific disease of the elderly and in some
cases may be even a protective factor against many adverse events re-
lated to aging [356]. Thus, even if many consider the T2DM as an in-
flammatory disease of the elderly, the pathogenesis and the progression
except some specific cases do not fit with this way of thinking. This is
further suggested by the recent new classification of diabetes into five
clusters. Cluster 1 is referring to type-1 diabetes. Cluster 2 are young
normal-weight individuals, low insulin producers, but autoimmunity is
not involved. They may have been misclassified earlier in the type-1
diabetes category. Cluster 3 are overweight, highly insulin-resistant
individuals. Cluster 4 refers to diabetes related to mild obesity in in-
dividuals with limited metabolic problems. Finally, Cluster 5 is the most
common form of diabetes (about 40%) and is called mild age-related
diabetes. The latter is the form that may be linked to physiological mal-
adaptation during aging. In this particular case, we can consider that
early onset of inflammaging could contribute to the development of
diabetes in the cluster 5 form [357].

Recently the differences between the food-induced obesity and the
age-related obesity have been highlighted [358]. While there may be
some common characteristics, the pathways of development, the med-
iators involved, the associated endocrine changes and mainly the final
significance from the outcome point of view are different. In food in-
take-induced obesity the main contributors, besides the innate immune
system, are the adipocytes. Adipose tissue inflammation, specifically
white visceral-gonadal adipose tissue, is a major contributor to me-
taflammation and insulin resistance. Compared to lean individuals,
white adipose tissue (WAT) from obese adults secretes higher levels of
tumor necrosis factor α (TNFα), an inflammatory cytokine capable of
interfering with insulin signaling. Thus, in case of nutrition-induced
obesity the altered innate and adaptive immune system contributes to
the WAT inflammation [259–361]. While in the young and middle aged
the obesity is clearly a disease accompanied by the well-known cardi-
ovascular and metabolic complications as diabetes mellitus type 2, in
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the elderly it is more an altered equilibrium between various physio-
logical processes which may at the end, as already mentioned, be
beneficial for the elderly even in term of longevity [356] even it is
contributing to inflammaging. Indeed, the adipokines (cytokines se-
creted specifically by the adipocytes) have either pro-inflammatory
(e.g., resistin) or anti-inflammatory (e.g. adiponectin) effects. With
accumulation of body fat (obesity), the balance between pro- and anti-
inflammatory adipokines shifts towards the predominance of the
former. Thus, age-related obesity by providing a relative excess of pro-
inflammatory adipokines, may contribute to the development of in-
flammaging. Therefore, it would be advisable to include the levels of
adipokines into the spectrum of pro- and anti-inflammatory agents
measured in order to assess inflammaging [362]. This could lead to a
wider and unifying definition of inflammaging. In contrast, the in-
flammation related to obesity in the elderly is the consequence of in-
flammaging as the sources are the infiltrating macrophages and T cells
including Tregs which suppress the adipose tissue inflammation. The
increased SASP is also contributing to the age-related obesity induced
inflammation. Thus, in the present view obesity associated with aging is
not a disease but by the increase of the inflammaging process may
become one.

Osteoarthrosis (OA) and age-related bone syndromes such as os-
teoporosis are also very frequent pathologies of the elderly which
mostly silently proceeds through decades. OA developed after joint
trauma affects all range of ages and has a particular impact on young
individuals and people who have highest levels of physical activity such
as athletes. In response to injury, several molecular mechanisms are
activated, increasing the production and activation of different factors
that contribute to the progression of OA [363]. Although the etiology
seems primarily non-inflammatory, many molecules involved in bone
homeostasis, similarly as discussed for obesity-related molecules, have
an inflammatory role however differentially through ages [364–370].
In the case of osteoarthrosis as soon as the symptoms manifest clinically
(pain and function-limiting), inflammation starts to play a major role.
Thus again, the inflammation is a late component of this disease
[371,372]. However, molecules such as osteopontin and osteoprote-
gerin, heavily involved in bone remodelling are also involved in im-
mune-related processes. Osteopontin, which is involved in bone mi-
neralization and remodelling, is primarily produced by osteoblasts and
osteocytes (bone-forming cells) as well as osteoclasts (bone-resorbing
cells). It is also expressed by most immune cells and binds several in-
tegrin receptors (α4β1, α9β1, and α9β4). Thus, osteopontin is involved
in cell adhesion, migration, and survival in of immune cells, which is
the role of many inflammatory cytokines and chemokines [373]. For
osteoprotegerin, also known as osteoclastogenesis inhibitory factor, it
can reduce the production of osteoclasts. Osteoprotegerin (OPG) is also
known as tumor necrosis factor receptor (TNFR) superfamily member
11B(TNFRSF11B) and plays the role of a decoy receptor for the receptor
activator of nuclear factor kappa B ligand (RANKL). OPG binding pre-
vents RANK-mediated activation of nuclear factor kappa B (NF-κB)
which suggests the immune-regulatory role of OPG [374]. This again
suggests to re-consider the definition of inflammaging towards a less
biased concept by inclusion of immune-metabolic molecules that may
better predict clinical conditions.

5. The integration of inflammaging in age-related diseases

The current view sustains that aging is the most important risk
factor for the increased incidence of ARDs, via the age-related mole-
cular changes including inflammaging. Thus, inflammaging is one of
the most important if not the most important cause of many chronic
age-related diseases. Of course, there may be many other causes which
may be nevertheless directly or indirectly related to inflammation such
as immunosenescence, cellular senescence, oxidative stress and epige-
netic changes, some have been discussed above. It is now crucial to
determine how to integrate inflammaging in aging studies. There are

several concepts to reconcile these processes which state that “aging
and inflammation are in a direct causal relationship with the occur-
rence of chronic diseases”; while some would lobby for “aging and
diseases may result in inflammaging exacerbating in a vicious cycle
each other”, and finally “aging without inflammation will lead to
healthy aging”. However, the complexity of human biology and the
adaptability of the physiological systems to stress and time may com-
plicate the task. After having reviewed the putative implications of
inflammaging in the main age-related diseases we will integrate in-
flammaging in age-related diseases via all the existing concepts.

Geroscience suggests that the molecular changes occurring with
aging lead to ARDs. Such approach suggests that there is a continuum
between these two phenomena. Based on this geroscience concept, we
can influence/treat/prevent all the inflammaging-induced changes, so
that we can postpone all chronic diseases during aging and increase
healthspan [1,375,376]. As appealing as this concept could be, in our
opinion, this is not exactly the case. As we have reviewed in this article,
inflammaging cannot be the common root for age-related chronic dis-
eases as the process of inflammation is occurring decades before the
clinical manifestations of these diseases and independently of age.

There is also another concept which states that aging and chronic
diseases have the similar molecular mechanisms, however the in-
dividual genetic and environmental circumstances and characteristics
determine whether one would become centenarian (undergoing suc-
cessful aging) or suffer from various diseases [14] and may die pre-
maturely. If it would be so, everybody should have neurodegeneration
however depending on one’s personal history may suffer or not from a
neurodegenerative clinically manifest disease. So, in contrast to ger-
oscience the relationship is not linear but despite changes with aging
the individual characteristics are playing a more important role.
Nevertheless, this explanation is also mixing up the pathological pro-
cesses and the subsequent clinical manifestations but considering that
the organism has a tendency to respond to different aggressions by a set
of somewhat identical reactions this theory may have some truth in it.
Thus, all aggressions will induce similar reactions independently of the
cause and tissue, although the extent, the duration and the consequent
destruction will be unique. In this way, this concept of the relationship
between aging and diseases may contain valuable ideas. Furthermore, if
it was really true the centenarians would not have any diseases as being
able to avoid them. However, this is not the case, because they have
many diseases, but they have better resilience and biological reserves to
effectively cope with these. They can also better cope with inflamma-
ging as they are able to mount a powerful anti-inflammaging response
neutralizing the overall inflammatory processes [135,188]. It was
clearly demonstrated in case of the semi-supercentenarians in whom
the most powerful determinant of longevity was the presence of con-
trolled inflammation [283]. This explanation also, as appealing as may
appear, could not represent the whole story. This explanation also, as
appealing as may appear, could not represent the whole story. Age-
related diseases are just not the necessary element of aging, but they
occur most probably in parallel to aging; eventually, the im-
munobiography together with the aging process itself would conduct
the elderly person either towards successful aging or clinical disease
(Fig. 2).

Thus, in the continuum of life-long inflammation the inflammaging
is only the trigger to reveal clinically the underlying pathologies
(Fig. 2). So, eventually inflammaging, as one of the most prominent
hallmarks of aging may only play a mechanistically triggering role to
reveal and/or worsen the already existing damage(s) but not causing it.
Thus, this would not mean too much to intervene at old age in the
processes causing aging to avoid chronic diseases, as they are already
there. The most purposeful intervention should be sequential; at first
treating the origin of the disease and secondly decreasing the age-re-
lated alterations including inflammaging, aiming to reduce the clinical
manifestations of these diseases.

To summarize, the term inflammaging was coined to describe a
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phenomenon observed in aged mammals and reported in a number of
epidemiological and population studies: a significant positive correla-
tion between chronological age and levels of systemic biomarkers of
inflammation [56]. The increase of pro-inflammatory cytokines is as-
sociated with a number of age-related diseases, such as dementia,
Parkinson's disease, atherosclerosis, diabetes type 2, sarcopenia and a
high risk of morbidity and mortality. However, inflammaging do not
describe merely the exacerbation of the inflammatory response in the
young [377].

In some chronic inflammatory diseases, i.e. rheumatoid arthritis
(RA), age at disease onset and/or patients' age have influence on disease
activity and clinical outcome suggesting that age-related metabolic and
functional changes in immune system activity affects the outcomes of
an inflammatory response [378].

The aged responses to sepsis and trauma are dissimilar to that ob-
served in young subjects [379,380]. The high levels of cytokines ob-
served in elderly patients affected by sepsi is not the direct cause of
increased morbidity and mortality after severe infection or injury; from
progenitor to downstream effector cells, the aged immune response
deviates from the response observed in younger counterparts. There-
fore, even though the molecular mechanisms of inflammaging do not
diverge from those of inflammation per se, nevertheless the im-
munosenescence of the organism in which the inflammatory response is
activated is relevant for the outcomes.

However, “a clinically relevant inflammaging” was not observed in
all aged subjects. The most clinically relevant difference between
healthy ultra-centenarians and patients affected by ARDs is that in both
individuals the aging process has occurred, since centenarian is not a
young subject and he will die within a short time, but centenarians have
not clinically manifested the development of the ARDs. Probably cen-
tenarians would be able to keep the inflammaging at a lower level
compared to elderly subjects affected by ARDs [381,382]. At this point
a crucial question must be introduced: how to keep the inflammaging
level low during the aging process? The answer to this question is en-
ormously complex and many researchers are working on this issue,
especially in this framework in which the average life span is increasing
and a healthy aging is no longer a personal problem, but it has become
a social one.

Considering the various present concepts on inflammaging and
ARD, we put forward that inflammaging is not the common cause of
most of the age-related chronic diseases, but inflammation whenever is
occurring may contribute to these diseases independently of age
(Fig. 1), however inflammaging may reveal them clinically from their
silent pathological state.

6. Are interventions possible?

Taking into account the complexity of the intricate relationship
between aging, inflammaging and age-related diseases it is hardly
imaginable, although not impossible, that a magic bullet may prevent
or cure the age-related diseases. In contrast many early or more tar-
geted interventions may become reality in a near future.

As an example, inflammation is an important contributor of ather-
osclerosis, but the initial drivers are lipids and other stressors. This will
indeed initiate the endothelial activation/dysfunction leading to in-
creased endothelial permeability resulting in the very early inflamma-
tion. Indeed, there are recent reports on the association between hsCRP
and cardiovascular diseases [383]. While the lipid theory led to the
cholesterol-lowering preventive strategy, one could wonder whether
anti-inflammatory strategies could provide similar beneficial effects
[384]. CANTOS trial showed that antiinflammatory therapy targeting
the interleukin-1β innate immunity pathway with canakinumab led to a
significantly lower rate of recurrent cardiovascular events than placebo,
independent of lipid-level lowering [385]. This trial provided important
proof that the IL-1 pathway is an integral contributor to the instability
of atherosclerotic plaque and that the inhibition of IL-1 pathway has the

potential to improve the outcome of patients with established coronary
atherosclerosis. Since interleukin-1β is only one of the potential pro-
inflammatory targets for atherothrombotic protection, other anti-in-
flammatory drugs may be the object of present and future investigations
[386–389]. This view was the subject of a recent trial using Metho-
trexate (CIRT), but it was stopped for a presently unknown reason
[390].

Nevertheless, some other intervention options seem to emerge by
the advances in the elimination of the senescent cells either in aging or
in some specific pathologies/diseases such as in cancer or athero-
sclerosis [391,392]. These interventions commonly called “senolytics”
or “senomorphics” target senescent cells and most specifically SASP. To
date, several classes of senomorphics have been identified which delay
the appearance of senescence markers or suppress the development of
the SASP without overt cytotoxicity. These include chemical inhibitors
of IKK/NF-kB, free radical scavengers, JAK pathway inhibitors, and
even the mTOR suppressant rapamycin [393–395]. The causal re-
lationship between the accumulation of senescent cells, which accu-
mulate in various tissues with aging and at sites of pathogenesis in
many chronic diseases, and the physical function decline in old age is
supported by increasing data demonstrating that the transplantation of
relatively small numbers of senescent cells into young mice is sufficient
to cause persistent physical dysfunction, as well as to spread cellular
senescence to host tissues [396]. The hypothesis that the elimination of
senescent cells, which are mainly involved in the fuelling of in-
flammaging, can promote the rejuvenation of the organism, delaying
aging process and ARDs development is currently extensively in-
vestigated [397,398]. Using mouse transgenic models that permit the
selective elimination of senescent cells showed that the age-related
pathology was alleviated and consequently health-span and even life-
span was improved [399]. Therefore, targeting cellular senescence
could represent a novel therapeutic strategy to prevent potentially
multiple age-related diseases simultaneously. A causal role for senes-
cent cells in bone loss with aging was recently established, and it was
demonstrated that targeting these cells has both anti-resorptive and
anabolic effects on bone [400]. Preclinical studies showed that tar-
geting of senescent cells or their SASP includes effects not only on bone
but also on cardiac, vascular, metabolic, neurological, radiation-in-
duced, chemotherapy-induced, renal, and pulmonary function as well
as mobility and frailty in several animal models [401]. It is therefore
expected that agents able to selectively kill senescent cells (senolytics),
should be able to alleviate a range of conditions that have been asso-
ciated with effects of senescent cells [396]. A variegated class of mo-
lecules, including synthetic senolytic compounds and natural com-
pounds contained in food, have been suggested to possess anti-
senescence or anti-SASP activity [402]. Once more atherosclerosis was
also in the focus of the use of these substances and showed beneficial
results by eliminating senescent cells improved the vascular functions
[403,404]. In the oncologic treatment some form of senolytics are al-
ready introduced. It is of note that most of these interventions occurred
in mice or genetically modified mice. Senolytics are attracting growing
interest, and their safety and reliability as anti-senescence drugs are
being assessed in human clinical trials. A significant reduction of sys-
temic markers of inflammaging is expected in such studies. Never-
theless, human use of these agents to delay specifically the development
of ARDs and increase healthspan will necessitate further studies.

Global interventions such as nutrition and exercise are also valuable
means. Nutrition attracted many interests over the last years. A com-
prehensive review from Calder et al [405] treats extensively the puta-
tive role of nutrition as well as nutrients in the modulation of in-
flammaging. Specialized pro-resolving lipid mediators (SPMs) derived
from omega-3 polyunsaturated fatty acids have been shown to be able
to orchestrate key cellular processes driving resolution of inflammation
and return to homeostasis as demonstrated in classic animal models of
sterile inflammation [406]. However, no convincing data presently
exists to support their role in modulating aging or inflammaging except
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in animal models [405]. In contrast, in the context of numerous ARDs
their beneficial effect for resolving or modulating even chronic in-
flammation has been actively investigated including but not limited to
atherosclerosis [406,407], cancer [408] and Alzheimer’s disease [409].
Their modulating role on the immune system is also emerging [410].
Recent studies have demonstrated that SPMs are locally synthesized in
vascular tissues, have direct effects on vascular cells and their inter-
actions with leukocytes, and play a protective role in the injury re-
sponse. Early translational work has established the potential for SPMs
as vascular therapeutics, and as candidate biomarkers in vascular dis-
ease. SPMs have also revealed a new role for bioactive lipid mediators
in the resolution of inflammation in cancer biology. The role of SPMs in
cancer holds great promise in our understanding of cancer pathogenesis
and can ultimately be used in future cancer diagnostics and therapy
[408]. Together, further investigations are needed to understand the
molecular and cellular mechanisms of resolution of the inflammation in
various pathologies as well as eventually in inflammaging to better
define their potential for "resolution therapeutics" in patients.

7. Conclusion and future perspective

It is paramount to better understand why aging is associated with
the increased incidence of the age-related diseases in elderly subjects.
This has far reaching consequences in the prevention and the treatment
of these diseases. There is no real continuity between the aging me-
chanism and the occurrence of the age-related diseases. We think that
the development and progression of diseases is independent of aging;
however, the molecular changes occurring with aging make a favour-
able soil to the clinical manifestations of the pathologies developed
decades earlier.

Thus, we would like to put forward that inflammaging is not the
common cause of most of the age-related chronic diseases, but in-
flammation whenever is occurring may contribute to these diseases
independently of age (Fig. 2). As we have discussed above, the natural
history of the age-related diseases seems to demonstrate that the initial
steps of these so-called age-related diseases are occurring in-
dependently of aging. They occur as a normal reaction to the everyday
challenges assaulting various tissues and causing different reactions
leading to various pathological manifestations. This obviously means
that each disease has its own natural pathomechanism even if they may
share some inflammatory molecular pathways. However, it may be true
that, when aging is progressing, these alterations which may or may not
have manifested already themselves (and the person survives to the
extreme manifestation of each disease which is death) could present an
increased incidence. It is not that aging caused them, but aging made
them manifest clinically. This means that sustaining physiological
functions not favoring development of diseases could be the unifying
strategy to promote healthspan. Many individuals would still develop
diseases and many individuals will not respond to prevention or
treatments. This means that, besides combating the causes that induce
and maintain the pathology for each individual disease, we should also
better understand the molecular changes making the diseases clinically
manifest (in an environment of aging body: inflammaging) and prevent
or treat them (Fig. 3).

In the future we should concentrate on the pathomechanisms of the
diseases concomitantly to the dynamic of inflammation. In the mean-
time, we should continue to unravel the basic mechanisms of aging
which would favor the emergence of the clinical manifestations of the
disease. This should not compromise the hormetic effects of the stresses
that some diseases may represent for the elderly. All this would result in
the optimisation of functional aging by prioritizing its resources for a
better and longer functioning. Eradicating all diseases in the elderly by
the treatment of aging per se seems to be a shorter but much riskier and
hazardous strategy as this may provide more space for specific diseases
to continue to develop as targeting aging currently focusses on specific
pathways (mTOR, IGF-1, Sirtuins).
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