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The function of the immune system declines during aging, compromising its

response against pathogens, a phenomenon termed as “immunosenescence.”

Alterations of the immune system undergone by aged individuals include

thymic involution, defective memory T cells, impaired activation of naïve T

cells, and weak memory response. Age-linked alterations of the innate

immunity comprise perturbed chemotactic, phagocytic, and natural killing

functions, as well as impaired antigen presentation. Overall, these alterations

result in chronic low-grade inflammation (inflammaging) that negatively

impacts health of elderly people. In this review, we address the most relevant

molecules and mechanisms that regulate the relationship between

immunosenescence and inflammaging and provide an updated description

of the therapeutic strategies aimed to improve immunity in aged individuals.
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1 Introduction

The worldwide population is suffering an accelerated growth

of old people, bringing formidable healthcare and socioeconomic

challenges. From a biological perspective, aging is a complex and

multisystemic process that adversely impacts on the organism

function, with the nervous, endocrine, hematopoietic, and

immune systems being the most affected by this process.

Specifically, aging elicits a decline in the immune system,

affecting both the innate and adaptive immunity responses

(immunosenescence), which result in increased vulnerability to

toxins and pathogens and the establishment of a chronic

inflammation state (inflammaging). An in-depth study of the

immune system has regained relevance due to the public health

emergency caused by the coronavirus disease 2019 (COVID-19)

pandemic, which preferentially affects older individuals. In this

scenario, the present review is focused on the mechanism

underlying both immunosenescence and inflammaging,

providing also a description of current therapeutic strategies

aimed to ameliorate the impact of aging/senescence on immunity.
2 Immunosenescence

The term “immunosenescence” comprises several humoral

and cellular events that generate age-related dysfunction of the

immune system (1). This condition is associated with a higher

risk of developing different aged-related pathologies, including

infections, cardiovascular and neurodegenerative diseases,

autoimmunity, and cancer (2). The main determinants of

immunosenescence include genetics, nutrition, sex, race,

exercise, and pathogen exposure (2, 3). To better understand

immunosenescence, it is necessary to consider the age-driven

physiological changes that are related to immunity. Body

physical barriers are the first line of defense against pathogens,

and in elderly people, the skin becomes thinner and drier, which

in turn reduces the amount of fat-soluble defensins. Likewise, the

mucosal barrier loses efficiency during aging because the ciliary

function is impaired, which consequently facilitates pathogen

settlement (4). With respect to the cellular events that underlie

immunosenescence, thymic involution, decreased number of T

and B lymphocyte cells, impaired telomerase activity, increase of

inflammatory mediators, and a weak immune response to

vaccination have been consistently observed in aging (5–9). It

is worthy to mention that these deficiencies are worsened by

exposure to pathogens (2, 3). Furthermore, alterations in the

innate immune cells (neutrophils, macrophages, natural killers,

dendritic, and mast cells) have been found in aged individuals

(Figure 1A). Neutrophils display diminished killing capacity,

even though their production in the bone marrow remains

unchanged and their number in blood is even slightly higher

in aging (10). Similarly, the function of natural killer cells is

disturbed in aging, although their turnover in the bone marrow
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diminishes and their baseline number increases (11).

Macrophages and dendritic cells show similar phagocytic

activity between young and old people; however, both the total

number of these cells in peripheral blood and their ability to

present antigens and stimulate T cells are defective in elderly

people (12, 13). In addition, macrophages show increased

inflammatory response (14). Finally, the activation and

function of mast cells are altered in aged individuals (15). On

the other hand, the repertoire of naïve T and memory B

lymphocytes is abundant during childhood, whereas in old

age, a decline in B-cell production in the bone marrow (16)

and a reduction in the number of T lymphocytes due to thymic

involution occurs (13, 17). Altogether, these events result in an

overall reduction of immunity in older individuals (18).
3 Inflammaging

Inflammaging is defined as a systemic proinflammatory state

caused by an imbalance between pro- and anti-inflammatory

mechanisms, which provokes in turn increased cytokine

production (19). This imbalance elicits a prolonged state of

low-grade inflammation (19) characterized by augmented levels

of pro-inflammatory mediators, including IL-1b, IL-6, TNF-a,
IL-8, and CRP (1) (Figure 1B). This phenomenon is a hallmark

of aging and is even considered a biomarker of accelerated aging

(20). Inflammaging is modulated by multitude interrelated

processes; at the physiological level, some relevant factors that

can promote inflammaging include physical inactivity, obesity,

psychological stress, early life adversity, exposure to xenobiotics,

and chronic infections (1, 21). Inflammaging is also considered

as a risk factor for several pathologies, including cardiovascular,

kidney, and neurodegenerative diseases, type 2 diabetes mellitus,

cancer, depression, sarcopenia frailty and infectious diseases (20,

22). Furthermore, several studies correlate inflammaging with

the susceptibility of older people to develop COVID-19 with

severe complications (1, 23), due to a hyperreactive response to

the infectious agent through a massive release of chemical

mediators (20, 24, 25). Inflammaging has been recently

regarded as an adaptive process that can lead either to healthy

aging or to a pathological state, depending on genetic and

environmental conditions and lifestyle factors (1, 19, 22). This

idea has been reinforced by studies on centenarian populations,

in which high levels of inflammatory biomarkers were found to

favor longevity via their interaction with anti-inflammatory

molecules (26, 27). Inflammaging is a dynamic and complex

process driven by several age-related molecular mechanisms,

rather than having an exclusive connection with the immune

system (22). For instance, oxidative stress induces age-related

transcriptional changes in genes encoding key components of

inflammatory pathways (19). Specifically, the pro-inflammatory

secretome of senescent cells can exert paracrine effects on nearby

tissues extending the inflammatory state at the organismal
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1059173
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cisneros et al. 10.3389/fimmu.2022.1059173
level (19). Finally, dysregulation of the microbiome is another

important contributor to inflammaging (21). It is believed that

amelioration of age-related dysbiosis by probiotic clinical

intervention might in turn alleviate inflammaging (14).
4 Effect of chronic infections on
the development of inflammaging
and immunosenescence

Chronic infections are a major health problem that affects

millions of people worldwide. The innate immune system of

aged people loses the ability to respond to viral infections; it

initiates a local inflammatory response but fails to eliminate the

virally infected cells (28, 29). Chronic infections trigger

persistent adaptive immune responses that generate a pro-

inflammatory environment. As this state persists, different

alterations emerge, such as downregulation of immune

responses, which further aggravates the inflammatory response

(28, 29) (Figure 1C). This unresponsive immune system, also

called immunosenescence, exacerbates the inflammatory

response, due to accumulation of inefficient adaptive immune

cells, which ultimately causes a physiological decline (30).
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5 Mechanisms controlling
inflammaging and
immunosenescence

Changes in the immune system that occur during aging have

just started to be understood. The intricate interplay between

inflammaging and immunosenescence requires to be

deciphered, in order to develop therapeutic interventions

aimed to improve/rejuvenate the immune system. In this

section, the most relevant proteins/pathways and immune

system cells that modulate the host immune response during

aging are described.
5.1 NF-kB

Nuclear factor kappa B (NF-kB) is a main protagonist of the

inflammatory and immune responses. NF-kB responds to

various stimuli such as the T- and B-cell receptors (TCR and

BCR, respectively) (31). During chronic infections, NF-kB
orchestrates different T-cell responses; it induces maturation of

T cells in the thymus and modulates differentiation and

activation of regulatory T cells (Tregs). These activities are
FIGURE 1

Aging of the immune system: mechanisms and therapeutic strategies. (A, B) The immune system declines during aging, and its exposure to pathogens
induces overstimulation and overreaction of immune cells (macrophages; lymphocytes B and T; natural killer and dendritic cells), releasing chemical
mediators that affect their function and driving them toward immunosenescence and inflammaging. These processes accelerate the onset of
age-related diseases reducing health span. (C) Aging alters immunity provoking unbalance between immunostimulatory and immunosuppressive
mechanisms, which in turn impairs relevant functions of the immune system, including thymic involution, altered surface markers and phagocytosis
of macrophages, decreased number and activity of B and T lymphocytes, telomerase shortening and DNA damage, reduced cytokine secretion,
decreased mitochondrial biogenesis, and elevated ROS level. (D) All these changes ultimately cause dysfunction in different tissues and systems such
as adipose, hepatic, and skeletal muscle tissues and cardiovascular and nervous systems. (E) Therapeutic strategies aimed to rejuvenate the immune
system and decrease the risk of infectious diseases in elderly people are depicted. AP-1, activator protein 1; HIF-1a, hypoxia-inducible factor 1; IL1b,
interleukin-1b; IL6, interleukin-6; NF-kB, nuclear factor kappa B; p38-MAPK, p38-mitogen activated protein kinase; PPAR-g, peroxisome proliferator-
activated receptor gamma; TNF-a, tumor necrosis factor-alpha. Created with BioRender.
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required to induce or suppress the immune response, lessening

inflammation (32, 33). Furthermore, NF-kB delays

immunosenescence by upregulating telomerase production in

T cells during chronic infections, thereby promoting an

opportune clonal expansion (34). On the other hand, NF-kB
elicits production of IL-6 and TNF-a in macrophages, which

contributes to immune clearance, but in the long-term could

accelerate inflammaging, provoking cell and tissue damage

(Figure 1D). Overall, these studies place NF-kB as a neuralgic

center where pro-inflammatory and anti-inflammatory signals

converge (35–37).
5.2 HIF-1a

Hypoxia is a pivotal modulator of immunity. It regulates

immune cell proliferation and the response to pathogens

through epigenetic regulation, which is largely controlled by

transcription factor hypoxia-inducible factor 1 (HIF-1a) (38).
When a chronic infection is established, a large amount of

reactive oxygen species (ROS), chemokines and cytokines,

such as IL-1b, are produced, which in turn increases

inflammation and parallelly activates NF-kB-mediated HIF-1a
synthesis (39, 40). HIF-1a is a key transcription factor for

modulating the inflammation response, because it promotes

the expression of proinflammatory cytokines and chemokines

(39, 40). Consistent with this role is that HIF-1a-deficient mice

were found to be resistant to develop inflammatory diseases;

however, when they were subjected to chronic infection

developed inflammatory responses and died early, compared

with control animals (41–43). Overall, these studies state that

hypoxia-mediated HIF-1a activation promotes a chronic low-

grade inflammatory state (inflammaging), which in turn can lead

to immunosenescence (40). The crucial function of HIF-1a in

these phenomena makes it an ideal therapeutic target to

modulate immune responses during aging.
5.3 Lymphocytes B

Lymphocytes B are the humoral immune response cells

responsible for antibody production. These cells provide

discrimination between self and non-self-antigens and the

memory to evoke previous contact with specific pathogens,

which result in a bulkier response in subsequent host–

pathogen interactions (44). During persistent viral infections,

accumulation of atypical deficient B cells occurs, which are

unable to differentiate into antibody productive cells and have

also reduced the ability to trigger production of cytokines,

antibodies, and the B-cell receptor (45, 46). On the contrary,

the response of B cells in the germinal centers is robust and

efficient as the infection progress, which contrasts to the

persistent T-cell response that leads to their exhaustion (47).
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The continued immune response generates in turn an

exacerbated pro-inflammatory environment, with high

production of autoantibodies by B cells. The formation of this

inflammation-feedback loop greatly contributes to the

establishment of immunosenescence (16, 48). The above-

described alterations undergone by B cells that result in a

generalized reduction of the overall immunity are faithfully

recreated during aging, affecting the protection of the elderly

against pathogens (49) (Figure 1D).
5.4 ROS

Oxidative stress emerges as a consequence of the loss of the

redox (reduction/oxidation) balance. Then, high levels of ROS

cause oxidation of lipids, proteins, and DNA and innate immune

responses (Toll-like receptor signaling and NLRP-3

inflammasome) (50). An enhanced expression of cytokines

and chemokines (IL-1, IL-6, TNF-a, and IL-18) provokes

further augmentation of ROS levels, creating a positive

feedback loop of ROS production (50) (Figure 1B). Using

mouse models of aging, the connection between ROS and

immunosenescence has been evidenced. It has been observed

that both leukocytes and macrophages from premature aging

mice (PAM) lose the balance between oxidant compounds and

the antioxidant defense (51). Conversely, long-lived mice

maintain the redox equilibrium in macrophages (52). During

aging, macrophages produce a high amount of oxidant

compounds and lipofuscin to enter consequently into

immunosenescence (52). On the other hand, viral infections

(HIV or herpes virus) also cause the immune cells to generate

oxidant compounds, and when a chronic infection is established,

the persistence of oxidative stress leads to chronic inflammation

and later to premature immunosenescence (53), via NF-kB
activation and induction of TNFa, IL6, and IL1 expression

(54–58). Thus, elevated levels of ROS are mechanistically

linked to immunosenescence and inflammaging.
5.5 P38-MAPK

The p38-mitogen-activated protein kinase (p38-MAPK)

pathway regulates the balance between inflammatory and anti-

inflammatory responses, preventing chronic inflammation and

the further establishment of immunosenescence. A connection

between p38-MAPK activat ion, inflammaging, and

immunosenescence has been demonstrated using a human

model of acute inflammation (59). This study showed that the

onset of inflammation progress in a similar manner between

young and old subjects; however, the conclusion of the process

was clearly disturbed in elderly people, due to a decrease of T-cell

immunoglobulin mucin receptor-4 (TIM4), a macrophage

receptor that enables the engulfment of apoptotic bodies
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(efferocytosis). This alteration was found to be mechanistically

associated with increased p38-MAPK activity in the

macrophages of aged subjects, as TIM4 expression and the

resolution of inflammation were rescued through oral

administration of p38 inhibitors (59). Consistent with a crucial

role for p38-MAPK in inflammaging, the sestrin-dependent

activation of p38-MAPK induced a pro-aging phenotype in

lymphocytes (60) (Figure 1D). Furthermore, chronic

inflammation and premature immunosenescence phenotypes,

induced by bacterial infections, have been found to be associated

with a persistent activation of p38-MAPK (61).
5.6 Lymphocytes T

As aging progresses, T lymphocytes undergo functional

changes that impact their function. It has been reported that

the number of T lymphocytes decreases during aging (62);

furthermore, they exhibit low proliferation due to replicative

senescence induced by telomere shortening. Consistently, aged

individuals exhibit an elevated number of T lymphocytes

positive for the senescence-associated beta-galactosidase

activity (63). Furthermore, the presence of immunosenescent

T cells has been related to chronic inflammation during aging

(64). Both accumulation of exhausted non-functional T cells and

the presence of chronic infections during aging result in an

hyperinflammatory state (65) (Figure 1A). Remarkably, the

evolution of T lymphocytes, from their development to

exhaustion, is driven by two key transcriptional factors,

namely, transcription factor 7 (TCF7) and thymocyte

selection-associated high-mobility group box (TOX) (66).

TCF7 belongs to a DNA-binding protein family termed

“HMG box”; it is highly expressed in thymocytes and

peripheral naïve T cells and is involved in the development

and differentiation of T-lineage cells (67). TCF7 exerts its

function by assembling with b-catenin into an active

transcription complex, which results in WNT/b-catenin
signaling pathway activation and the expression of genes

implicated in embryonic development and self-renewal of stem

cells at the adult age (68). During chronic viral infections, TCF1

is present in T cells with an exhausted phenotype; interestingly,

chronically stimulated T cells, which are positive for TCF7, have

the ability to either survive for a long time, self-renew, or

proliferate (69). As for TOX, it has been associated with CD8+

T-cell exhaustion as well (70). TOX is predominantly expressed

in hematopoietic and immune tissues, specifically in CD4+ T

and natural killer cells, and its expression is activated by the

chronic stimulation of CD8+ T cells (70). TOX activity in turn

promotes CD8+ T-cell exhaustion via chromatin remodeling

and upregulation of T-cell inhibitory receptors, including

protein disulfide isomerase (PDI) (71).
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6 Trends in therapeutic modulation
of inflammaging during
immunosenescence

During aging, the immune system declines due to

dysregulation and overactivation of its innate and adaptive

responses, leading to the onset of inflammation-related chronic

diseases highly observed in elderly people (72). For that reason,

several pharmacological and cellular/genetic strategies have been

developed to slow down or reverse the deleterious effects of

immunosenescence on health (73): (a) Induced pluripotent stem

cells (iPSC) have been employed to generate hematopoietic cells

and/or various specific immune cells; (b) administration of

cytokine and growth factor cocktails boosted macrophage

function; (c) bone marrow transplantation is a widely used

therapy for thymus regeneration (74) (Figure 1E); (d) the use of

Cdc42 and BATF inhibitors or antioxidants enhances the number

and function of lymphoid-biased hematopoietic stem cells (75, 76);

(e) inhibition of dual specific phosphatases 4 boosts memory CD4+

T-cell function (77, 78); (f) administration of fibroblast growth

factor 7 (FGF7) stimulates naive T-cell production and promotes

the removal of dysfunctional cells, thereby restoring thymus

function (79, 80); and (g) administration of rapamycin improves

CD8+ T-cell function (81, 82) (Figure 1). Finally, a relevant non-

pharmacological strategy that has been proven to enhance

immunity is caloric restriction; it delays the accumulation of

senescent T cells and stimulates thymopoiesis through the

activation of IGF-1 and/or PPAR pathways (83, 84). On the

other hand, recent studies have unveiled the relevance of

functional foods to ameliorate oxidative stress and inflammation

and to improve the metabolism of lipids associated with metabolic

diseases, via Nrf2 and/or NF-kB signaling pathways (85, 86).

Some of the molecules/pathways that modulate

immunosenescence have therapeutic potential. Owing to the

crucial role of the activator protein 1 (AP-1) signaling pathway in

macrophage-mediated inflammation, targeting of AP-1 has been

approached to attenuate inflammation. Transfection of lentiviral

siRNA against AP-1 in mice fed with high-fat diet resulted in the

alleviation of systemic and hepatic inflammation (87). Interestingly,

the use of rosiglitazone, a PPARg agonist, was found to exert a

positive effect on animals with sepsis, decreasing cell death and

cardiac inflammation; furthermore, increased fatty acid oxidation

and improved insulin resistance were also observed in human

skeletal muscle (88). Since aging is a very complex process that

involves different biological processes, therapies aimed to modulate

inflammaging have to be focused on the synergic effect ofmore than

one compound, to regulate simultaneously different pathways. For

instance, a combinatory treatment using three different

compounds, rapamycin, acarbose, and 17a-estradiol, converge on
the regulation of both ERK1/2 and p38-MAPK pathways (89).
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7 Conclusions

Inflammation is a key factor for the onset and progression of

almost all chronic diseases affecting aged individuals, with

immunosenescence and inflammaging being two relevant

phenomena that modulate the immune system during aging.

Therefore, identification and characterization of the molecular

and cellular mechanisms underlying the immune system

dysfunction will surely help to develop effective therapeutic

strategies to prevent the negative outcomes of infectious diseases

on aged individuals. Recent scientific evidence indicates that

different immune system cells, including hematopoietic stem

cells, T cells, B cells, NK cells, thymocytes, macrophages,

microglia, granulocytes, and dendritic cells, are suitable targets

for cellular and genetic therapies. An effective therapy must

combine in a balanced manner immunostimulatory and

immunosuppressive strategies, toward a reasonable immune

rejuvenation. Given the intricate network of the molecular events

involved in the regulation of inflammation/immunosenescence, the

therapeutic approaches described herein are focused on the

improvement of the immune system in aged individuals rather

than longevity.
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Quirós JC, Muñoz-Fernández M. Frailty, markers of immune activation and
oxidative stress in HIV infected elderly. PloS One (2020) 15(3):e0230339.
doi: 10.1371/journal.pone.0230339

59. De Maeyer RPH, van de Merwe RC, Louie R, Bracken OV, Devine OP,
Goldstein DR, et al. Blocking elevated p38 MAPK restores efferocytosis and
inflammatory resolution in the elderly. Nat Immunol (2020) 21(6):615–25.
doi: 10.1038/s41590-020-0646-0

60. Lanna A, Gomes DC, Muller-Durovic B, McDonnell T, Escors D, Gilroy
DW, et al. A sestrin-dependent erk-Jnk-p38 MAPK activation complex inhibits
immunity during aging. Nat Immunol (2017) 18(3):354–63. doi: 10.1038/ni.3665

61. Cao S, Zhu C, Feng J, Zhu L, Yin J, Xu Y, et al. Helicobacter hepaticus
infection induces chronic hepatitis and fibrosis in male BALB/c mice via the
activation of NF-kB, Stat3, and MAPK signaling pathways. Helicobacter (2020) 25
(2):e12677. doi: 10.1111/hel.12677

62. Alves AS, Bueno V. Immunosenescence: participation of T lymphocytes and
myeloid-derived suppressor cells in aging-related immune response changes.
Einstein (Sao Paulo) (2019) 17(2):eRB4733. doi: 10.31744/einstein_journal/
2019RB4733
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RLR-mediated antiviral responses of human dendritic cells by mTOR. Front
Immunol (2020) 11:572960. doi: 10.3389/fimmu.2020.572960

82. Hoff U, Markmann D, Thurn-Valassina D, Nieminen-Kelhä M, Erlangga Z,
Schmitz J, et al. The mTOR inhibitor rapamycin protects from premature cellular
senescence early after experimental kidney transplantation. PloS One (2022) 17(4):
e0266319. doi: 10.1371/journal.pone.0266319

83. Asami T, Endo K, Matsui R, Sawa T, Tanaka Y, Saiki T, et al. Long-term
caloric restriction ameliorates T cell immunosenescence in mice. Mech Ageing Dev
(2022) 206:111710. doi: 10.1016/j.mad.2022.111710

84. Erbaba B, Arslan-Ergul A, Adams MM. Effects of caloric restriction on the
antagonistic and integrative hallmarks of aging. Ageing Res Rev (2021) 66:101228.
doi: 10.1016/j.arr.2020.101228

85. Zhang Y, Hao J, Liu Z, Li Z, Teng L, Wang D. Protects against
hyperlipidemia by inhibiting oxidative stress and inflammation through Nrf2/
NF-kB signaling in high fat diet fed mice. Nutrients (2022) 14(17):1–15.
doi: 10.3390/nu14173477

86. Saha S, Buttari B, Panieri E, Profumo E, Saso L. An overview of Nrf2
signaling pathway and its role in inflammation. Molecules (2020) 25(22):1–31.
doi: 10.3390/molecules25225474

87. Hu X, Zhou J, Song SS, Kong W, Shi YC, Chen LL, et al. TLR4/AP-1-
Targeted anti-inflammatory intervention attenuates insulin sensitivity and liver
steatosis. Mediators Inflammation (2020) 2020:2960517. doi: 10.1155/2020/
2960517

88. Crossland H, Constantin-Teodosiu D, Greenhaff PL. The regulatory roles of
PPARs in skeletal muscle fuel metabolism and inflammation: Impact of PPAR
agonism on muscle in chronic disease, contraction and sepsis. Int J Mol Sci (2021)
22(18):1–13. doi: 10.3390/ijms22189775

89. Wink L, Miller RA, Garcia GG. Rapamycin, acarbose and 17a-estradiol
share common mechanisms regulating the MAPK pathways involved in
intracellular signaling and inflammation. Immun Ageing (2022) 19(1):8.
doi: 10.1186/s12979-022-00264-1
frontiersin.org

https://doi.org/10.1038/s41577-020-00426-6
https://doi.org/10.1186/s12967-015-0617-7
https://doi.org/10.1186/s12967-015-0617-7
https://doi.org/10.3390/ijms21186497
https://doi.org/10.3390/ijms21186497
https://doi.org/10.1096/fj.202002566R
https://doi.org/10.1186/s40364-021-00275-y
https://doi.org/10.1038/s41577-019-0193-9
https://doi.org/10.1016/j.arr.2021.101410
https://doi.org/10.1016/j.arr.2021.101410
https://doi.org/10.1172/JCI64096
https://doi.org/10.1080/15476278.2015.1120046
https://doi.org/10.1002/stem.3372
https://doi.org/10.1016/j.freeradbiomed.2021.08.010
https://doi.org/10.1182/blood-2014-08-598565
https://doi.org/10.4049/jimmunol.1900760
https://doi.org/10.1038/srep14871
https://doi.org/10.1038/s41586-022-04752-8
https://doi.org/10.3389/fimmu.2020.572960
https://doi.org/10.1371/journal.pone.0266319
https://doi.org/10.1016/j.mad.2022.111710
https://doi.org/10.1016/j.arr.2020.101228
https://doi.org/10.3390/nu14173477
https://doi.org/10.3390/molecules25225474
https://doi.org/10.1155/2020/2960517
https://doi.org/10.1155/2020/2960517
https://doi.org/10.3390/ijms22189775
https://doi.org/10.1186/s12979-022-00264-1
https://doi.org/10.3389/fimmu.2022.1059173
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immune system modulation in aging: Molecular mechanisms and therapeutic targets
	1 Introduction
	2 Immunosenescence
	3 Inflammaging
	4 Effect of chronic infections on the development of inflammaging and immunosenescence
	5 Mechanisms controlling inflammaging and immunosenescence
	5.1 NF-kB
	5.2 HIF-1α
	5.3 Lymphocytes B
	5.4 ROS
	5.5 P38-MAPK
	5.6 Lymphocytes T

	6 Trends in therapeutic modulation of inflammaging during immunosenescence
	7 Conclusions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


