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1   |   INTRODUCTION

The global population is aging rapidly, with people aged 
65 and over projected to reach 1.6 billion by 2050 (Ferrucci 
et al., 2020). This poses challenges due to chronic diseases, 
cognitive and physical decline, and complex medication 
regimens (Khan et  al.,  2024). Aging involves significant 
variability, influenced by both intrinsic factors like genetic 
mutations and extrinsic factors such as diet, stress, pollu-
tion, and smoking (SanMiguel et al., 2020).

Aging weakens the immune system, leading to im-
munosenescence and inflammaging, which compromise 
the body's ability to fight infections (Zheng et al., 2020). 

This was evident during the COVID-19 pandemic, where 
older adults experienced higher rates of severe disease and 
death (Özgüç et al., 2024). Chronic inflammation in aging 
may exacerbate COVID-19 outcomes by triggering a cyto-
kine storm, leading to tissue damage (Tizazu et al., 2022).

This review aims to highlight aging-related immu-
nological changes and their implications for COVID-19 
responses, including their influence on susceptibility to 
infection, severity of illness, and recovery outcomes.

Unlike many existing reviews, it delves deeper into 
how these alterations affect clinical outcomes in older 
populations. Notably, this manuscript emphasizes 
findings from recent human-based studies, offering 
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Abstract
Aging has a profound impact on the immune system, leading to a gradual de-
cline in its function and increased systemic inflammation, collectively known as 
immunosenescence and inflammaging. These changes make older adults more 
susceptible to infections, including COVID-19, and contribute to worse clinical 
outcomes, such as higher morbidity and mortality rates. This review explores im-
munological changes associated with aging, including impaired innate immune 
responses, reduced T- and B-cell function, and altered cytokine profiles. A com-
prehensive literature search identified relevant studies on the topic, and inclu-
sion criteria focused on studies addressing age-related immune changes and their 
impact on responses to COVID-19. The findings underscore the need for targeted 
healthcare strategies to mitigate the negative effects of aging on immunity and 
improve immune resilience, and ultimately clinical outcomes and quality of life 
for this vulnerable population.
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a targeted perspective on the implications of aging 
for COVID-19 responses.

2   |   METHODS

2.1  |  Literature search strategy

A literature search was conducted using scientific da-
tabases with MeSH-compliant keywords on aging, im-
mune system, and COVID-19. Data extraction analyzed 
immune cell function, inflammatory markers, and clini-
cal outcomes in the elderly. Detailed methodology is in 
Appendix S1.

Tables  S1 and S2 summarize key findings about the 
effects of aging on innate and adaptive immunity, respec-
tively (Appendix S1).

3   |   IMPACT OF AGING ON THE 
IMMUNE SYSTEM

Aging weakens the immune system, reducing its abil-
ity to defend against infections (Figure 3). It is the main 
factor behind immune deficiency (Brauning et al., 2022; 
Haynes, 2020).

3.1  |  Aging of innate immune 
defense system

The innate immune system is the first line of defense, of-
fering rapid, nonspecific protection through physical and 
chemical barriers, such as the skin, mucous membranes, 
and immune cells like macrophages, neutrophils, and nat-
ural killer cells (Müller et al., 2019).

3.1.1  |  Physical barriers: Skin and mucous 
barriers

Skin and mucosal barriers prevent microbial entry (Berni 
Canani et al., 2024). With aging, skin loses elasticity and 
moisture, the dermis and epidermis thin, and sweat glands 
and blood vessels decline, increasing infection risk (Jiao 
et  al.,  2024; Park,  2022). Chronic kidney disease (CKD) 
and dry skin further impair the skin barrier (Gagnon & 
Desai,  2013; Molina et  al.,  2023), as uremic toxins and 
electrolyte imbalances disrupt function (Lim et al., 2021; 
Molina et al.,  2023). Inflammation, oxidative stress, and 
pruritus exacerbate dryness, infection risk, and delayed 
healing, while IL-6 and TNF-α hinder moisture reten-
tion and protection (Zhai et al., 2024). Aging weakens the 

intestinal mucosa, reducing mucus production and facili-
tating bacterial infiltration (Herath et al., 2020). Structural 
changes—longer villi, fewer Paneth cells, and increased 
colonic crypt apoptosis—further compromise the barrier 
(Funk et al., 2020). Microbiota alterations lead to dysbio-
sis, chronic inflammation, and permeability, allowing 
pro-inflammatory cytokines, bacteria, and toxins into cir-
culation (Di Vincenzo et al., 2024). In the respiratory tract, 
reduced ciliated cell function and increased mucus viscos-
ity impair pathogen clearance, heightening infection risk 
(Bailey, 2022; Ho et al., 2001). In postmenopausal women, 
estrogen decline thins the vaginal epithelium, increasing 
susceptibility to infection (Davis et al., 2023).

3.1.2  |  Complement system

The complement system plays a dual role in aging, balanc-
ing protective and detrimental effects through inflamma-
tion, metabolism, apoptosis, mitochondrial function, and 
Wnt signaling (Zheng et al., 2022). Age-related inflamma-
tion activates the complement system via C3 in the alter-
native pathway (Cao et al., 2020). Metabolic changes and 
caloric accumulation raise C3, contributing to obesity, di-
abetes, and cardiovascular disease (Engstrom et al., 2005; 
Jura & Kozak, 2016; Onat et al., 2011). Excessive comple-
ment activation worsens arterial plaques and coronary 
events (Wunder, 1992). The complement system enhances 
Wnt/β-catenin signaling via C1q, contributing to muscle 
atrophy, renal senescence, inflammation, and fibrosis 
(Castellano et  al.,  2019). C3a promotes ROS production 
and NLRP3 inflammasome activation, driving chronic in-
flammation (Sho & Xu, 2019; Asgari et al., 2013). TNF-α, 
IL-1β and protein synthesis in peripheral blood mononu-
clear cells are influenced by C3a, reinforcing its proin-
flammatory role (Takabayashi et al., 1996).

3.1.3  |  Inflammation

Aged monocytes adopt a pro-inflammatory state (Hearps 
et al., 2012; Sadeghi et al., 1999), and overall, aging is char-
acterized by chronic low-grade inflammation, or inflam-
maging, marked by elevated levels of IL-6, IL-1β, TNF-α, 
and CRP, increasing frailty and disease risk (Bernardi 
et al., 2020; Tylutka et al., 2024). Aging also increases oxi-
dative stress (Gorni & Finco, 2020) and intestinal perme-
ability, fueling systemic inflammation (Quin et al., 2024). 
Impaired apoptotic cell clearance prolongs inflamma-
tion and tissue damage (Devitt & Marshall,  2011; Larbi 
et  al.,  2005), while senescent cells secrete SASP fac-
tors, worsening inflammation (Wajapeyee et  al.,  2008). 
NLRP3 inflammasome hyperactivation promotes chronic 
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inflammation through IL-1β and IL-18, leading to py-
roptosis and tissue damage (Coombs et al., 2024; Savage 
et al., 2012; Shi et al., 2015). Metabolic changes, such as 
increased visceral adipose tissue and poor diet, exacer-
bate inflammaging and weaken immune responses, in-
cluding vaccine efficacy (De Sanctis et al., 2025; Teissier 
et al., 2022). Chronic inflammation contributes to cardio-
vascular disease, neurodegeneration, diabetes, and can-
cer (Franceschi et al., 2000; Krabbe et al., 2004). Immune 
dysfunction, such as reduced macrophage clearance and 
naïve T-cell depletion, worsens surveillance (Sagiv & 
Krizhanovsky,  2013; van Deursen,  2014). Inflammaging 
and cellular senescence create a feedback loop, impairing 
immune surveillance and autophagy, thus accelerating 
immunosenescence (Franceschi et al., 2000).

3.1.4  |  Mast cells

Mast cells (MCs) play a role in angiogenesis, pathogen 
clearance, and vasodilation. Upon activation, they re-
lease proinflammatory peptidases and cytokines, initi-
ating immune responses. Aging increases MCs by 40% 
in the papillary dermis of individuals ≥75 years com-
pared to those ≤30 years (Kundu et  al.,  2020; Pilkington 
et  al.,  2019). MC degranulation is lower in older skin, 
likely due to reduced tachykinin precursor 1 (TAC1) gene 
expression, which encodes substance P, an MC activator 
(Pilkington et al., 2019). In older skin, MCs interact more 
with macrophages and nerve fibers than in young skin 
(Pilkington et  al.,  2019). MC activity contributes to the 
persistence of inflammaging. In postmenopausal women, 
the decline in estrogen levels further enhances mast cell 
activity, raising susceptibility to inflammation and pain 
(Franceschi et al., 2017).

3.1.5  |  Dendritic cells

Dendritic cells (DCs) detect pathogens, activate naive 
T cells, and regulate B and NK cell responses (Sadeghi 
et  al.,  2024). They are classified into plasmacytoid DCs 
(pDCs) and myeloid DCs (mDCs) (Mellman,  2013). In 
elderly individuals, pDCs decrease due to reduced lym-
phoid cell hematopoiesis, while mDCs remain stable 
(Agrawal et al., 2007; Jing et al., 2009; Metcalf et al., 2015; 
Pérez-Cabezas et  al.,  2007). Aging impairs DC migra-
tion, antigen phagocytosis, and cytokine production (Cui 
et  al.,  2024; Macal et  al., 2018). Monocyte-derived DCs 
(MoDCs) show increased pro-inflammatory cytokines 
(TNF-α, IL-6, CXCL-10) and reduced IL-10 production 
with age (Agrawal et  al.,  2007). Aged MoDCs also have 
impaired type I/III interferon production, reducing 

antiviral responses (Prakash et al., 2013). These changes 
cause chronic inflammation and reduce immune toler-
ance, weakening defenses against infections such as influ-
enza, pneumonia, herpes zoster, tuberculosis, and COVID 
(Agrawal et al., 2017; Agrawal & Gupta, 2011; Levin, 2012; 
Aravindhan & Yuvaraj, 2024; Oh & Hurt, 2014; Mueller 
et al., 2020; Chandra et al., 2022).

3.1.6  |  NK cells

Natural Killer (NK) cells eliminate tumor and infected 
cells (Huntington et al., 2020). They secrete IFN-γ, TNF-
α, GM-CSF, and IL-10, influencing the adaptive immune 
system (Pierce et al., 2020). NK cells are divided into two 
subpopulations: CD56dimCD16+ NK cells (cytotoxic 
with low cytokine production) and CD56brightCD16–NK 
cells (high cytokine production, found in tissues like bone 
marrow and liver) (Sun et al., 2011). In individuals over 
60, NK cell numbers rise but are accompanied by altered 
CD69 expression, impaired cytotoxicity, and reduced 
cytokine production, resulting in unchanged overall cy-
totoxicity (Borrego et  al.,  1999; Chidrawar et  al.,  2006; 
Muzzioli et al., 2009; Ogata et al., 1997). Moreover, there 
is a decline in CD56bright NK cells, crucial for cytokine 
production (Almeida-Oliveira et  al.,  2011; Brauning 
et  al.,  2022; Solana et  al., 2014). The effect of aging on 
adhesion or chemokine receptors is debated, with some 
studies reporting a decline (Almeida-Oliveira et al., 2011) 
and others no change (Le Garff-Tavernier et  al.,  2010). 
Thus, while NK cell numbers increase, their function 
declines, heightening the risk of infections and cancer 
(Le Garff-Tavernier et al., 2010).

3.1.7  |  Neutrophils

Neutrophils, key phagocytic cells in infection control 
and injury healing, are attracted to infection sites by cy-
tokines and chemokines. Although their numbers re-
main constant with age, in the elderly, their chemotactic 
and phagocytic abilities are reduced (Aroca-Crevillén 
et al., 2024; Butcher et al., 2001; Qian et al., 2014; Wenisch 
et al., 2000), along with a diminished bactericidal capac-
ity of neutrophil extracellular traps (NETs) (Hazeldine 
et  al.,  2014; Sabbatini et  al.,  2022). The decline in their 
function is due in part to a reduced expression of CD16 
(FC receptor), which is essential for the phagocytosis 
of opsonized bacteria and the generation of superoxide 
(Butcher et  al.,  2001). Although key in age-related dis-
eases (Van Avondt et al., 2023), neutrophil decline is not 
directly linked to them. Understanding their role is crucial 
for developing targeted therapies for older adults.
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3.1.8  |  Eosinophils and basophils

Compared to the extensive data on neutrophils, the effect 
of aging on eosinophils and basophils has been much less 
studied (Annema et al., 1995; Marone et al., 1986; Mathur 
et al., 2008; Schwarzenbach et al., 1982; Sokol et al., 2009; 
Uciechowski & Rink, 2014). Some of the functions of eo-
sinophils and basophils impaired with age are presented 
in Figure 1.

3.1.9  |  Platelet

Platelets internalize microbes, generate antimicrobial 
ROS, and mobilize granules via microtubule assembly, 
similar to neutrophils and macrophages (Yeaman, 2010). 
Platelet count declines with age (Segal & Moliterno, 2006), 
and lower counts are linked to higher mortality in older 
adults (Le Blanc & Lordkipanidzé,  2019). Aging in-
creases platelet hyperactivity, with heightened aggrega-
tion sensitivity to ADP (Bastyr 3rd et al., 1990; O'Donnell 
et al., 2001), epinephrine (Kasjanovová et al., 1993), col-
lagen (Kasjanovová & Baláz,  1986), and arachidonic 

acid (Kasjanovová et al., 1993). Women show higher ag-
gregability at all ages (Kasjanovová et  al.,  1993; Meade 
et al., 1985), and age-related changes in platelet behavior 
on von Willebrand factor are more pronounced in women 
(Cowman et al., 2015).

In the elderly, hyperaggregability is associated with 
increased β-thromboglobulin and PF4 secretion from α-
granules (Bastyr 3rd et al., 1990; Zahavi et al., 1980), po-
tentially enhancing serotonin release and contributing 
to atherothrombotic disease (Gleerup & Winther,  1988). 
ROS act as second messengers or generate oxidized pro-
teins, contributing to platelet activation and potentially 
increasing thrombotic risk in aging (Fuentes et al., 2017; 
Jang et  al.,  2014). Disruption of integrin αIIbβ3 activa-
tion may further alter thrombotic susceptibility (Levin 
et al., 2013). Oxidative stress promotes thrombus forma-
tion via various mechanisms (Butera et al., 2014; Fuentes 
& Palomo,  2016; Violi et  al.,  2017). NO inhibits platelet 
aggregation through GC activation and cGMP production, 
reducing intracellular calcium (Fuentes & Palomo, 2016), 
but it can also generate ONOO–, leading to oxidative stress 
and cellular damage (Bartesaghi & Radi, 2018). Aging is 
linked to reduced platelet cGMP levels despite increased 

F I G U R E  1   PRISMA 2020 flow diagram for the systematic review including the identification process, screening, and final number of 
studies included.
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NOS activity, possibly due to ONOO–-mediated GC inhi-
bition (Kawamoto et al., 2005). The platelet transcriptome 
adapts to disease states (Best et al., 2017), with RNA se-
quencing revealing 514 differentially expressed transcripts 
in young (<45 years) versus elderly (>64 years) individu-
als (Campbell et al., 2018). Age-related platelet proteome 
changes remain unclear (Cini et  al.,  2015), indicating 
complex transcriptome regulation in aging. Figure 2 sum-
marizes the key changes in platelet function and behavior 
that occur with aging.

3.1.10  |  Macrophages

Macrophages express toll-like receptors (TLRs) to rec-
ognize antigens and attract neutrophils by producing 
chemokines and cytokines (IL-1, IL-6, IL-8, TNF-alpha). 
They also present antigens to T lymphocytes, regulating 
the adaptive immune response (Denes, 2024; Joshi et al., 
2018). In aged macrophages, impaired antigen presenta-
tion (with reduced CD80, CD86, and MHC-II) and lower 
superoxide anion production after IFN-γ treatment di-
minish antimicrobial activity (Franceschi et  al.,  2000; 
Solana et  al.,  2012; Stout & Suttles,  2005). Additionally, 

increased CD14 and TLR expression in older individuals 
suggests impaired phagocytosis and reduced reactive oxy-
gen species generation (van Beek et al., 2019; De Maeyer & 
Chambers, 2021). Macrophage senescence contributes to 
immune dysfunction and age-related diseases (infections, 
autoimmune disorders, cancers (Wang et  al., 2024), ar-
thritis, and cardiovascular diseases). Understanding these 
alterations may pave the way for new drugs targeting se-
nescent macrophages to improve well-being in aging.

3.2  |  Aging of adaptive immune 
defense system

Adaptive immunity specifically recognizes microorgan-
isms and foreign substances through antigen receptors on 
B lymphocytes and T lymphocytes.

3.2.1  |  T lymphocytes

T lymphocytes originate from hematopoietic stem cells 
in bone marrow and mature in the thymus. They are 
divided into CD4+ (T-helper) and CD8+ (cytotoxic) 

F I G U R E  2   Primary alterations in platelet function and behavior associated with aging during COVID-19 infection.
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subsets. CD4 + T cells recognize antigens via MHC II, 
while CD8 + T cells bind MHC I antigens to target ma-
lignant or infected cells (Fabbri et  al.,  2003; MacIver 
et  al.,  2013). With advancing age, there is a notable de-
cline in T cell number, linked to thymic involution, which 
leads to reduced production of new T cells (Fujimori & 
Ohigashi, 2024; Palmer et al., 2018). T cells undergo sig-
nificant changes, including reduced antigen specificity 
and TCR expression, leading to impaired TCR-triggered 
gene expression in CD4+ T cells (Bektas et al., 2013; Chen 
et al., 2013; Naylor et al., 2005). In addition, the expres-
sion of co-stimulatory CD28 decreases with age due to 
changes in its gene promoter (Chiu et  al.,  2006; Merino 
et  al.,  1998). IL-2 and IL-2R expression consistently de-
creases with age (Gillis et al., 1981). However, the dysreg-
ulation of the Th1 cytokine IFN-γ and the Th2 cytokines 
IL-4 and IL-5 in aged humans is not as clear. Some reports 
showed that these cytokines were increased in aged hu-
mans, while others showed decreased cytokine expression 
by aged human T cells (Bandrés et  al.,  2000; Karanfilov 
et  al.,  1999). Aging T cell differentiation biases toward 
TH17 cells, which reshapes immunity in elderly individu-
als (Ouyang et al., 2011).

With aging, the adaptive immune response weakens as 
the T-cell repertoire becomes less diverse. Naive T cells ma-
ture into memory effector cells, particularly CD8+ cells, 

acquiring markers like CD56 and increasing cytotoxic 
potential. CD28—T cells can be activated without TCR 
signaling, but their proliferation is reduced, diminishing 
immune function in older individuals (Chiu et al., 2006; 
Guan et al., 2024; Merino et al., 1998). Aging also reduces 
mitochondrial function, lowering ATP production and 
increasing oxidative stress, which induces mesenchy-
mal senescence (Brandl et al., 2011), compromises T-cell 
activation and differentiation (Boyd et  al.,  2012; Lane 
et al., 2015), and facilitates tumor progression with poor 
clinical outcomes in older individuals (Han et al., 2023).

3.2.2  |  B lymphocytes

Aging decreases naive, pro-, pre-, and immature B 
cells (Cancro et  al.,  2009) due to intrinsic B cell aging 
(Guerrettaz et al., 2008; Stephan et al., 1997) and reduced 
hematopoietic stem cell potential (Cancro,  2020; Frasca 
et al., 2020). Although memory B cells persist, their dif-
ferentiation is impaired in older adults due to low Blimp-1 
expression (Frasca et al., 2016). An atypical, non-dividing 
subset—age-associated B cells—accumulates with age; 
these cells present antigens, secrete cytokines and anti-
bodies, and respond to innate receptor stimulation but are 
unresponsive to BCR stimulation (Hao et al., 2011). Some 

F I G U R E  3   Aging of immune defense system.
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studies report an increase in memory B cells (CD27+) due 
to somatic mutations and resistance to apoptosis (Ciocca 
et al., 2021). Regulatory B cells (Breg) produce IL-10, IL-
35, or TGF-β (Glass et al., 2022), yet reduced Breg activity 
in aging may increase chronic inflammation and lower IL-
10 (Knippenberg et al., 2011). Plasma cell numbers decline 
with age, reducing immunoglobulin secretion (Frasca 
et  al.,  2011); while plasma cells still secrete antibodies, 
their effectiveness is diminished—leading to slower re-
sponses after vaccination and higher infection susceptibil-
ity (Andreu-Sánchez et al., 2024; Clark et al., 2012; Frasca 
& Blomberg, 2020; Gustafson et al., 2020). Somatic hyper-
mutation remains active, but opsonin production for bac-
terial neutralization is reduced (Yu et al., 2024), resulting 
in decreased antibody responses to novel pathogens and 
increased autoimmunity (Teissier et al., 2022).

4   |   IMMUNITY RESPONSE TO 
COVID -19 IN ELDERLY PEOPLE

4.1  |  Innate response to COVID-19 in 
elderly people

4.1.1  |  Skin and mucosal barriers

Aging reduces the number and function of ciliated respir-
atory cells, impairing mucociliary clearance and increas-
ing lung infection risk (Bailey, 2022; Ho et al., 2001). In 
elderly COVID-19 patients, decreased mucus clearance 
and increased secretion viscosity promote pathogen accu-
mulation and lung inflammation (Adivitiya et al., 2021). 
SARS-CoV-2 infects cells via the ACE2 receptor, which is 
abundant in alveolar type 2 and bronchial ciliated cells, 
making these tissues major infection targets (Morrison 
et al., 2022). Severe COVID-19 cases often show a higher 
IL-6/interferon-γ ratio, contributing to a cytokine storm 
and lung injury (Wang et al.,  2020), while elevated IL-6 
levels, linked to age-related frailty and higher mortality, 
worsen disease severity (Avila-Nava et  al.,  2021; Guirao 
et  al., 2020). The air-blood barrier's integrity is crucial 
for lung health (Johnston et  al.,  2021), yet SARS-CoV-2 
can damage the airway epithelium and trigger a harm-
ful inflammatory cycle, especially in older people (Josset 
et al., 2013; Xu et al., 2024).

4.1.2  |  Inflammation

Type I interferons (IFN-I) produced by various cells 
counter viral spread (Sacchi et al., 2023). However, aging 
impairs RIG-I signaling, reducing IFN gene expression 
(Molony et  al.,  2017) as seen in SARS-CoV-1 studies 

(Pietrobon et  al.,  2020). Older adults have fewer pDCs 
with lower TLR7 expression and impaired IFN-I produc-
tion (Greene et al., 2025), weakening defenses against in-
fluenza A and COVID-19 (Pietrobon et al., 2020).

COVID-19 severity is linked to ACE2, the receptor for 
SARS-CoV-2 (Elnagdy et  al.,  2024). ACE2 converts pro-
inflammatory Ang II into anti-inflammatory Ang 1–7, 
lowering IL-6, TNF-α, and IL-8 while raising IL-10 (Klein 
et  al.,  2013). However, elevated Ang II in severe cases 
contributes to cytokine storms (Gheblawi et  al.,  2020). 
Older adults and patients with cardiovascular disease 
or diabetes have lower ACE2 levels, which may reduce 
viral entry but lead to an exaggerated pro-inflammatory 
response that worsens acute lung injury and ARDS 
(Tikellis & Thomas,  2012). Elevated Ang II in severely 
ill COVID-19 patients supports this hypothesis (Valle 
Martins et al., 2021).

4.1.3  |  Complement system

Aging also dysregulates complement activation, worsen-
ing COVID-19 outcomes (Noris et al., 2020) and increas-
ing the risk of cytokine storms and multiorgan damage 
(Meroni et al., 2023). Uncontrolled activation of C3 and 
C5 exacerbates tissue damage and systemic inflammation. 
High plasma levels of sC5b-9, C3a, and factor Bb, along 
with low MBL, are linked to higher mortality. The MBL 
pathway is crucial for early antiviral response, but age-
related declines in MBL and IgM reduce immune protec-
tion and heighten SARS-CoV-2 susceptibility (Boechat 
et  al.,  2021; Muthana & Gildersleeve,  2016). Therapies 
that restore MBL levels or modulate complement activa-
tion (e.g., C3 and C5 inhibitors) could enhance immune 
responses in older patients.

4.1.4  |  Mast cell

SARS-CoV-2 can activate mast cells (MCs), triggering the 
release of inflammatory mediators (Conti et al., 2020). In 
older adults, dysregulated MC activation leads to exces-
sive production of histamine, tryptase, chymase, prosta-
glandins, leukotrienes, IL-6, and TNF-α, contributing to 
cytokine storms, chronic inflammation (Afrin et al., 2020; 
Kritas et  al., 2020), endothelial damage, and ARDS 
(Dileepan et  al.,  2023; Galli et  al.,  2020). Excessive MC 
activation exacerbates lung inflammation, worsening res-
piratory failure (Theoharides, 2021), and is linked to more 
severe COVID-19 outcomes (De Maeyer et  al.,  2020). 
It also increases vascular permeability and thrombosis, 
common complications in severe COVID-19 (Barnes 
et al., 2019). Targeting MC-associated pathways, such as 
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IL-6/JAK–STAT signaling, or using MC stabilizers could 
help control excessive inflammation in elderly COVID-19 
patients (Hafezi et al., 2021).

4.1.5  |  Dendritic cell

When stimulated ex  vivo, DCs taken from the blood 
of patients with COVID-19 had minimal expression of 
CD80, CD86, C–C motif chemokine receptor (CCR)7 
and human leukocyte antigen (HLA)-DR (Zhou 
et  al.,  2020), compromising their ability to stimu-
late adaptive immunity (Wong & Goldstein,  2013). 
Infections, such as SARS-CoV-1, can activate DCs to 
produce inflammatory cytokines (TNF-α, IL-6) and 
chemokines (MIP-1α, RANTES, IP-10, MCP-1, CCL3, 
CXCL10) (Agrawal et al., 2007; Law et al., 2005). In the 
elderly, viral escape mechanisms inhibit the production 
of antiviral cytokines (IFN-α, IFN-β) (Law et al., 2005; 
Prakash et al., 2013; Zhou et al., 2020) due to reduced 
total numbers of pDCs and their defective TLR7/TLR9 
signaling (Jing et  al.,  2009). In SARS-CoV-2 infection, 
impaired IFN-I responses correlate with disease severity 
(Hadjadj et al., 2020).

4.1.6  |  NK cell

With aging, NK cell cytotoxicity decreases, also because 
they express higher levels of the inhibitory receptor 
NKG2A, reducing the ability to eliminate virus-infected 
cells (Zheng et  al.,  2020). In COVID-19, NK cell func-
tion is impaired due to the delayed production of IFN-I, 
which occurs in elderly individuals, and to their reduced 
responsiveness to IFN-I, further compromising their anti-
viral function (Acharya et al., 2020; Shaw et al., 2013). In 
addition, NK cells from elderly individuals have a lower 
expression of perforin and granzyme B, which are neces-
sary for their cytotoxic activity. Impaired NK cell function 
in elderly individuals is associated with lower infection 
rates and reduced chances of resolving the infection at an 
earlier stage compared to younger individuals (Acharya 
et al., 2020; Wilk et al., 2020).

4.1.7  |  Neutrophils

In elderly COVID-19 patients, increased peripheral 
blood neutrophils correlate with disease severity and 
worse prognosis (Ince et  al.,  2024). Elevated IL-6 lev-
els, caused by COVID-19 or age-related inflammation, 
prolong neutrophil survival by inhibiting apoptosis 
through altered JAK–STAT and PI3K-AKT signaling. 

Older neutrophils exhibit hyperactivation of the PI3K 
pathway, leading to misdirected migration and spread 
into uninfected tissues, contributing to chronic inflam-
mation (Larbi et al., 2005). In COVID-19, older neutro-
phils show excessive degranulation, promoting cytokine 
storms, endothelial damage, and thrombosis, worsening 
severity (Gullotta et al., 2023). Excessive neutrophil ac-
tivation leads to lung injury, increased vascular perme-
ability, and ARDS. Dysregulated neutrophil function in 
aging, combined with a pro-inflammatory environment, 
results in poorer outcomes and higher mortality in el-
derly COVID-19 patients.

4.1.8  |  Eosinophils and basophils

Eosinophils and basophils play crucial roles in the im-
mune response to COVID-19. In older adults, low eo-
sinophil levels are associated with reduced antiviral 
effects and severe COVID-19 (Gambichler et al., 2023). 
Basophil depletion, particularly during the acute phase 
of COVID-19, reduces humoral memory activation 
(Murdaca et  al.,  2021). Eosinopenia and basophilia 
are reliable biomarkers for predicting severe and fatal 
outcomes in COVID-19, with reduced granulocyte lev-
els linked to a worse prognosis (Cazzaniga et al., 2021; 
Ito et al., 2023).

4.1.9  |  Macrophages

Upon virus detection, macrophages release pro-
inflammatory cytokines that inhibit viral replication, 
activate adaptive immunity, and recruit immune cells 
(Kosyreva et  al.,  2021). Increased monocyte apoptosis 
in elderly COVID-19 patients contributes to lympho-
penia and weak immune responses (Abiri et  al.,  2024), 
partly due to reduced monocyte TLR expression (Onofrio 
et al., 2020; Shaw et al., 2013). Aging impairs macrophage 
function, with lower MHC class II expression after IFN-γ 
stimulation in older individuals. COVID-19 disrupts the 
M1/M2 balance, as CD14 + CD16+ macrophages produce 
high levels of inflammatory cytokines (TNF-α, IL-6) and 
chemokines (CCL2, CCL3, CCL5, CXCL10) (Acharya 
et al., 2020; Hearps et al., 2012; Wong et al., 2011). In el-
derly lungs, monocytes/macrophages secrete more IL-6 
but fail to produce antiviral cytokines (IFN-α, IFN-β, IFN-
γ, IL-12p40), impairing CD8+ cell activation and facili-
tating immune evasion (Velazquez-Salinas et  al.,  2019). 
Impaired interferon responses worsen COVID-19 
outcomes, partly due to a lack of airway repair mac-
rophages (Hadjadj et al., 2020; Aiello et al., 2019; Acharya 
et  al.,  2020). Aging also reduces alveolar macrophage 
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populations and enhances inflammatory responses, as 
shown by increased proinflammatory cytokine secretion 
in response to Mycobacterium tuberculosis and resistance 
to IFN-γ stimulation (Hussell & Bell,  2014; McQuattie-
Pimentel et al., 2021).

4.1.10  |  Platelets

Platelets are involved in a variety of mechanisms during 
SARS-CoV-2 infection. Platelet activation and thrombus 
formation can worsen thrombosis, while viral activation 
and cell death pathways amplify inflammation, lead-
ing to complications like thrombosis and organ damage 
(Rondina et al., 2013). In COVID-19 patients, platelets 
are more prone to aggregation in response to stimuli like 
ADP, epinephrine, and other molecules (Lê et al., 2015; 
Zaid et al., 2020). However, despite this heightened re-
activity, platelets show a reduction in granule contents, 
such as PF4 and serotonin, suggesting prior activation 
(Zaid et al., 2020). Molecules like sCD40LG, TxB2, and 
vWF in plasma indicate platelet activation, with markers 
such as P-selectin and CD40 elevated in COVID-19 pa-
tients (Hottz et al., 2020; Nunez-Avellaneda et al., 2018; 
Zaid et al., 2020). Platelets form Heterotypic Aggregates 
(HAGs) with leukocytes, promoting tissue factor (TF) 
expression, a key coagulation activator. Platelets in-
teract with CD4 and CD8 T cells, but the role of these 
interactions in immune modulation is unclear and 
needs further study (Scherlinger et al., 2023). Platelets 
contribute to “immunothrombosis” in COVID-19 by 
surrounding NETs, leading to microthrombi in organs 
like the lungs, kidneys, and heart, worsening throm-
botic complications (Colicchia et  al., 2022; Conway 
et al., 2022). SARS-CoV-2 vRNA in platelets is linked to 
severe disease. While the virus enters via ACE2, it can 
also enter through alternative routes, such as viral par-
ticles on microparticles or via the FcγRIIa receptor (Lim 
et  al.,  2022). This may explain vRNA persistence for 
up to 19 days (Gaspar-Rodríguez et al., 2021). Platelets 
have TLRs that recognize SARS-CoV-2. TLR2 can be ac-
tivated by the virus, increasing platelet aggregation and 
HAG formation. Upon virus exposure, platelets activate 
apoptosis (via Casp3) and necroptosis (via pMLKL), 
causing membrane rupture and the release of micro-
particles and exosomes, which promote aggregate for-
mation and inflammatory cytokine release (Sciaudone 
et al., 2023). After necroptosis and pyroptosis, platelets 
release DAMPs like calprotectin (S100A8/A9), which 
drive inflammation and endothelial activation, leading 
to vessel damage and thrombus formation. S100A8/A9 
also promotes platelet microvesicle generation, enhanc-
ing coagulation and cytokine release.

4.2  |  Adaptive response to COVID-19 in 
elderly people

4.2.1  |  Cellular immune response to 
COVID-19 in elderly people

The adaptive immune response in COVID-19 relies on 
cellular immunity. Young patients show a significant 
increase in activated CD8+ T cells between days 7 and 
9 post-infection, coinciding with symptom resolution 
(Thevarajan et al., 2020). In contrast, elderly patients ex-
perience marked decreases in CD4+ and CD8+ T cells, 
correlating with lower survival rates (Diao et  al.,  2020; 
Westmeier et  al.,  2020), and T cell numbers are nega-
tively correlated with IL-6, IL-10, and TNF-α levels (Diao 
et al., 2020), with elevated IL-6 reducing CD4+ T cells and 
NK cells. Older adults also show fewer naive T cells, im-
pairing their SARS-CoV-2 response and leading to more 
severe outcomes (Nicoli et al., 2020; Schwartz et al., 2020). 
Thymic involution reduces T cell production and TCR 
diversity (Fujimori & Ohigashi,  2024), and studies link 
reduced TCR diversity with severe COVID-19, as older 
individuals struggle to generate effective naive T cells 
(Goronzy et al., 2015). Additionally, aging decreases Treg 
cells, crucial for regulating cytokine storms, further exacer-
bating inflammation and severe disease outcomes.

4.2.2  |  Humoral immune response to 
COVID-19 in elderly people

Aging reduces the effectiveness of the humoral immune 
response due to changes in B cells, which lose their ca-
pacity for somatic hypermutation (Frasca et  al.,  2011). 
This impairs older adults' ability to produce high levels 
of neutralizing antibodies, weakening immunity against 
infections (Weiskopf et  al.,  2009; Weksler et  al.,  2002). 
Aging also affects the production of class-switched anti-
bodies necessary for combating viral infections and leads 
to the accumulation of aged B cells with unique proper-
ties (Carey et al., 2024). Additionally, key signaling mol-
ecules like CD40L decline with age, hindering T cell–B 
cell interactions (Gruver et al., 2007). Older adults, simi-
lar to individuals with severe COVID-19, often experi-
ence lymphopenia, reducing T cell numbers (Michels 
et  al.,  2024), further compromising immune responses. 
As a result, they struggle to mount a strong defense 
against infections like COVID-19, which leads to more 
severe disease outcomes.

The comparison between the immune system in young 
and elderly individuals and the relationship between 
aging and inflammatory factors in COVID-19 is detailed 
in Table S3 (Appendix S1).
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Finally, Figure 4 shows a summary of the key events in 
the immune response to COVID-19 in the elderly.

5   |   CONCLUSION

The review underscores the role of age-related immune 
changes in COVID-19 outcomes. A key limitation is the 
lack of large-scale longitudinal studies of COVID-19 im-
munity in older adults, which limits generalizability. 
While immune aging varies among individuals, no stud-
ies have specifically addressed this in COVID-19. Future 
research should explore its impact on susceptibility, se-
verity, and recovery. Promising interventions include 
lifestyle changes and physical activity, but further re-
search is needed. Future studies should focus on opti-
mizing vaccines and therapies targeting inflammation, 

mitochondrial dysfunction, and oxidative stress to en-
hance immune resilience in older adults, particularly 
those with comorbidities.

AUTHOR CONTRIBUTIONS
M.G.: Conceived and designed research, Prepared figures, 
Drafted manuscript, Edited and revised manuscript; M.H.: 
Drafted manuscript, Edited and revised manuscript; A. M.: 
Prepared figures, Drafted manuscript, Edited and revised 
manuscript; S.M.: Drafted manuscript, Edited and re-
vised manuscript; A.S.: Conceived and designed research, 
Drafted manuscript, Edited and revised manuscript. All 
authors approved the final version of themanuscript.

ACKNOWLEDGMENT
Open access publishing facilitated by Universita del 
Salento, as part of the Wiley - CRUI-CARE agreement.

F I G U R E  4   COVID-19 Immune Response in elderly individuals.



      |  11 of 20GASMI et al.

FUNDING INFORMATION
This research received no external funding.

CONFLICT OF INTEREST STATEMENT
No conflicts of interest, financial or otherwise, are de-
clared by the authors.

ETHICS STATEMENT
This article is a review of previously published studies 
and does not involve any original data collection involv-
ing human or animal subjects. Therefore, ethical approval 
and informed consent were not required.

ORCID
Antonella Muscella   https://orcid.
org/0000-0002-2822-9929 

REFERENCES
Abiri, E., Mirzaii, M., Moghbeli, M., Atashi, A., & Harati, A. A. 

(2024). Investigating the relationship between lymphocyte cells 
apoptosis and DNA damage and oxidative stress and therapeu-
tic and clinical outcomes of COVID-19 elderly patients. BMC 
Infectious Diseases, 24(1), 940. https://​doi.​org/​10.​1186/​s1287​9-​
024-​09734​-​x

Acharya, D., Liu, G., & Gack, M. U. (2020). Dysregulation of type I in-
terferon responses in COVID-19. Nature Reviews. Immunology, 
20(7), 397–398. https://​doi.​org/​10.​1038/​s4157​7-​020-​0346-​x

Adivitiya, K. M. S., Chakraborty, S., Veleri, S., & Kateriya, S. (2021). 
Mucociliary respiratory epithelium integrity in molecular de-
fense and susceptibility to pulmonary viral infections. Biology 
(Basel), 10(2), 95. https://​doi.​org/​10.​3390/​biolo​gy100​20095​

Afrin, L. B., Weinstock, L. B., & Molderings, G. J. (2020). Covid-19 
hyperinflammation and post-Covid-19 illness may be rooted 
in mast cell activation syndrome. International Journal of 
Infectious Diseases, 100, 327–332. https://​doi.​org/​10.​1016/j.​ijid.​
2020.​09.​016

Agrawal, A., Agrawal, S., Cao, J. N., Su, H., Osann, K., & Gupta, S. 
(2007). Altered innate immune functioning of dendritic cells in 
elderly humans: A role of phosphoinositide 3-kinase-signaling 
pathway. Journal of Immunology, 178, 6912–6922. https://​doi.​
org/​10.​4049/​jimmu​nol.​178.​11.​6912

Agrawal, A., Agrawal, S., & Gupta, S. (2017). Role of dendritic cells 
in inflammation and loss of tolerance in the elderly. Frontiers in 
Immunology, 8, 896. https://​doi.​org/​10.​3389/​fimmu.​2017.​00896​

Agrawal, A., & Gupta, S. (2011). Impact of aging on dendritic cell 
functions in humans. Ageing Research Reviews, 10(3), 336–345. 
https://​doi.​org/​10.​1016/j.​arr.​2010.​06.​004

Aiello, A., Farzaneh, F., Candore, G., Caruso, C., Davinelli, S., 
Gambino, C. M., Ligotti, M. E., Zareian, N., & Accardi, G. 
(2019). Immunosenescence and its hallmarks: How to oppose 
aging strategically? A review of potential options for therapeu-
tic intervention. Frontiers in Immunology, 25(10), 2247. https://​
doi.​org/​10.​3389/​fimmu.​2019.​02247​

Almeida-Oliveira, A., Smith-Carvalho, M., Porto, L. C., Cardoso-
Oliveira, J., Ribeiro Ados, S., Falcão, R. R., Abdelhay, E., 
Bouzas, L. F., Thuler, L. C., Ornellas, M. H., & Diamond, H. 
R. (2011). Age-related changes in natural killer cell receptors 

from childhood through old age. Human Immunology, 72(4), 
319–329. https://​doi.​org/​10.​1016/j.​humimm.​2011.​01.​009

Andreu-Sánchez, S., Ripoll-Cladellas, A., Culinscaia, A., Bulut, 
O., Bourgonje, A. R., Netea, M. G., Lansdorp, P., Aubert, 
G., Bonder, M. J., Franke, L., Vogl, T., van der Wijst, M. G. 
P., Melé, M., Van Baarle, D., Fu, J., & Zhernakova, A. (2024). 
Antibody signatures against viruses and microbiome reflect 
past and chronic exposures and associate with aging and in-
flammation. iScience, 27(6), 109981. https://​doi.​org/​10.​1016/j.​
isci.​2024.​109981

Annema, J. T., Sparrow, D., O'Connor, G. T., Rijcken, B., Koëter, G. 
H., Postma, D. S., & Weiss, S. T. (1995). Chronic respiratory 
symptoms and airway responsiveness to methacholine are as-
sociated with eosinophilia in older men: The normative aging 
study. The European Respiratory Journal, 8(1), 62–69. https://​
doi.​org/​10.​1183/​09031​936.​95.​08010062

Aravindhan, V., & Yuvaraj, S. (2024). Immune-endocrine network in 
diabetes-tuberculosis nexus: Does latent tuberculosis infection 
confer protection against meta-inflammation and insulin resis-
tance? Frontiers in Endocrinology, 15, 1303338. https://​doi.​org/​
10.​3389/​fendo.​2024.​1303338

Aroca-Crevillén, A., Vicanolo, T., Ovadia, S., & Hidalgo, A. (2024). 
Neutrophils in physiology and pathology. Annual Review of 
Pathology, 19, 227–259. https://​doi.​org/​10.​1146/​annur​ev-​
pathm​echdi​s-​05122​2-​015009

Asgari, E., Le Friec, G., Yamamoto, H., Perucha, E., Sacks, S. S., 
Köhl, J., Cook, H. T., & Kemper, C. (2013). C3a modulates IL-1β 
secretion in human monocytes by regulating ATP efflux and 
subsequent NLRP3 inflammasome activation. Blood, 122(20), 
3473–3481. https://​doi.​org/​10.​1182/​blood​-​2013-​05-​502229

Avila-Nava, A., Cortes-Telles, A., Torres-Erazo, D., López-Romero, S., 
Chim Aké, R., & Gutiérrez Solis, A. L. (2021). Serum IL-6: A 
potential biomarker of mortality among SARS-CoV-2 infected 
patients in Mexico. Cytokine, 143, 155543. https://​doi.​org/​10.​
1016/j.​cyto.​2021.​155543

Bailey, K. L. (2022). Aging diminishes Mucociliary clearance of the 
Lung. Advances in Geriatric Medicine Research, 4(2), 220005. 
https://​doi.​org/​10.​20900/​​agmr2​0220005

Bandrés, E., Merino, J., Vázquez, B., Inogés, S., Moreno, C., Subirá, 
M. L., & Sánchez-Ibarrola, A. (2000). The increase of IFN-
gamma production through aging correlates with the ex-
panded CD8(+high)CD28(−)CD57(+) subpopulation. Clinical 
Immunology, 96(3), 230–235. https://​doi.​org/​10.​1006/​clim.​
2000.​4894

Barnes, P. J., Baker, J., & Donnelly, L. E. (2019). Cellular senescence 
as a mechanism and target in chronic Lung diseases. American 
Journal of Respiratory and Critical Care Medicine, 200(5), 556–
564. https://​doi.​org/​10.​1164/​rccm.​20181​0-​1975TR

Bartesaghi, S., & Radi, R. (2018). Fundamentals on the biochemistry 
of peroxynitrite and protein tyrosine nitration. Redox Biology, 
14, 618–625. https://​doi.​org/​10.​1016/j.​redox.​2017.​09.​009

Bastyr, E. J., 3rd, Kadrofske, M. M., & Vinik, A. I. (1990). Platelet ac-
tivity and phosphoinositide turnover increase with advancing 
age. American Journal of Medicine, 88(6), 601–606. https://​doi.​
org/​10.​1016/​0002-​9343(90)​90525​-​i

Bektas, A., Zhang, Y., Wood, W. H., 3rd, Becker, K. G., Madara, K., 
Ferrucci, L., & Sen, R. (2013). Age-associated alterations in 
inducible gene transcription in human CD4+ T lymphocytes. 
Aging (Albany NY), 5(1), 18–36. https://​doi.​org/​10.​18632/​​aging.​
100522

https://orcid.org/0000-0002-2822-9929
https://orcid.org/0000-0002-2822-9929
https://orcid.org/0000-0002-2822-9929
https://doi.org/10.1186/s12879-024-09734-x
https://doi.org/10.1186/s12879-024-09734-x
https://doi.org/10.1038/s41577-020-0346-x
https://doi.org/10.3390/biology10020095
https://doi.org/10.1016/j.ijid.2020.09.016
https://doi.org/10.1016/j.ijid.2020.09.016
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.4049/jimmunol.178.11.6912
https://doi.org/10.3389/fimmu.2017.00896
https://doi.org/10.1016/j.arr.2010.06.004
https://doi.org/10.3389/fimmu.2019.02247
https://doi.org/10.3389/fimmu.2019.02247
https://doi.org/10.1016/j.humimm.2011.01.009
https://doi.org/10.1016/j.isci.2024.109981
https://doi.org/10.1016/j.isci.2024.109981
https://doi.org/10.1183/09031936.95.08010062
https://doi.org/10.1183/09031936.95.08010062
https://doi.org/10.3389/fendo.2024.1303338
https://doi.org/10.3389/fendo.2024.1303338
https://doi.org/10.1146/annurev-pathmechdis-051222-015009
https://doi.org/10.1146/annurev-pathmechdis-051222-015009
https://doi.org/10.1182/blood-2013-05-502229
https://doi.org/10.1016/j.cyto.2021.155543
https://doi.org/10.1016/j.cyto.2021.155543
https://doi.org/10.20900/agmr20220005
https://doi.org/10.1006/clim.2000.4894
https://doi.org/10.1006/clim.2000.4894
https://doi.org/10.1164/rccm.201810-1975TR
https://doi.org/10.1016/j.redox.2017.09.009
https://doi.org/10.1016/0002-9343(90)90525-i
https://doi.org/10.1016/0002-9343(90)90525-i
https://doi.org/10.18632/aging.100522
https://doi.org/10.18632/aging.100522


12 of 20  |      GASMI et al.

Bernardi, S., Toffoli, B., Tonon, F., Francica, M., Campagnolo, E., 
Ferretti, T., Comar, S., Giudici, F., Stenner, E., & Fabris, B. (2020). 
Sex differences in proatherogenic cytokine levels. International 
Journal of Molecular Sciences, 21(11), 3861. https://​doi.​org/​10.​
3390/​ijms2​1113861

Berni Canani, R., Caminati, M., Carucci, L., & Eguiluz-Gracia, I. 
(2024). Skin, gut, and lung barrier: Physiological interface and 
target of intervention for preventing and treating allergic dis-
eases. Allergy, 79(6), 1485–1500. https://​doi.​org/​10.​1111/​all.​
16092​

Best, M. G., Vancura, A., & Wurdinger, T. (2017). Platelet RNA as 
a circulating biomarker trove for cancer diagnostics. Journal 
of Thrombosis and Haemostasis, 15(7), 1295–1306. https://​doi.​
org/​10.​1111/​jth.​13720​

Boechat, J. L., Chora, I., Morais, A., & Delgado, L. (2021). The im-
mune response to SARS-CoV-2 and COVID-19 immunopa-
thology - current perspectives. Pulmonology, 27(5), 423–437. 
https://​doi.​org/​10.​1016/j.​pulmoe.​2021.​03.​008

Borrego, F., Robertson, M. J., Ritz, J., Peña, J., & Solana, R. (1999). 
CD69 is a stimulatory receptor for natural killer cell and 
its cytotoxic effect is blocked by CD94 inhibitory receptor. 
Immunology, 97(1), 159–165. https://​doi.​org/​10.​1046/j.​1365-​
2567.​1999.​00738.​x

Boyd, A. R., Shivshankar, P., Jiang, S., Berton, M. T., & Orihuela, C. J. 
(2012). Age-related defects in TLR2 signaling diminish the cy-
tokine response by alveolar macrophages during murine pneu-
mococcal pneumonia. Experimental Gerontology, 47, 507–518. 
https://​doi.​org/​10.​1016/j.​exger.​2012.​04.​004

Brandl, A., Meyer, M., Bechmann, V., Nerlich, M., & Angele, P. 
(2011). Oxidative stress induces senescence in human mesen-
chymal stem cells. Experimental Cell Research, 317(11), 1541–
1547. https://​doi.​org/​10.​1016/j.​yexcr.​2011.​02.​015

Brauning, A., Rae, M., Zhu, G., Fulton, E., Admasu, T. D., Stolzing, 
A., & Sharma, A. (2022). Aging of the immune system: Focus 
on natural killer cells phenotype and functions. Cells, 11(6), 
1017. https://​doi.​org/​10.​3390/​cells​11061017

Butcher, S. K., Chahal, H., Nayak, L., Sinclair, A., Henriquez, N. 
V., Sapey, E., O'Mahony, D., & Lord, J. M. (2001). Senescence 
in innate immune responses: Reduced neutrophil phagocytic 
capacity and CD16 expression in elderly humans. Journal of 
Leukocyte Biology, 70(6), 881–886.

Butera, D., Cook, K. M., Chiu, J., Wong, J. W., & Hogg, P. J. (2014). 
Control of blood proteins by functional disulfide bonds. 
Blood, 123(13), 2000–2007. https://​doi.​org/​10.​1182/​blood​
-​2014-​01-​549816

Campbell, R. A., Franks, Z., Bhatnagar, A., Rowley, J. W., Manne, B. 
K., Supiano, M. A., Schwertz, H., Weyrich, A. S., & Rondina, 
M. T. (2018). Granzyme a in human platelets regulates the syn-
thesis of proinflammatory cytokines by monocytes in aging. 
Journal of Immunology, 200(1), 295–304. https://​doi.​org/​10.​
4049/​jimmu​nol.​1700885

Cancro, M. P. (2020). Age-associated B cells. Annual Review of 
Immunology, 38, 315–340. https://​doi.​org/​10.​1146/​annur​ev-​
immun​ol-​09241​9-​031130

Cancro, M. P., Hao, Y., Scholz, J. L., Riley, R. L., Frasca, D., Dunn-
Walters, D. K., & Blomberg, B. B. (2009). B cells and aging: 
Molecules and mechanisms. Trends in Immunology, 30, 313–
318. https://​doi.​org/​10.​1016/j.​it.​2009.​04.​005

Cao, W., Zheng, D., Wang, G., Zhang, J., Ge, S., Singh, M., Wang, H., 
Song, M., Li, D., Wang, W., Xu, X., & Wang, Y. (2020). Modelling 

biological age based on plasma peptides in Han Chinese adults. 
Aging (Albany NY), 12(11), 10676–10686. https://​doi.​org/​10.​
18632/​​aging.​103286

Carey, A., Nguyen, K., Kandikonda, P., Kruglov, V., Bradley, C., 
Dahlquist, K. J. V., Cholensky, S., Swanson, W., Badovinac, V. P., 
Griffith, T. S., & Camell, C. D. (2024). Age-associated accumu-
lation of B cells promotes macrophage inflammation and inhib-
its lipolysis in adipose tissue during sepsis. Cell Reports, 43(3), 
113967. https://​doi.​org/​10.​1016/j.​celrep.​2024.​113967

Castellano, G., Franzin, R., Sallustio, F., Stasi, A., Banelli, B., 
Romani, M., De Palma, G., Lucarelli, G., Divella, C., Battaglia, 
M., Crovace, A., Staffieri, F., Grandaliano, G., Stallone, G., 
Ditonno, P., Cravedi, P., Cantaluppi, V., & Gesualdo, L. (2019). 
Complement component C5a induces aberrant epigenetic 
modifications in renal tubular epithelial cells accelerating se-
nescence by Wnt4/βcatenin signaling after ischemia/reperfu-
sion injury. Aging (Albany NY), 11(13), 4382–4406. https://​doi.​
org/​10.​18632/​​aging.​102059

Cazzaniga, M., Fumagalli, L. A. M., D'angelo, L., Cerino, M., 
Bonfanti, G., Fumagalli, R. M., Schiavo, G., Lorini, C., Lainu, E., 
Terragni, S., Chiarelli, M., Scarazzati, C., Bonato, C., & Zago, M. 
(2021). Eosinopenia is a reliable marker of severe disease and 
unfavourable outcome in patients with COVID-19 pneumonia. 
International Journal of Clinical Practice, 75(7), e14047. https://​
doi.​org/​10.​1111/​ijcp.​14047​

Chandra, P., Grigsby, S. J., & Philips, J. A. (2022). Immune eva-
sion and provocation by mycobacterium tuberculosis. Nature 
Reviews. Microbiology, 20(12), 750–766. https://​doi.​org/​10.​
1038/​s4157​9-​022-​00763​-​4

Chen, G., Lustig, A., & Weng, N. P. (2013). T cell aging: A review 
of the transcriptional changes determined from genome-wide 
analysis. Frontiers in Immunology, 4, 121. https://​doi.​org/​10.​
3389/​fimmu.​2013.​00121​

Chidrawar, S. M., Khan, N., Chan, Y. L., Nayak, L., & Moss, P. A. 
(2006). Ageing is associated with a decline in peripheral blood 
CD56bright NK cells. Immunity & Ageing, 3, 10. https://​doi.​org/​
10.​1186/​1742-​4933-​3-​10

Chiu, W. K., Fann, M., & Weng, N. P. (2006). Generation and growth 
of CD28nullCD8+ memory T cells mediated by IL-15 and its 
induced cytokines. Journal of Immunology, 177(11), 7802–7810. 
https://​doi.​org/​10.​4049/​jimmu​nol.​177.​11.​7802

Cini, C., Yip, C., Attard, C., Karlaftis, V., Monagle, P., Linden, M., 
& Ignjatovic, V. (2015). Differences in the resting platelet pro-
teome and platelet releasate between healthy children and 
adults. Journal of Proteomics, 123, 78–88. https://​doi.​org/​10.​
1016/j.​jprot.​2015.​04.​003

Ciocca, M., Zaffina, S., Fernandez Salinas, A., Bocci, C., Palomba, 
P., Conti, M. G., Terreri, S., Frisullo, G., Giorda, E., Scarsella, 
M., Brugaletta, R., Vinci, M. R., Magnavita, N., Carsetti, R., & 
Piano Mortari, E. (2021). Evolution of human memory B cells 
from childhood to old age. Frontiers in Immunology, 12, 690534. 
https://​doi.​org/​10.​3389/​fimmu.​2021.​690534

Clark, H. L., Banks, R., Jones, L., Hornick, T. R., Higgins, P. A., 
Burant, C. J., & Canaday, D. H. (2012). Characterization of 
MHC-II antigen presentation by B cells and monocytes from 
older individuals. Clinical Immunology, 144(2), 172–177. 
https://​doi.​org/​10.​1016/j.​clim.​2012.​06.​005

Colicchia, M., Schrottmaier, W. C., Perrella, G., Reyat, J. S., Begum, J., 
Slater, A., Price, J., Clark, J. C., Zhi, Z., Simpson, M. J., Bourne, 
J. H., Poulter, N. S., Khan, A. O., Nicolson, P. L. R., Pugh, M., 

https://doi.org/10.3390/ijms21113861
https://doi.org/10.3390/ijms21113861
https://doi.org/10.1111/all.16092
https://doi.org/10.1111/all.16092
https://doi.org/10.1111/jth.13720
https://doi.org/10.1111/jth.13720
https://doi.org/10.1016/j.pulmoe.2021.03.008
https://doi.org/10.1046/j.1365-2567.1999.00738.x
https://doi.org/10.1046/j.1365-2567.1999.00738.x
https://doi.org/10.1016/j.exger.2012.04.004
https://doi.org/10.1016/j.yexcr.2011.02.015
https://doi.org/10.3390/cells11061017
https://doi.org/10.1182/blood-2014-01-549816
https://doi.org/10.1182/blood-2014-01-549816
https://doi.org/10.4049/jimmunol.1700885
https://doi.org/10.4049/jimmunol.1700885
https://doi.org/10.1146/annurev-immunol-092419-031130
https://doi.org/10.1146/annurev-immunol-092419-031130
https://doi.org/10.1016/j.it.2009.04.005
https://doi.org/10.18632/aging.103286
https://doi.org/10.18632/aging.103286
https://doi.org/10.1016/j.celrep.2024.113967
https://doi.org/10.18632/aging.102059
https://doi.org/10.18632/aging.102059
https://doi.org/10.1111/ijcp.14047
https://doi.org/10.1111/ijcp.14047
https://doi.org/10.1038/s41579-022-00763-4
https://doi.org/10.1038/s41579-022-00763-4
https://doi.org/10.3389/fimmu.2013.00121
https://doi.org/10.3389/fimmu.2013.00121
https://doi.org/10.1186/1742-4933-3-10
https://doi.org/10.1186/1742-4933-3-10
https://doi.org/10.4049/jimmunol.177.11.7802
https://doi.org/10.1016/j.jprot.2015.04.003
https://doi.org/10.1016/j.jprot.2015.04.003
https://doi.org/10.3389/fimmu.2021.690534
https://doi.org/10.1016/j.clim.2012.06.005


      |  13 of 20GASMI et al.

Harrison, P., Iqbal, A. J., Rainger, G. E., Watson, S. P., … Rayes, J. 
(2022). S100A8/A9 drives the formation of procoagulant plate-
lets through GPIbα. Blood, 140(24), 2626–2643. https://​doi.​org/​
10.​1182/​blood.​20210​14966​

Conti, P., Caraffa, A., Tetè, G., Gallenga, C. E., Ross, R., Kritas, S. 
K., Frydas, I., Younes, A., Di Emidio, P., & Ronconi, G. (2020). 
Mast cells activated by SARS-CoV-2 release histamine which 
increases IL-1 levels causing cytokine storm and inflamma-
tory reaction in COVID-19. Journal of Biological Regulators 
and Homeostatic Agents, 34(5), 1629–1632. https://​doi.​org/​10.​
23812/​​20-​2EDIT​

Conway, E. M., Mackman, N., Warren, R. Q., Wolberg, A. S., Mosnier, 
L. O., Campbell, R. A., Gralinski, L. E., Rondina, M. T., van de 
Veerdonk, F. L., Hoffmeister, K. M., Griffin, J. H., Nugent, D., 
Moon, K., & Morrissey, J. H. (2022). Understanding COVID-19-
associated coagulopathy. Nature Reviews. Immunology, 22(10), 
639–649. https://​doi.​org/​10.​1038/​s4157​7-​022-​00762​-​9

Coombs, J. R., Zamoshnikova, A., Holley, C. L., Maddugoda, M. 
P., Teo, D. E. T., Chauvin, C., Poulin, L. F., Vitak, N., Ross, C. 
M., Mellacheruvu, M., Coll, R. C., Heinz, L. X., Burgener, S. 
S., Emming, S., Chamaillard, M., Boucher, D., & Schroder, K. 
(2024). NLRP12 interacts with NLRP3 to block the activation of 
the human NLRP3 inflammasome. Science Signaling, 17(820), 
eabg8145. https://​doi.​org/​10.​1126/​scisi​gnal.​abg8145

Cowman, J., Dunne, E., Oglesby, I., Byrne, B., Ralph, A., Voisin, 
B., Müllers, S., Ricco, A. J., & Kenny, D. (2015). Age-related 
changes in platelet function are more profound in women 
than in men. Scientific Reports, 5, 12235. https://​doi.​org/​10.​
1038/​srep1​2235

Cui, Q., Li, W., Wang, D., Wang, S., Liu, A., Zhang, G., Yang, Y., Ge, 
T., He, G., & Yu, J. (2024). Immune signature and phagocyto-
sis of circulating DC subsets in healthy adults during aging. 
International Immunopharmacology, 130, 111715. https://​doi.​
org/​10.​1016/j.​intimp.​2024.​111715

Davis, S. R., Pinkerton, J., Santoro, N., & Simoncini, T. (2023). 
Menopause—Biology, consequences, supportive care, and ther-
apeutic options. Cell, 186(19), 4038–4058. https://​doi.​org/​10.​
1016/j.​cell.​2023.​08.​016

De Maeyer, R. P. H., & Chambers, E. S. (2021). The impact of age-
ing on monocytes and macrophages. Immunology Letters, 230, 
1–10. https://​doi.​org/​10.​1016/j.​imlet.​2020.​12.​003

De Maeyer, R. P. H., van de Merwe, R. C., Louie, R., Bracken, O. 
V., Devine, O. P., Goldstein, D. R., Uddin, M., Akbar, A. N., & 
Gilroy, D. W. (2020). Blocking elevated p38 MAPK restores ef-
ferocytosis and inflammatory resolution in the elderly. Nature 
Immunology, 21(6), 615–625. https://​doi.​org/​10.​1038/​s4159​
0-​020-​0646-​0

De Sanctis, J. B., Balda Noria, G., & García, A. H. (2025). Exploring 
how adipose tissue, obesity, and gender influence the im-
mune response to vaccines: A comprehensive narrative review. 
International Journal of Molecular Sciences, 26(2), 862. https://​
doi.​org/​10.​3390/​ijms2​6020862

Denes, A., Hansen, C. E., Oezorhan, U., Figuerola, S., de Vries, H. 
E., Sorokin, L., Planas, A. M., Engelhardt, B., & Schwaninger, 
M. (2024). Endothelial cells and macrophages as allies in the 
healthy and diseased brain. Acta Neuropathologica, 147(1), 38. 
https://​doi.​org/​10.​1007/​s00401-​024-​02695-​0

Devitt, A., & Marshall, L. J. (2011). The innate immune system and 
the clearance of apoptotic cells. Journal of Leukocyte Biology, 
90(3), 447–457. https://​doi.​org/​10.​1189/​jlb.​0211095

Di Vincenzo, F., Del Gaudio, A., Petito, V., Lopetuso, L. R., & 
Scaldaferri, F. (2024). Gut microbiota, intestinal permeability, 
and systemic inflammation: A narrative review. Internal and 
Emergency Medicine, 19(2), 275–293. https://​doi.​org/​10.​1007/​
s1173​9-​023-​03374​-​w

Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., Chen, L., Li, 
M., Liu, Y., Wang, G., Yuan, Z., Feng, Z., Zhang, Y., Wu, Y., & 
Chen, Y. (2020). Reduction and functional exhaustion of T 
cells in patients with coronavirus disease 2019 (COVID-19). 
Frontiers in Immunology, 11, 827. https://​doi.​org/​10.​3389/​
fimmu.​2020.​00827​

Dileepan, K. N., Raveendran, V. V., Sharma, R., Abraham, H., Barua, 
R., Singh, V., Sharma, R., & Sharma, M. (2023). Mast cell-
mediated immune regulation in health and disease. Frontiers 
in Medicine, 10, 1213320. https://​doi.​org/​10.​3389/​fmed.​2023.​
1213320

Elnagdy, M. H., Magdy, A., Eldars, W., Elgamal, M., El-Nagdy, 
A. H., Salem, O., Elmowafy, M. M., Elborsh, O. A., Elshafey, 
A. W., Kesba, M. M., Abdulgalil, A. E., & Sobh, A. (2024). 
Genetic association of ACE2 and TMPRSS2 polymorphisms 
with COVID-19 severity; a single centre study from Egypt. 
Virology Journal, 21(1), 27. https://​doi.​org/​10.​1186/​s1298​5-​
024-​02298​-​x

Engstrom, G., Hedblad, B., Eriksson, K. F., Janzon, L., & Lindgarde, 
F. (2005). Complement C3 is a risk factor for the development 
of diabetes: A population-based cohort study. Diabetes, 54, 570–
575. https://​doi.​org/​10.​2337/​diabe​tes.​54.2.​570

Fabbri, M., Smart, C., & Pardi, R. (2003). T lymphocytes. International 
Journal of Biochemistry & Cell Biology, 35(7), 1004–1008. 
https://​doi.​org/​10.​1016/​s1357​-​2725(03)​00037​-​2

Ferrucci, L., Gonzalez-Freire, M., Fabbri, E., Simonsick, E., Tanaka, 
T., Moore, Z., Salimi, S., Sierra, F., & de Cabo, R. (2020). 
Measuring biological aging in humans: A quest. Aging Cell, 
19(2), e13080. https://​doi.​org/​10.​1111/​acel.​13080​

Franceschi, C., Bonafè, M., Valensin, S., Olivieri, F., De Luca, M., 
Ottaviani, E., & De Benedictis, G. (2000). Inflamm-aging. An 
evolutionary perspective on immunosenescence. Annals of the 
New York Academy of Sciences, 908, 244–254. https://​doi.​org/​10.​
1111/j.​1749-​6632.​2000.​tb066​51.​x

Franceschi, C., Garagnani, P., Vitale, G., Capri, M., & Salvioli, S. 
(2017). Inflammaging and ‘Garb-aging’. Trends in Endocrinology 
and Metabolism, 28(3), 199–212. https://​doi.​org/​10.​1016/j.​tem.​
2016.​09.​005

Frasca, D., & Blomberg, B. B. (2020). Aging induces B cell defects 
and decreased antibody responses to influenza infection and 
vaccination. Immunity & Ageing, 17(1), 37. https://​doi.​org/​10.​
1186/​s1297​9-​020-​00210​-​z

Frasca, D., Diaz, A., Romero, M., & Blomberg, B. B. (2016). The 
generation of memory B cells is maintained, but the antibody 
response is not, in the elderly after repeated influenza immuni-
zations. Vaccine, 34, 2834–2840. https://​doi.​org/​10.​1016/j.​vacci​
ne.​2016.​04.​023

Frasca, D., Diaz, A., Romero, M., Garcia, D., & Blomberg, B. B. 
(2020). B Cell Immunosenescence. Annual Review of Cell and 
Developmental Biology, 36, 551–574. https://​doi.​org/​10.​1146/​
annur​ev-​cellb​io-​01162​0-​034148

Frasca, D., Diaz, A., Romero, M., Landin, A. M., & Blomberg, B. B. 
(2011). Age effects on B cells and humoral immunity in hu-
mans. Ageing Research Reviews, 10(3), 330–335. https://​doi.​org/​
10.​1016/j.​arr.​2010.​08.​004

https://doi.org/10.1182/blood.2021014966
https://doi.org/10.1182/blood.2021014966
https://doi.org/10.23812/20-2EDIT
https://doi.org/10.23812/20-2EDIT
https://doi.org/10.1038/s41577-022-00762-9
https://doi.org/10.1126/scisignal.abg8145
https://doi.org/10.1038/srep12235
https://doi.org/10.1038/srep12235
https://doi.org/10.1016/j.intimp.2024.111715
https://doi.org/10.1016/j.intimp.2024.111715
https://doi.org/10.1016/j.cell.2023.08.016
https://doi.org/10.1016/j.cell.2023.08.016
https://doi.org/10.1016/j.imlet.2020.12.003
https://doi.org/10.1038/s41590-020-0646-0
https://doi.org/10.1038/s41590-020-0646-0
https://doi.org/10.3390/ijms26020862
https://doi.org/10.3390/ijms26020862
https://doi.org/10.1007/s00401-024-02695-0
https://doi.org/10.1189/jlb.0211095
https://doi.org/10.1007/s11739-023-03374-w
https://doi.org/10.1007/s11739-023-03374-w
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.3389/fmed.2023.1213320
https://doi.org/10.3389/fmed.2023.1213320
https://doi.org/10.1186/s12985-024-02298-x
https://doi.org/10.1186/s12985-024-02298-x
https://doi.org/10.2337/diabetes.54.2.570
https://doi.org/10.1016/s1357-2725(03)00037-2
https://doi.org/10.1111/acel.13080
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.1186/s12979-020-00210-z
https://doi.org/10.1186/s12979-020-00210-z
https://doi.org/10.1016/j.vaccine.2016.04.023
https://doi.org/10.1016/j.vaccine.2016.04.023
https://doi.org/10.1146/annurev-cellbio-011620-034148
https://doi.org/10.1146/annurev-cellbio-011620-034148
https://doi.org/10.1016/j.arr.2010.08.004
https://doi.org/10.1016/j.arr.2010.08.004


14 of 20  |      GASMI et al.

Fuentes, E., & Palomo, I. (2016). Role of oxidative stress on platelet 
hyperreactivity during aging. Life Sciences, 148, 17–23. https://​
doi.​org/​10.​1016/j.​lfs.​2016.​02.​026

Fuentes, F., Palomo, I., & Fuentes, E. (2017). Platelet oxidative stress 
as a novel target of cardiovascular risk in frail older people. 
Vascular Pharmacology, 93-95, 14–19. https://​doi.​org/​10.​1016/j.​
vph.​2017.​07.​003

Fujimori, S., & Ohigashi, I. (2024). The role of thymic epithelium 
in thymus development and age-related thymic involution. The 
Journal of Medical Investigation, 71(1.2), 29–39. https://​doi.​org/​
10.​2152/​jmi.​71.​29

Funk, M. C., Zhou, J., & Boutros, M. (2020). Ageing, metabolism and 
the intestine. EMBO Reports, 21(7), e50047. https://​doi.​org/​10.​
15252/​​embr.​20205​0047

Gagnon, A. L., & Desai, T. (2013). Dermatological diseases in pa-
tients with chronic kidney disease. Journal of Nephrology, 2(2), 
104–109. https://​doi.​org/​10.​12860/​​JNP.​2013.​17

Galli, S. J., Gaudenzio, N., & Tsai, M. (2020). Mast cells in inflam-
mation and disease: Recent Progress and ongoing concerns. 
Annual Review of Immunology, 38, 49–77. https://​doi.​org/​10.​
1146/​annur​ev-​immun​ol-​07171​9-​094903

Gambichler, T., Schuleit, N., Susok, L., Becker, J. C., Scheel, C. 
H., Torres-Reyes, C., Overheu, O., Reinacher-Schick, A., & 
Schmidt, W. (2023). Prognostic performance of inflammatory 
biomarkers based on complete blood counts in COVID-19 pa-
tients. Viruses, 15(9), 1920. https://​doi.​org/​10.​3390/​v1509​1920

Gaspar-Rodríguez, A., Padilla-González, A., & Rivera-Toledo, E. 
(2021). Coronavirus persistence in human respiratory tract and 
cell culture: An overview. The Brazilian Journal of Infectious 
Diseases, 25(5), 101632. https://​doi.​org/​10.​1016/j.​bjid.​2021.​
101632

Gheblawi, M., Wang, K., Viveiros, A., Nguyen, Q., Zhong, J.-C., 
Turner, A. J., Raizada, M. K., Grant, M. B., & Oudit, G. Y. 
(2020). Angiotensin-converting enzyme 2: SARS-CoV-2 recep-
tor and regulator of the renin-angiotensin system. Circulation 
Research, 126(10), 1456–1474. https://​doi.​org/​10.​1161/​CIRCR​
ESAHA.​120.​317015

Gillis, S., Kozak, R., Durante, M., & Weksler, M. E. (1981). 
Immunological studies of aging. Decreased production of and 
response to T cell growth factor by lymphocytes from aged 
humans. The Journal of Clinical Investigation, 67(4), 937–942. 
https://​doi.​org/​10.​1172/​jci11​0143

Glass, M. C., Glass, D. R., Oliveria, J. P., Mbiribindi, B., Esquivel, 
C. O., Krams, S. M., Bendall, S. C., & Martinez, O. M. (2022). 
Human IL-10-producing B cells have diverse states that are in-
duced from multiple B cell subsets. Cell Reports, 39(3), 110728. 
https://​doi.​org/​10.​1016/j.​celrep.​2022.​110728

Gleerup, G., & Winther, K. (1988). The effect of ageing on human 
platelet sensitivity to serotonin. European Journal of Clinical 
Investigation, 18(5), 504–506. https://​doi.​org/​10.​1111/j.​1365-​
2362.​1988.​tb010​47.​x

Gorni, D., & Finco, A. (2020). Oxidative stress in elderly population: 
A prevention screening study. Aging Medicine, 3(3), 205–213. 
https://​doi.​org/​10.​1002/​agm2.​12121​

Goronzy, J. J., Fang, F., Cavanagh, M. M., Qi, Q., & Weyand, C. M. 
(2015). Naive T cell maintenance and function in human aging. 
Journal of Immunology, 194(9), 4073–4080. https://​doi.​org/​10.​
4049/​jimmu​nol.​1500046

Greene, T. T., Jo, Y., Chiale, C., Macal, M., Fang, Z., Khatri, F. S., 
Codrington, A. L., Kazane, K. R., Akbulut, E., Swaminathan, S., 

Fujita, Y., Fitzgerald-Bocarsly, P., Cordes, T., Metallo, C., Scott, 
D. A., & Zúñiga, E. I. (2025). Metabolic deficiencies underlie re-
duced plasmacytoid dendritic cell IFN-I production following 
viral infection. Nature Communications, 16(1), 1460. https://​
doi.​org/​10.​1038/​s4146​7-​025-​56603​-​5

Gruver, A. L., Hudson, L. L., & Sempowski, G. D. (2007). 
Immunosenescence of ageing. The Journal of Pathology, 211(2), 
144–156. https://​doi.​org/​10.​1002/​path.​2104

Guan, Y., Cao, M., Wu, X., Yan, J., Hao, Y., & Zhang, C. (2024). 
CD28null T cells in aging and diseases: From biology to assess-
ment and intervention. International Immunopharmacology, 
131, 111807. https://​doi.​org/​10.​1016/j.​intimp.​2024.​111807

Guerrettaz, L. M., Johnson, S. A., & Cambier, J. C. (2008). Acquired 
hematopoietic stem cell defects determine B-cell repertoire 
changes associated with aging. Proceedings of the National 
Academy of Sciences of the United States of America, 105(33), 
11898–11902. https://​doi.​org/​10.​1073/​pnas.​08054​98105​

Guirao, J. J., Cabrera, C. M., Jiménez, N., Rincón, L., & Urra, J. M. 
(2020). High serum IL-6 values increase the risk of mortal-
ity and the severity of pneumonia in patients diagnosed with 
COVID-19. Molecular Immunology, 128, 64–68. https://​doi.​org/​
10.​1016/j.​molimm.​2020.​10.​006

Gullotta, G. S., De Feo, D., Friebel, E., Semerano, A., Scotti, G. 
M., Bergamaschi, A., Butti, E., Brambilla, E., Genchi, A., 
Capotondo, A., Gallizioli, M., Coviello, S., Piccoli, M., Vigo, 
T., Della Valle, P., Ronchi, P., Comi, G., D'Angelo, A., Maugeri, 
N., … Bacigaluppi, M. (2023). Age-induced alterations of gran-
ulopoiesis generate atypical neutrophils that aggravate stroke 
pathology. Nature Immunology, 24(6), 925–940. https://​doi.​org/​
10.​1038/​s4159​0-​023-​01505​-​1

Gustafson, C. E., Kim, C., Weyand, C. M., & Goronzy, J. J. (2020). 
Influence of immune aging on vaccine responses. The Journal 
of Allergy and Clinical Immunology, 145(5), 1309–1321. https://​
doi.​org/​10.​1016/j.​jaci.​2020.​03.​017

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., 
Smith, N., Péré, H., Charbit, B., Bondet, V., Chenevier-
Gobeaux, C., Breillat, P., Carlier, N., Gauzit, R., Morbieu, C., 
Pène, F., Marin, N., Roche, N., Szwebel, T. A., Merkling, S. 
H., … Terrier, B. (2020). Impaired type I interferon activity 
and inflammatory responses in severe COVID-19 patients. 
Science, 369(6504), 718–724. https://​doi.​org/​10.​1126/​scien​
ce.​abc6027

Hafezi, B., Chan, L., Knapp, J. P., Karimi, N., Alizadeh, K., Mehrani, 
Y., Bridle, B. W., & Karimi, K. (2021). Cytokine storm syndrome 
in SARS-CoV-2 infections: A functional role of mast cells. Cells, 
10(7), 1761. https://​doi.​org/​10.​3390/​cells​10071761

Han, S., Georgiev, P., Ringel, A. E., Sharpe, A. H., & Haigis, M. C. 
(2023). Age-associated remodeling of T cell immunity and 
metabolism. Cell Metabolism, 35(1), 36–55. https://​doi.​org/​10.​
1016/j.​cmet.​2022.​11.​005

Hao, Y., O'Neill, P., Naradikian, M. S., Scholz, J. L., & Cancro, M. P. 
(2011). A B-cell subset uniquely responsive to innate stimuli 
accumulates in aged. Blood, 118, 1294–1304. https://​doi.​org/​10.​
1182/​blood​-​2011-​01-​330530

Haynes, L. (2020). Aging of the immune system: Research chal-
lenges to enhance the health span of older adults. Frontiers in 
Aging, 1, 602108. https://​doi.​org/​10.​3389/​fragi.​2020.​602108

Hazeldine, J., Harris, P., Chapple, I. L., Grant, M., Greenwood, H., 
Livesey, A., Sapey, E., & Lord, J. M. (2014). Impaired neutro-
phil extracellular trap formation: A novel defect in the innate 

https://doi.org/10.1016/j.lfs.2016.02.026
https://doi.org/10.1016/j.lfs.2016.02.026
https://doi.org/10.1016/j.vph.2017.07.003
https://doi.org/10.1016/j.vph.2017.07.003
https://doi.org/10.2152/jmi.71.29
https://doi.org/10.2152/jmi.71.29
https://doi.org/10.15252/embr.202050047
https://doi.org/10.15252/embr.202050047
https://doi.org/10.12860/JNP.2013.17
https://doi.org/10.1146/annurev-immunol-071719-094903
https://doi.org/10.1146/annurev-immunol-071719-094903
https://doi.org/10.3390/v15091920
https://doi.org/10.1016/j.bjid.2021.101632
https://doi.org/10.1016/j.bjid.2021.101632
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1172/jci110143
https://doi.org/10.1016/j.celrep.2022.110728
https://doi.org/10.1111/j.1365-2362.1988.tb01047.x
https://doi.org/10.1111/j.1365-2362.1988.tb01047.x
https://doi.org/10.1002/agm2.12121
https://doi.org/10.4049/jimmunol.1500046
https://doi.org/10.4049/jimmunol.1500046
https://doi.org/10.1038/s41467-025-56603-5
https://doi.org/10.1038/s41467-025-56603-5
https://doi.org/10.1002/path.2104
https://doi.org/10.1016/j.intimp.2024.111807
https://doi.org/10.1073/pnas.0805498105
https://doi.org/10.1016/j.molimm.2020.10.006
https://doi.org/10.1016/j.molimm.2020.10.006
https://doi.org/10.1038/s41590-023-01505-1
https://doi.org/10.1038/s41590-023-01505-1
https://doi.org/10.1016/j.jaci.2020.03.017
https://doi.org/10.1016/j.jaci.2020.03.017
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc6027
https://doi.org/10.3390/cells10071761
https://doi.org/10.1016/j.cmet.2022.11.005
https://doi.org/10.1016/j.cmet.2022.11.005
https://doi.org/10.1182/blood-2011-01-330530
https://doi.org/10.1182/blood-2011-01-330530
https://doi.org/10.3389/fragi.2020.602108


      |  15 of 20GASMI et al.

immune system of aged individuals. Aging Cell, 13(4), 690–698. 
https://​doi.​org/​10.​1111/​acel.​12222​

Hearps, A. C., Martin, G. E., Angelovich, T. A., Cheng, W. J., Maisa, 
A., Landay, A. L., Jaworowski, A., & Crowe, S. M. (2012). 
Aging is associated with chronic innate immune activation 
and dysregulation of monocyte phenotype and function. Aging 
Cell, 11(5), 867–875. https://​doi.​org/​10.​1111/j.​1474-​9726.​2012.​
00851.​x

Herath, M., Hosie, S., Bornstein, J. C., Franks, A. E., & Hill-Yardin, 
E. L. (2020). The role of the gastrointestinal mucus system in 
intestinal homeostasis: Implications for neurological disorders. 
Frontiers in Cellular and Infection Microbiology, 10, 248. https://​
doi.​org/​10.​3389/​fcimb.​2020.​00248​

Ho, J. C., Chan, K. N., Hu, W. H., Lam, W. K., Zheng, L., Tipoe, G. 
L., Sun, J., Leung, R., & Tsang, K. W. (2001). The effect of aging 
on nasal mucociliary clearance, beat frequency, and ultrastruc-
ture of respiratory cilia. American Journal of Respiratory and 
Critical Care Medicine, 163(4), 983–988. https://​doi.​org/​10.​
1164/​ajrccm.​163.4.​9909121

Hottz, E. D., Azevedo-Quintanilha, I. G., Palhinha, L., Teixeira, L., 
Barreto, E. A., Pão, C. R. R., Righy, C., Franco, S., Souza, T. M. 
L., Kurtz, P., Bozza, F. A., & Bozza, P. T. (2020). Platelet activa-
tion and platelet-monocyte aggregate formation trigger tissue 
factor expression in patients with severe COVID-19. Blood, 136, 
1330–1341. https://​doi.​org/​10.​1182/​blood.​20200​07252​

Huntington, N. D., Cursons, J., & Rautela, J. (2020). The cancer-
natural killer cell immunity cycle. Nature Reviews. Cancer, 
20(8), 437–454. https://​doi.​org/​10.​1038/​s4156​8-​020-​0272-​z

Hussell, T., & Bell, T. J. (2014). Alveolar macrophages: Plasticity in a 
tissue-specific context. Nature Reviews. Immunology, 14, 81–93. 
https://​doi.​org/​10.​1038/​nri3600

Ince, F. M., Alkan Bilik, O., & Ince, H. (2024). Evaluating mor-
tality predictors in COVID-19 intensive care unit patients: 
Insights into age, procalcitonin, neutrophil-to-lymphocyte 
ratio, platelet-to-lymphocyte ratio, and ferritin lactate index. 
Diagnostics (Basel), 14(7), 684. https://​doi.​org/​10.​3390/​diagn​
ostic​s1407​0684

Ito, A., Ishida, T., Nakanishi, Y., Kobe, H., & Tokioka, F. (2023). 
Eosinopenia is associated with adverse outcomes after 
COVID-19 infection: A perspective from Japan. Respirology, 
28(7), 677–680. https://​doi.​org/​10.​1111/​resp.​14509​

Jang, J. Y., Min, J. H., Chae, Y. H., Baek, J. Y., Wang, S. B., Park, S. J., 
Oh, G. T., Lee, S. H., Ho, Y. S., & Chang, T. S. (2014). Reactive 
oxygen species play a critical role in collagen-induced platelet 
activation via SHP-2 oxidation. Antioxidants & Redox Signaling, 
20(16), 2528–2540. https://​doi.​org/​10.​1089/​ars.​2013.​5337

Jiao, Q., Zhi, L., You, B., Wang, G., Wu, N., & Jia, Y. (2024). Skin 
homeostasis: Mechanism and influencing factors. Journal of 
Cosmetic Dermatology, 23(5), 1518–1526. https://​doi.​org/​10.​
1111/​jocd.​16155​

Jing, Y., Shaheen, E., Drake, R. R., Chen, N., Gravenstein, S., & Deng, 
Y. (2009). Aging is associated with a numerical and functional 
decline in plasmacytoid dendritic cells, whereas myeloid den-
dritic cells are relatively unaltered in human peripheral blood. 
Human Immunology, 70(10), 777–784. https://​doi.​org/​10.​
1016/j.​humimm.​2009.​07.​005

Johnston, S. L., Goldblatt, D. L., Evans, S. E., Tuvim, M. J., & Dickey, 
B. F. (2021). Airway epithelial innate immunity. Frontiers in 
Physiology, 12, 749077. https://​doi.​org/​10.​3389/​fphys.​2021.​
749077

Joshi, N., Walter, J. M., & Misharin, A. V. (2018). Alveolar 
Macrophages. Cellular Immunology, 330, 86–90. https://​doi.​
org/​10.​1016/j.​celli​mm.​2018.​01.​005

Josset, L., Menachery, V. D., Gralinski, L. E., Agnihothram, S., Sova, 
P., Carter, V. S., Yount, B. L., Graham, R. L., Baric, R. S., & Katze, 
M. G. (2013). Cell host response to infection with novel human 
coronavirus EMC predicts potential antivirals and important 
differences with SARS coronavirus. MBio, 4(3), e00165. https://​
doi.​org/​10.​1128/​mBio.​00165​-​13

Jura, M., & Kozak, L. P. (2016). Obesity and related consequences 
to ageing. Age, 8, 23. https://​doi.​org/​10.​1007/​s1135​7-​016-​9884-​3

Karanfilov, C. I., Liu, B., Fox, C. C., Lakshmanan, R. R., & Whisler, R. 
L. (1999). Age-related defects in Th1 and Th2 cytokine produc-
tion by human T cells can be dissociated from altered frequen-
cies of CD45RA+ and CD45RO+ T cell subsets. Mechanisms 
of Ageing and Development, 109(2), 97–112. https://​doi.​org/​10.​
1016/​s0047​-​6374(99)​00030​-​5

Kasjanovová, D., Adamecková, D., Gratzlová, J., & Hegyi, L. (1993). 
Sex-related and age-related differences in platelet function 
in  vitro: Influence of hematocrit. Mechanisms of Ageing and 
Development, 71(1–2), 103–109. https://​doi.​org/​10.​1016/​0047-​
6374(93)​90039​-​t

Kasjanovová, D., & Baláz, V. (1986). Age-related changes in 
human platelet function in  vitro. Mechanisms of Ageing and 
Development, 37(2), 175–182. https://​doi.​org/​10.​1016/​0047-​
6374(86)​90074​-​6

Kawamoto, E. M., Munhoz, C. D., Glezer, I., Bahia, V. S., Caramelli, 
P., Nitrini, R., Gorjão, R., Curi, R., Scavone, C., & Marcourakis, 
T. (2005). Oxidative state in platelets and erythrocytes in aging 
and Alzheimer's disease. Neurobiology of Aging, 26(6), 857–864. 
https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​2004.​08.​011

Khan, M. K. R., Parvin, M. R., Wahiduzzaman, M., Akter, K., & 
Ullah, M. (2024). Challenges and advancements in the health-
related quality of life of older people. Advances in Public Health, 
2024, 8839631. https://​doi.​org/​10.​1155/​2024/​8839631

Klein, N., Gembardt, F., Supé, S., Kaestle, S. M., Nickles, H., 
Erfinanda, L., Lei, X., Yin, J., Wang, L., Mertens, M., Szaszi, K., 
Walther, T., & Kuebler, W. M. (2013). Angiotensin-(1-7) protects 
from experimental acute lung injury. Critical Care Medicine, 
41(11), e334–e343. https://​doi.​org/​10.​1097/​CCM.​0b013​e3182​
8a6688

Knippenberg, S., Peelen, E., Smolders, J., Thewissen, M., Menheere, 
P., Cohen Tervaert, J. W., Hupperts, R., & Damoiseaux, J. (2011). 
Reduction in IL-10 producing B cells (Breg) in multiple sclerosis 
is accompanied by a reduced naïve/memory Breg ratio during 
a relapse but not in remission. Journal of Neuroimmunology, 
239(1–2), 80–86. https://​doi.​org/​10.​1016/j.​jneur​oim.​2011.​08.​019

Kosyreva, A., Dzhalilova, D., Lokhonina, A., Vishnyakova, P., & 
Fatkhudinov, T. (2021). The role of macrophages in the patho-
genesis of SARS-CoV-2-associated acute respiratory distress 
syndrome. Frontiers in Immunology, 12, 682871. https://​doi.​
org/​10.​3389/​fimmu.​2021.​682871

Krabbe, K. S., Pedersen, M., & Bruunsgaard, H. (2004). Inflammatory 
mediators in the elderly. Experimental Gerontology, 39(5), 687–
699. https://​doi.​org/​10.​1016/j.​exger.​2004.​01.​009

Kritas, S. K., Ronconi, G., Caraffa, A., Gallenga, C. E., Ross, R., & 
Conti, P. (2020). Mast cells contribute to coronavirus-induced 
inflammation: New anti-inflammatory strategy. Journal of 
Biological Regulators and Homeostatic Agents, 34(1), 9–14. 
https://​doi.​org/​10.​23812/​​20-​Edito​rial-​Kritas

https://doi.org/10.1111/acel.12222
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.3389/fcimb.2020.00248
https://doi.org/10.3389/fcimb.2020.00248
https://doi.org/10.1164/ajrccm.163.4.9909121
https://doi.org/10.1164/ajrccm.163.4.9909121
https://doi.org/10.1182/blood.2020007252
https://doi.org/10.1038/s41568-020-0272-z
https://doi.org/10.1038/nri3600
https://doi.org/10.3390/diagnostics14070684
https://doi.org/10.3390/diagnostics14070684
https://doi.org/10.1111/resp.14509
https://doi.org/10.1089/ars.2013.5337
https://doi.org/10.1111/jocd.16155
https://doi.org/10.1111/jocd.16155
https://doi.org/10.1016/j.humimm.2009.07.005
https://doi.org/10.1016/j.humimm.2009.07.005
https://doi.org/10.3389/fphys.2021.749077
https://doi.org/10.3389/fphys.2021.749077
https://doi.org/10.1016/j.cellimm.2018.01.005
https://doi.org/10.1016/j.cellimm.2018.01.005
https://doi.org/10.1128/mBio.00165-13
https://doi.org/10.1128/mBio.00165-13
https://doi.org/10.1007/s11357-016-9884-3
https://doi.org/10.1016/s0047-6374(99)00030-5
https://doi.org/10.1016/s0047-6374(99)00030-5
https://doi.org/10.1016/0047-6374(93)90039-t
https://doi.org/10.1016/0047-6374(93)90039-t
https://doi.org/10.1016/0047-6374(86)90074-6
https://doi.org/10.1016/0047-6374(86)90074-6
https://doi.org/10.1016/j.neurobiolaging.2004.08.011
https://doi.org/10.1155/2024/8839631
https://doi.org/10.1097/CCM.0b013e31828a6688
https://doi.org/10.1097/CCM.0b013e31828a6688
https://doi.org/10.1016/j.jneuroim.2011.08.019
https://doi.org/10.3389/fimmu.2021.682871
https://doi.org/10.3389/fimmu.2021.682871
https://doi.org/10.1016/j.exger.2004.01.009
https://doi.org/10.23812/20-Editorial-Kritas


16 of 20  |      GASMI et al.

Kundu, D., Kennedy, L., Meadows, V., Baiocchi, L., Alpini, G., & 
Francis, H. (2020). The dynamic interplay between mast cells, 
aging/cellular senescence, and liver disease. Gene Expression, 
20(2), 77–88. https://​doi.​org/​10.​3727/​10522​1620X​15960​50990​
6371

Lane, R. K., Hilsabeck, T., & Rea, S. L. (2015). The role of mito-
chondrial dysfunction in age-related diseases. Biochimica 
et Biophysica Acta, 1847(11), 1387–1400. https://​doi.​org/​10.​
1016/j.​bbabio.​2015.​05.​021

Larbi, A., Douziech, N., Fortin, C., Linteau, A., Dupuis, G., & 
Fulop, T., Jr. (2005). The role of the MAPK pathway alterations 
in GM-CSF modulated human neutrophil apoptosis with 
aging. Immunity & Ageing, 2(1), 6. https://​doi.​org/​10.​1186/​
1742-​4933-​2-​6

Le Blanc, J., & Lordkipanidzé, M. (2019). Platelet function in aging. 
Frontiers in Cardiovascular Medicine, 6, 109. https://​doi.​org/​10.​
3389/​fcvm.​2019.​00109​

Law, H. K., Cheung, C. Y., Ng, H. Y., Sia, S. F., Chan, Y. O., Luk, W., 
Nicholls, J. M., Peiris, J. S., & Lau, Y. L. (2005). Chemokine up-
regulation in SARS-coronavirus-infected, monocyte-derived 
human dendritic cells. Blood, 106(7), 2366–2374. https://​doi.​
org/​10.​1182/​blood-​2004-​10-​4166

Le Garff-Tavernier, M., Béziat, V., Decocq, J., Siguret, V., Gandjbakhch, 
F., Pautas, E., Debré, P., Merle-Beral, H., & Vieillard, V. (2010). 
Human NK cells display major phenotypic and functional 
changes over the life span. Aging Cell, 9(4), 527–535. https://​
doi.​org/​10.​1111/j.​1474-​9726.​2010.​00584.​x

Lê, V. B., Schneider, J. G., Boergeling, Y., Berri, F., Ducatez, M., 
Guerin, J. L., Adrian, I., Errazuriz-Cerda, E., Frasquilho, S., 
Antunes, L., Lina, B., Bordet, J. C., Jandrot-Perrus, M., Ludwig, 
S., & Riteau, B. (2015). Platelet activation and aggregation pro-
mote lung inflammation and influenza virus pathogenesis. 
American Journal of Respiratory and Critical Care Medicine, 
191, 804–819. https://​doi.​org/​10.​1164/​rccm.​20140​6-​1031OC

Levin, L., Zelzion, E., Nachliel, E., Gutman, M., Tsfadia, Y., & Einav, 
Y. (2013). A single disulfide bond disruption in the β3 integrin 
subunit promotes thiol/disulfide exchange, a molecular dy-
namics study. PLoS One, 8(3), e59175. https://​doi.​org/​10.​1371/​
journ​al.​pone.​0059175

Levin, M. J. (2012). Immune senescence and vaccines to prevent her-
pes zoster in older persons. Current Opinion in Immunology, 
24(4), 494–500. https://​doi.​org/​10.​1016/j.​coi.​2012.​06.​002

Lim, S., Zhang, M., & Chang, T. L. (2022). ACE2-independent alter-
native receptors for SARS-CoV-2. Viruses, 14(11), 2535. https://​
doi.​org/​10.​3390/​v1411​2535

Lim, Y. J., Sidor, N. A., Tonial, N. C., Che, A., & Urquhart, B. L. 
(2021). Uremic toxins in the progression of chronic kidney dis-
ease and cardiovascular disease: Mechanisms and therapeutic 
targets. Toxins (Basel), 13(2), 142. https://​doi.​org/​10.​3390/​toxin​
s1302​0142

Macal, M., Jo, Y., Dallari, S., Chang, A. Y., Dai, J., Swaminathan, S., 
Wehrens, E. J., Fitzgerald-Bocarsly, P., & Zúñiga, E. I. (2018). 
Self-renewal and toll-like receptor signaling sustain exhausted 
plasmacytoid dendritic cells during chronic viral infection. 
Immunity, 48(4), 730–744.e5. https://​doi.​org/​10.​1016/j.​im-
muni.​2018.​03.​020

MacIver, N. J., Michalek, R. D., & Rathmell, J. C. (2013). Metabolic 
regulation of T lymphocytes. Annual Review of Immunology, 
31, 259–283. https://​doi.​org/​10.​1146/​annur​ev-​immun​ol-​03271​
2-​095956

Marone, G., Poto, S., di Martino, L., & Condorelli, M. (1986). Human 
basophil releasability. I. Age-related changes in basophil re-
leasability. Journal of Allergy and Clinical Immunology, 77(2), 
377–383. https://​doi.​org/​10.​1016/​s0091​-​6749(86)​80121​-​x

Mathur, S. K., Schwantes, E. A., Jarjour, N. N., & Busse, W. W. 
(2008). Age-related changes in eosinophil function in human 
subjects. Chest, 133(2), 412–419. https://​doi.​org/​10.​1378/​
chest.​07-​2114

McQuattie-Pimentel, A. C., Ren, Z., Joshi, N., Watanabe, S., 
Stoeger, T., Chi, M., Lu, Z., Sichizya, L., Aillon, R. P., Chen, 
C. I., Soberanes, S., Chen, Z., Reyfman, P. A., Walter, J. M., 
Anekalla, K. R., Davis, J. M., Helmin, K. A., Runyan, C. E., 
Abdala-Valencia, H., … Budinger, G. R. S. (2021). The lung mi-
croenvironment shapes a dysfunctional response of alveolar 
macrophages in aging. Journal of Clinical Investigation, 131(4), 
e140299. https://​doi.​org/​10.​1172/​JCI14​0299

Meade, T. W., Vickers, M. V., Thompson, S. G., Stirling, Y., Haines, 
A. P., & Miller, G. J. (1985). Epidemiological characteristics of 
platelet aggregability. British Medical Journal (Clinical Research 
Ed.), 290(6466), 428–432. https://​doi.​org/​10.​1136/​bmj.​290.​
6466.​428

Mellman, I. (2013). Dendritic cells: Master regulators of the immune 
response. Cancer Immunology Research, 1(3), 145–149. https://​
doi.​org/​10.​1158/​2326-​6066.​CIR-​13-​0102

Merino, J., Martínez-González, M. A., Rubio, M., Inogés, S., 
Sánchez-Ibarrola, A., & Subirá, M. L. (1998). Progressive de-
crease of CD8high+ CD28+ CD57- cells with ageing. Clinical 
and Experimental Immunology, 112(1), 48–51. https://​doi.​org/​
10.​1046/j.​1365-​2249.​1998.​00551.​x

Meroni, P. L., Croci, S., Lonati, P. A., Pregnolato, F., Spaggiari, L., 
Besutti, G., Bonacini, M., Ferrigno, I., Rossi, A., Hetland, G., 
Hollan, I., Cugno, M., Tedesco, F., Borghi, M. O., & Salvarani, 
C. (2023). Complement activation predicts negative outcomes 
in COVID-19: The experience from Northen Italian patients. 
Autoimmunity Reviews, 22(1), 103232. https://​doi.​org/​10.​
1016/j.​autrev.​2022.​103232

Metcalf, T. U., Cubas, R. A., Ghneim, K., Cartwright, M. J., 
Grevenynghe, J. V., Richner, J. M., Olagnier, D. P., Wilkinson, 
P. A., Cameron, M. J., Park, B. S., Hiscott, J. B., Diamond, M. S., 
Wertheimer, A. M., Nikolich-Zugich, J., & Haddad, E. K. (2015). 
Global analyses revealed age-related alterations in innate im-
mune responses after stimulation of pathogen recognition 
receptors. Aging Cell, 14(3), 421–432. https://​doi.​org/​10.​1111/​
acel.​12320​

Michels, E. H. A., Appelman, B., de Brabanr, J., van Amstel, R. B. E., 
Linge, C. C. A., Chouchane, O., Reijnders, T. D. Y., Schuurman, 
A. R., Sulzer, T. A. L., Klarenbeek, A. M., Douma, R. A., Bos, 
L. D. J., Wiersinga, W. J., Peters-Sengers, H., van der Poll, T., 
& Amsterdam UMC COVID-19 Biobank Study Group. (2024). 
Host response changes and their association with mortality 
in COVID-19 patients with lymphopenia. American Journal 
of Respiratory and Critical Care Medicine, 209(4), 402–416. 
https://​doi.​org/​10.​1164/​rccm.​20230​5-​0890OC

Molina, P., Ojeda, R., Blanco, A., Alcalde, G., Prieto-Velasco, M., 
Aresté, N., Buades, J. M., Simó, V. E., Goicoechea, M., Pérez-
Morales, R. E., Sánchez-Álvarez, E., Sánchez-Villanueva, R., 
Montesa, M., & Arenas, M. D. (2023). Etiopathogenesis of 
chronic kidney disease-associated pruritus: Putting the pieces 
of the puzzle together. Nefrologia (Engl ed), 43(1), 48–62. 
https://​doi.​org/​10.​1016/j.​nefroe.​2023.​03.​015

https://doi.org/10.3727/105221620X15960509906371
https://doi.org/10.3727/105221620X15960509906371
https://doi.org/10.1016/j.bbabio.2015.05.021
https://doi.org/10.1016/j.bbabio.2015.05.021
https://doi.org/10.1186/1742-4933-2-6
https://doi.org/10.1186/1742-4933-2-6
https://doi.org/10.3389/fcvm.2019.00109
https://doi.org/10.3389/fcvm.2019.00109
https://doi.org/10.1182/blood-2004-10-4166
https://doi.org/10.1182/blood-2004-10-4166
https://doi.org/10.1111/j.1474-9726.2010.00584.x
https://doi.org/10.1111/j.1474-9726.2010.00584.x
https://doi.org/10.1164/rccm.201406-1031OC
https://doi.org/10.1371/journal.pone.0059175
https://doi.org/10.1371/journal.pone.0059175
https://doi.org/10.1016/j.coi.2012.06.002
https://doi.org/10.3390/v14112535
https://doi.org/10.3390/v14112535
https://doi.org/10.3390/toxins13020142
https://doi.org/10.3390/toxins13020142
https://doi.org/10.1016/j.immuni.2018.03.020
https://doi.org/10.1016/j.immuni.2018.03.020
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1016/s0091-6749(86)80121-x
https://doi.org/10.1378/chest.07-2114
https://doi.org/10.1378/chest.07-2114
https://doi.org/10.1172/JCI140299
https://doi.org/10.1136/bmj.290.6466.428
https://doi.org/10.1136/bmj.290.6466.428
https://doi.org/10.1158/2326-6066.CIR-13-0102
https://doi.org/10.1158/2326-6066.CIR-13-0102
https://doi.org/10.1046/j.1365-2249.1998.00551.x
https://doi.org/10.1046/j.1365-2249.1998.00551.x
https://doi.org/10.1016/j.autrev.2022.103232
https://doi.org/10.1016/j.autrev.2022.103232
https://doi.org/10.1111/acel.12320
https://doi.org/10.1111/acel.12320
https://doi.org/10.1164/rccm.202305-0890OC
https://doi.org/10.1016/j.nefroe.2023.03.015


      |  17 of 20GASMI et al.

Molony, R. D., Nguyen, J. T., Kong, Y., Montgomery, R. R., Shaw, 
A. C., & Iwasaki, A. (2017). Aging impairs both primary and 
secondary RIG-I signaling forinterferon induction in human 
monocytes. Science Signaling, 10(509), eaan2392. https://​doi.​
org/​10.​1126/​scisi​gnal.​aan2392

Morrison, C. B., Edwards, C. E., Shaffer, K. M., Araba, K. C., Wykoff, 
J. A., Williams, D. R., Asakura, T., Dang, H., Morton, L. C., 
Gilmore, R. C., O'Neal, W. K., Boucher, R. C., Baric, R. S., & 
Ehre, C. (2022). SARS-CoV-2 infection of airway cells causes 
intense viral and cell shedding, two spreading mechanisms af-
fected by IL-13. Proceedings of the National Academy of Sciences 
of the United States of America, 119(16), e2119680119. https://​
doi.​org/​10.​1073/​pnas.​21196​80119​

Mueller, A. L., McNamara, M. S., & Sinclair, D. A. (2020). Why 
does COVID-19 disproportionately affect older people? Aging 
(Albany NY), 12(10), 9959–9981. https://​doi.​org/​10.​18632/​​
aging.​103344

Müller, L., Di Benedetto, S., & Pawelec, G. (2019). The immune sys-
tem and its dysregulation with aging. Sub-Cellular Biochemistry, 
91, 21–43. https://​doi.​org/​10.​1007/​978-​981-​13-​3681-​2_​2

Murdaca, G., Di Gioacchino, M., Greco, M., Borro, M., Paladin, F., 
Petrarca, C., & Gangemi, S. (2021). Basophils and mast cells in 
COVID-19 pathogenesis. Cells, 10(10), 2754. https://​doi.​org/​10.​
3390/​cells​10102754

Muthana, S. M., & Gildersleeve, J. C. (2016). Factors affecting anti-
glycan IgG and IgM repertoires in human serum. Scientific 
Reports, 6, 19509. https://​doi.​org/​10.​1038/​srep1​9509

Muzzioli, M., Stecconi, R., Moresi, R., & Provinciali, M. (2009). Zinc 
improves the development of human CD34+ cell progenitors 
towards NK cells and increases the expression of GATA-3 tran-
scription factor in young and old ages. Biogerontology, 10(5), 
593–604. https://​doi.​org/​10.​1007/​s10522-​008-​9201-​3

Naylor, K., Li, G., Vallejo, A. N., Lee, W. W., Koetz, K., Bryl, E., 
Witkowski, J., Fulbright, J., Weyand, C. M., & Goronzy, J. J. 
(2005). The influence of age on T cell generation and TCR di-
versity. Journal of Immunology, 174(11), 7446–7452. https://​doi.​
org/​10.​4049/​jimmu​nol.​174.​11.​7446

Nicoli, F., Solis-Soto, M. T., Paudel, D., Marconi, P., Gavioli, R., 
Appay, V., & Caputo, A. (2020). Age-related decline of de 
novo T cell responsiveness as a cause of COVID-19 severity. 
Geroscience, 42(4), 1015–1019. https://​doi.​org/​10.​1007/​s1135​
7-​020-​00217​-​w

Noris, M., Benigni, A., & Remuzzi, G. (2020). The case of com-
plement activation in COVID-19 multiorgan impact. Kidney 
International, 98(2), 314–322. https://​doi.​org/​10.​1016/j.​kint.​
2020.​05.​013

Nunez-Avellaneda, D., Mosso-Pani, M. A., Sanchez-Torres, L. E., 
Castro-Mussot, M. E., Corona-de la Pena, N. A., & Salazar, 
M. I. (2018). Dengue virus induces the release of sCD40L and 
changes in levels of membranal CD42b and CD40L molecules 
in human platelets. Viruses, 10, 357. https://​doi.​org/​10.​3390/​
v1007​0357

O'Donnell, C. J., Larson, M. G., Feng, D., Sutherland, P. A., 
Lindpaintner, K., Myers, R. H., D'Agostino, R. A., Levy, D., 
Tofler, G. H., & Framingham Heart Study. (2001). Genetic 
and environmental contributions to platelet aggregation: The 
Framingham heart study. Circulation, 103(25), 3051–3056. 
https://​doi.​org/​10.​1161/​01.​cir.​103.​25.​3051

Ogata, K., Yokose, N., Tamura, H., An, E., Nakamura, K., Dan, K., 
& Nomura, T. (1997). Natural killer cells in the late decades of 

human life. Clinical Immunology and Immunopathology, 84(3), 
269–275. https://​doi.​org/​10.​1006/​clin.​1997.​4401

Oh, D. Y., & Hurt, A. C. (2014). A review of the antiviral susceptibil-
ity of human and avian influenza viruses over the last decade. 
Scientifica (Cairo), 2014, 430629. https://​doi.​org/​10.​1155/​2014/​
430629

Onat, A., Can, G., Rezvani, R., & Cianflone, K. (2011). Complement 
C3 and cleavage products in cardiometabolic risk. Clinica 
Chimica Acta, 412, 1171–1179. https://​doi.​org/​10.​1016/j.​cca.​
2011.​03.​005

Onofrio, L., Caraglia, M., Facchini, G., Margherita, V., Placido, S., & 
Buonerba, C. (2020). Toll-like receptors and COVID-19: A two-
faced story with an exciting ending. Future Science OA, 6(8), 
FSO605. https://​doi.​org/​10.​2144/​fsoa-​2020-​0091

Ouyang, X., Yang, Z., Zhang, R., Arnaboldi, P., Lu, G., Li, Q., Wang, 
W., Zhang, B., Cui, M., Zhang, H., Liang-Chen, J., Qin, L., 
Zheng, F., Huang, B., & Xiong, H. (2011). Potentiation of Th17 
cytokines in aging process contributes to the development of 
colitis. Cellular Immunology, 266(2), 208–217. https://​doi.​org/​
10.​1016/j.​celli​mm.​2010.​10.​007

Özgüç, S., Kaplan Serin, E., & Tanriverdi, D. (2024). Death anxiety 
associated with coronavirus (COVID-19) disease: A system-
atic review and meta-analysis. OMEGA-Journal of Death and 
Dying, 88(3), 823–856. https://​doi.​org/​10.​1177/​08982​64324​
12895​

Palmer, S., Albergante, L., Blackburn, C. C., & Newman, T. J. (2018). 
Thymic involution and rising disease incidence with age. 
Proceedings of the National Academy of Sciences of the United 
States of America, 115(8), 1883–1888. https://​doi.​org/​10.​1073/​
pnas.​17144​78115​

Park, S. (2022). Biochemical, structural and physical changes in 
aging human skin, and their relationship. Biogerontology, 23(3), 
275–288. https://​doi.​org/​10.​1007/​s1052​2-​022-​09959​-​w

Pérez-Cabezas, B., Naranjo-Gómez, M., Fernández, M. A., Grífols, 
J. R., Pujol-Borrell, R., & Borràs, F. E. (2007). Reduced num-
bers of plasmacytoid dendritic cells in aged blood donors. 
Experimental Gerontology, 42(10), 1033–1038. https://​doi.​org/​
10.​1016/j.​exger.​2007.​05.​010

Pierce, S., Geanes, E. S., & Bradley, T. (2020). Targeting natural killer 
cells for improved immunity and control of the adaptive im-
mune response. Frontiers in Cellular and Infection Microbiology, 
10, 231. https://​doi.​org/​10.​3389/​fcimb.​2020.​00231​

Pietrobon, A. J., Teixeira, F. M. E., & Sato, M. N. (2020). I mmunose-
nescence and Inflammaging: Risk factors of severe COVID-19 
in older people. Frontiers in Immunology, 11, 579220. https://​
doi.​org/​10.​3389/​fimmu.​2020.​579220

Pilkington, S. M., Barron, M. J., Watson, R. E. B., Griffiths, C. E. M., 
& Bulfone-Paus, S. (2019). Aged human skin accumulates mast 
cells with altered functionality that localize to macrophages 
and vasoactive intestinal peptide-positive nerve fibres. The 
British Journal of Dermatology, 180(4), 849–858. https://​doi.​
org/​10.​1111/​bjd.​17268​

Prakash, S., Agrawal, S., Cao, J. N., Gupta, S., & Agrawal, A. (2013). 
Impaired secretion of interferons by dendritic cells from 
aged subjects to influenza: Role of histone modifications. Age 
(Dordrecht, Netherlands), 35(5), 1785–1797. https://​doi.​org/​10.​
1007/​s1135​7-​012-​9477-​8

Qian, F., Guo, X., Wang, X., Yuan, X., Chen, S., Malawista, S. E., 
Bockenstedt, L. K., Allore, H. G., & Montgomery, R. R. (2014). 
Reduced bioenergetics and toll-like receptor 1 function in 

https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1126/scisignal.aan2392
https://doi.org/10.1073/pnas.2119680119
https://doi.org/10.1073/pnas.2119680119
https://doi.org/10.18632/aging.103344
https://doi.org/10.18632/aging.103344
https://doi.org/10.1007/978-981-13-3681-2_2
https://doi.org/10.3390/cells10102754
https://doi.org/10.3390/cells10102754
https://doi.org/10.1038/srep19509
https://doi.org/10.1007/s10522-008-9201-3
https://doi.org/10.4049/jimmunol.174.11.7446
https://doi.org/10.4049/jimmunol.174.11.7446
https://doi.org/10.1007/s11357-020-00217-w
https://doi.org/10.1007/s11357-020-00217-w
https://doi.org/10.1016/j.kint.2020.05.013
https://doi.org/10.1016/j.kint.2020.05.013
https://doi.org/10.3390/v10070357
https://doi.org/10.3390/v10070357
https://doi.org/10.1161/01.cir.103.25.3051
https://doi.org/10.1006/clin.1997.4401
https://doi.org/10.1155/2014/430629
https://doi.org/10.1155/2014/430629
https://doi.org/10.1016/j.cca.2011.03.005
https://doi.org/10.1016/j.cca.2011.03.005
https://doi.org/10.2144/fsoa-2020-0091
https://doi.org/10.1016/j.cellimm.2010.10.007
https://doi.org/10.1016/j.cellimm.2010.10.007
https://doi.org/10.1177/089826432412895
https://doi.org/10.1177/089826432412895
https://doi.org/10.1073/pnas.1714478115
https://doi.org/10.1073/pnas.1714478115
https://doi.org/10.1007/s10522-022-09959-w
https://doi.org/10.1016/j.exger.2007.05.010
https://doi.org/10.1016/j.exger.2007.05.010
https://doi.org/10.3389/fcimb.2020.00231
https://doi.org/10.3389/fimmu.2020.579220
https://doi.org/10.3389/fimmu.2020.579220
https://doi.org/10.1111/bjd.17268
https://doi.org/10.1111/bjd.17268
https://doi.org/10.1007/s11357-012-9477-8
https://doi.org/10.1007/s11357-012-9477-8


18 of 20  |      GASMI et al.

human polymorphonuclear leukocytes in aging. Aging (Albany 
NY), 6(2), 131–139. https://​doi.​org/​10.​18632/​​aging.​100642

Quin, C., Breznik, J. A., Kennedy, A. E., DeJong, E. N., Andary, C. M., 
Ermolina, S., Davidson, D. J., Ma, J., Surette, M. G., & Bowdish, 
D. M. E. (2024). Monocyte-driven inflamm-aging reduces intes-
tinal barrier function in females. Immunity & Ageing, 21, 65. 
https://​doi.​org/​10.​1186/​s1297​9-​024-​00469​-​6

Rondina, M. T., Weyrich, A. S., & Zimmerman, G. A. (2013). Platelets 
as cellular effectors of inflammation in vascular diseases. 
Circulation Research, 112(11), 1506–1519. https://​doi.​org/​10.​
1161/​CIRCR​ESAHA.​113.​300512

Sabbatini, M., Bona, E., Novello, G., Migliario, M., & Renò, F. (2022). 
Aging hampers neutrophil extracellular traps (NETs) efficacy. 
Aging Clinical and Experimental Research, 34(10), 2345–2353. 
https://​doi.​org/​10.​1007/​s4052​0-​022-​02201​-​0

Sacchi, A., Giannessi, F., Sabatini, A., Percario, Z. A., & Affabris, 
E. (2023). SARS-CoV-2 evasion of the interferon system: Can 
we restore its effectiveness? International Journal of Molecular 
Sciences, 24(11), 9353. https://​doi.​org/​10.​3390/​ijms2​4119353

Sadeghi, H. M., Schnelle, J. F., Thoma, J. K., Nishanian, P., & Fahey, 
J. L. (1999). Phenotypic and functional characteristics of circu-
lating monocytes of elderly persons. Experimental Gerontology, 
34(8), 959–970. https://​doi.​org/​10.​1016/​s0531​-​5565(99)​00065​-​0

Sadeghi, M., Dehnavi, S., Sharifat, M., Amiri, A. M., & Khodadadi, A. 
(2024). Innate immune cells: Key players of orchestra in modu-
lating tumor microenvironment (TME). Heliyon, 10(5), e27480. 
https://​doi.​org/​10.​1016/j.​heliy​on.​2024.​e27480

Sagiv, A., & Krizhanovsky, V. (2013). Immunosurveillance of se-
nescent cells: The bright side of the senescence program. 
Biogerontology, 14(6), 617–628. https://​doi.​org/​10.​1007/​s1052​
2-​013-​9473-​0

SanMiguel, J. M., Young, K., & Trowbridge, J. J. (2020). Hand in 
hand: Intrinsic and extrinsic drivers of aging and clonal hema-
topoiesis. Experimental Hematology, 91, 1–9. https://​doi.​org/​10.​
1016/j.​exphem.​2020.​09.​197

Savage, C. D., Lopez-Castejon, G., Denes, A., & Brough, D. (2012). 
NLRP3-inflammasome activating DAMPs stimulate an in-
flammatory response in glia in the absence of priming which 
contributes to brain inflammation after injury. Frontiers in 
Immunology, 3, 288. https://​doi.​org/​10.​3389/​fimmu.​2012.​00288​

Scherlinger, M., Richez, C., Tsokos, G. C., Boilard, E., & Blanco, P. 
(2023). The role of platelets in immune-mediated inflammatory 
diseases. Nature Reviews. Immunology, 23(8), 495–510. https://​
doi.​org/​10.​1038/​s4157​7-​023-​00834​-​4

Schwartz, M. D., Emerson, S. G., Punt, J., & Goff, W. D. (2020). 
Decreased naïve T-cell production leading to cytokine storm 
as cause of increased COVID-19 severity with comorbidities. 
Aging and Disease, 11(4), 742–745. https://​doi.​org/​10.​14336/​​
AD.​2020.​0619

Schwarzenbach, H. R., Nakagawa, T., Conroy, M. C., & de Weck, A. 
L. (1982). Skin reactivity, basophil degranulation and IgE levels 
in ageing. Clinical Allergy, 12(5), 465–473. https://​doi.​org/​10.​
1111/j.​1365-​2222.​1982.​tb016​45.​x

Sciaudone, A., Corkrey, H., Humphries, F., & Koupenova, M. (2023). 
Platelets and SARS-CoV-2 during COVID-19: Immunity, 
thrombosis, and beyond. Circulation Research, 132(10), 1272–
1289. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​122.​321930

Segal, J. B., & Moliterno, A. R. (2006). Platelet counts differ by sex, 
ethnicity, and age in the United States. Annals of Epidemiology, 
16, 123–130. https://​doi.​org/​10.​1016/j.​annep​idem.​2005.​06.​052

Shaw, A. C., Goldstein, D. R., & Montgomery, R. R. (2013). 
Age-dependent dysregulation of innate immunity. Nature 
Reviews. Immunology, 13(12), 875–887. https://​doi.​org/​10.​
1038/​nri3547

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., 
Cai, T., Wang, F., & Shao, F. (2015). Cleavage of GSDMD by in-
flammatory caspases determines pyroptotic cell death. Nature, 
526(7575), 660–665. https://​doi.​org/​10.​1038/​natur​e15514

Sho, T., & Xu, J. (2019). Role and mechanism of ROS scavengers 
in alleviating NLRP3-mediated inflammation. Biotechnology 
and Applied Biochemistry, 66, 4–13. https://​doi.​org/​10.​1002/​
bab.​1700

Sokol, C. L., Chu, N. Q., Yu, S., Nish, S. A., Laufer, T. M., & Medzhitov, 
R. (2009). Basophils function as antigen-presenting cells for an 
allergen-induced T helper type 2 response. Nature Immunology, 
10(7), 713–720. https://​doi.​org/​10.​1038/​ni.​1738

Solana, R., Tarazona, R., Gayoso, I., Lesur, O., Dupuis, G., & Fulop, T. 
(2012). Innate immunosenescence: Effect of aging on cells and 
receptors of the innate immune system in humans. Seminars 
in Immunology, 24(5), 331–341. https://​doi.​org/​10.​1016/j.​smim.​
2012.​04.​008

Solana, R., Campos, C., Pera, A., & Tarazona, R. (2014). Shaping of 
NK cell subsets by aging. Current Opinion in Immunology, 29, 
56–61. https://​doi.​org/​10.​1016/j.​coi.​2014.​04.​002

Stephan, R. P., Lill-Elghanian, D. A., & Witte, P. L. (1997). 
Development of B cells in aged mice: Decline in the ability of 
pro-B cells to respond to IL-7 but not to other growth factors. 
Journal of Immunology, 158, 1598–1609.

Stout, R. D., & Suttles, J. (2005). Immunosenescence and macrophage 
functional plasticity: Dysregulation of macrophage function by 
age-associated microenvironmental changes. Immunological 
Reviews, 205, 60–71. https://​doi.​org/​10.​1111/j.​0105-​2896.​2005.​
00260.​x

Sun, J. C., Lopez-Verges, S., Kim, C. C., DeRisi, J. L., & Lanier, L. 
L. (2011). NK cells and immune “memory”. The Journal of 
Immunology, 186(4), 1891–1897. https://​doi.​org/​10.​4049/​
jimmu​nol.​1003035

Takabayashi, T., Vannier, E., Clark, B. D., Margolis, N. H., Dinarello, 
C. A., Burke, J. F., & Gelfand, J. A. (1996). A new biologic role 
for C3a and C3a desArg: Regulation of TNF-alpha and IL-1 beta 
synthesis. Journal of Immunology, 156(9), 3455–3460.

Teissier, T., Boulanger, E., & Cox, L. S. (2022). Interconnections be-
tween Inflammageing and Immunosenescence during ageing. 
Cells, 11(3), 359. https://​doi.​org/​10.​3390/​cells​11030359

Theoharides, T. C. (2021). Potential association of mast cells 
with coronavirus disease 2019. Annals of Allergy, Asthma & 
Immunology, 126(3), 217–218. https://​doi.​org/​10.​1016/j.​anai.​
2020.​11.​003

Thevarajan, I., Nguyen, T. H. O., Koutsakos, M., Druce, J., Caly, L., 
van de Sandt, C. E., Jia, X., Nicholson, S., Catton, M., Cowie, B., 
Tong, S. Y. C., Lewin, S. R., & Kedzierska, K. (2020). Breadth 
of concomitant immune responses prior to patient recovery: A 
case report of non-severe COVID-19. Nature Medicine, 26(4), 
453–455. https://​doi.​org/​10.​1038/​s4159​1-​020-​0819-​2

Tikellis, C., & Thomas, M. C. (2012). Angiotensin-converting en-
zyme 2 (ACE2) is a key modulator of the renin angiotensin 
system in health and disease. International Journal of Peptide, 
2012, 256294. https://​doi.​org/​10.​1155/​2012/​256294

Tizazu, A. M., Mengist, H. M., & Demeke, G. (2022). Aging, in-
flammaging and immunosenescence as risk factors of severe 

https://doi.org/10.18632/aging.100642
https://doi.org/10.1186/s12979-024-00469-6
https://doi.org/10.1161/CIRCRESAHA.113.300512
https://doi.org/10.1161/CIRCRESAHA.113.300512
https://doi.org/10.1007/s40520-022-02201-0
https://doi.org/10.3390/ijms24119353
https://doi.org/10.1016/s0531-5565(99)00065-0
https://doi.org/10.1016/j.heliyon.2024.e27480
https://doi.org/10.1007/s10522-013-9473-0
https://doi.org/10.1007/s10522-013-9473-0
https://doi.org/10.1016/j.exphem.2020.09.197
https://doi.org/10.1016/j.exphem.2020.09.197
https://doi.org/10.3389/fimmu.2012.00288
https://doi.org/10.1038/s41577-023-00834-4
https://doi.org/10.1038/s41577-023-00834-4
https://doi.org/10.14336/AD.2020.0619
https://doi.org/10.14336/AD.2020.0619
https://doi.org/10.1111/j.1365-2222.1982.tb01645.x
https://doi.org/10.1111/j.1365-2222.1982.tb01645.x
https://doi.org/10.1161/CIRCRESAHA.122.321930
https://doi.org/10.1016/j.annepidem.2005.06.052
https://doi.org/10.1038/nri3547
https://doi.org/10.1038/nri3547
https://doi.org/10.1038/nature15514
https://doi.org/10.1002/bab.1700
https://doi.org/10.1002/bab.1700
https://doi.org/10.1038/ni.1738
https://doi.org/10.1016/j.smim.2012.04.008
https://doi.org/10.1016/j.smim.2012.04.008
https://doi.org/10.1016/j.coi.2014.04.002
https://doi.org/10.1111/j.0105-2896.2005.00260.x
https://doi.org/10.1111/j.0105-2896.2005.00260.x
https://doi.org/10.4049/jimmunol.1003035
https://doi.org/10.4049/jimmunol.1003035
https://doi.org/10.3390/cells11030359
https://doi.org/10.1016/j.anai.2020.11.003
https://doi.org/10.1016/j.anai.2020.11.003
https://doi.org/10.1038/s41591-020-0819-2
https://doi.org/10.1155/2012/256294


      |  19 of 20GASMI et al.

COVID-19. Immunity & Ageing, 19(1), 53. https://​doi.​org/​10.​
1186/​s1297​9-​022-​00309​-​5

Tylutka, A., Walas, Ł., & Zembron-Lacny, A. (2024). Level of IL-6, 
TNF, and IL-1β and age-related diseases: A systematic review 
and meta-analysis. Frontiers in Immunology, 15, 1330386. 
https://​doi.​org/​10.​3389/​fimmu.​2024.​1330386

Uciechowski, P., & Rink, L. (2014). Basophil, Eosinophil, and 
Neutrophil Functions in the Elderly. In A. Massoud & N. Rezaei 
(Eds.), Immunology of Aging (pp. 47–63). Springer.

Valle Martins, A. L., da Silva, F. A., Bolais-Ramos, L., de Oliveira, G. 
C., Ribeiro, R. C., Pereira, D. A. A., Annoni, F., Diniz, M. M. L., 
Silva, T. G. F., Zivianni, B., Cardoso, A. C., Martins, J. C., Motta-
Santos, D., Campagnole-Santos, M. J., Taccone, F. S., Verano-
Braga, T., & Santos, R. A. S. (2021). Increased circulating lev-
els of angiotensin-(1-7) in severely ill COVID-19 patients. ERJ 
Open Research, 7(3), 00114-2021. https://​doi.​org/​10.​1183/​23120​
541.​00114​-​2021

Van Avondt, K., Strecker, J. K., Tulotta, C., Minnerup, J., Schulz, C., 
& Soehnlein, O. (2023). Neutrophils in aging and aging-related 
pathologies. Immunological Reviews, 314(1), 357–375. https://​
doi.​org/​10.​1111/​imr.​13153​

van Beek, A. A., Van den Bossche, J., Mastroberardino, P. G., de 
Winther, M. P. J., & Leenen, P. J. M. (2019). Metabolic alter-
ations in aging macrophages: Ingredients for inflammaging? 
Trends in Immunology, 40(2), 113–127. https://​doi.​org/​10.​
1016/j.​it.​2018.​12.​007

van Deursen, J. M. (2014). The role of senescent cells in ageing. 
Nature, 509(7501), 439–446. https://​doi.​org/​10.​1038/​natur​
e13193

Velazquez-Salinas, L., Verdugo-Rodriguez, A., Rodriguez, L. L., & 
Borca, M. V. (2019). The role of interleukin 6 during viral in-
fections. Frontiers in Microbiology, 10, 1057. https://​doi.​org/​10.​
3389/​fmicb.​2019.​01057​

Violi, F., Loffredo, L., Carnevale, R., Pignatelli, P., & Pastori, D. 
(2017). Atherothrombosis and oxidative stress: Mechanisms 
and Management in Elderly. Antioxidants & Redox Signaling, 
27(14), 1083–1124. https://​doi.​org/​10.​1089/​ars.​2016.​6963

Wajapeyee, N., Serra, R. W., Zhu, X., Mahalingam, M., & Green, 
M. R. (2008). Oncogenic BRAF induces senescence and apop-
tosis through pathways mediated by the secreted protein 
IGFBP7. Cell, 132(3), 363–374. https://​doi.​org/​10.​1016/j.​cell.​
2007.​12.​032

Wang, F., Hou, H., Luo, Y., Tang, G., Wu, S., Huang, M., Liu, W., Zhu, 
Y., Lin, Q., Mao, L., Fang, M., Zhang, H., & Sun, Z. (2020). The 
laboratory tests and host immunity of COVID-19 patients with 
different severity of illness. JCI Insight, 5(10), e137799. https://​
doi.​org/​10.​1172/​jci.​insig​ht.​137799

Wang, L., Hong, W., Zhu, H., He, Q., Yang, B., Wang, J., & Weng, Q. 
(2024). Macrophage senescence in health and diseases. Acta 
Pharmaceutica Sinica B, 14(4), 1508–1524. https://​doi.​org/​10.​
1016/j.​apsb.​2024.​01.​008

Weiskopf, D., Weinberger, B., & Grubeck-Loebenstein, B. (2009). The 
aging of the immune system. Transplant International, 22(11), 
1041–1050. https://​doi.​org/​10.​1111/j.​1432-​2277.​2009.​00927.​x

Weksler, M. E., Goodhardt, M., & Szabo, P. (2002). The effect of 
age on B cell development and humoral immunity. Springer 
Seminars in Immunopathology, 24(1), 35–52. https://​doi.​org/​
10.​1007/​s0028​1-​001-​0094-​3

Wenisch, C., Patruta, S., Daxböck, F., Krause, R., & Hörl, W. 
(2000). Effect of age on human neutrophil function. Journal 

of Leukocyte Biology, 67(1), 40–45. https://​doi.​org/​10.​1002/​jlb.​
67.1.​40

Westmeier, J., Paniskaki, K., Karaköse, Z., Werner, T., & Sutter, K. 
(2020). Impaired cytotoxic CD8+ T cell response in elderly 
COVID-19 patients. MBio, 11(5), e02243-20. https://​doi.​org/​10.​
1128/​mBio.​02243​-​20

Wilk, A. J., Rustagi, A., Zhao, N. Q., Roque, J., Martínez-Colón, G. 
J., McKechnie, J. L., Ivison, G. T., Ranganath, T., Vergara, R., 
Hollis, T., Simpson, L. J., Grant, P., Subramanian, A., Rogers, 
A. J., & Blish, C. A. (2020). A single-cell atlas of the peripheral 
immune response in patients with severe COVID-19. Nature 
Medicine, 26(7), 1070–1076. https://​doi.​org/​10.​1038/​s4159​
1-​020-​0944-​y

Wong, C., & Goldstein, D. R. (2013). Impact of aging on antigen 
presentation cell function of dendritic cells. Current Opinion 
in Immunology, 25(4), 535–541. https://​doi.​org/​10.​1016/j.​coi.​
2013.​05.​016

Wong, K. L., Tai, J. J., Wong, W. C., Han, H., Sem, X., Yeap, W. H., 
Kourilsky, P., & Wong, S. C. (2011). Gene expression profiling 
reveals the defining features of the classical, intermediate, and 
nonclassical human monocyte subsets. Blood, 118(5), e16–e31. 
https://​doi.​org/​10.​1182/​blood​-​2010-​12-​326355

Wunder, G. C. (1992). Things your most satisfied patients won't tell 
you. Journal of the American Dental Association (1939), 123, 
129–132. https://​doi.​org/​10.​14219/​​jada.​archi​ve.​1992.​0278

Xu, J. B., Guan, W. J., Zhang, Y. L., Qiu, Z. E., Chen, L., Hou, X. C., 
Yue, J., Zhou, Y. Y., Sheng, J., Zhao, L., Zhu, Y. X., Sun, J., Zhao, 
J., Zhou, W. L., & Zhong, N. S. (2024). SARS-CoV-2 envelope 
protein impairs airway epithelial barrier function and exacer-
bates airway inflammation via increased intracellular Cl− con-
centration. Signal Transduction and Targeted Therapy, 9(1), 74. 
https://​doi.​org/​10.​1038/​s4139​2-​024-​01753​-​z

Yeaman, M. R. (2010). Platelets in defense against bacterial patho-
gens. Cellular and Molecular Life Sciences, 67(4), 525–544. 
https://​doi.​org/​10.​1007/​s0001​8-​009-​0210-​4

Yu, Y., Lu, C., Yu, W., Lei, Y., Sun, S., Liu, P., Bai, F., Chen, Y., & 
Chen, J. (2024). B cells dynamic in aging and the implications 
of nutritional regulation. Nutrients, 16(4), 487. https://​doi.​org/​
10.​3390/​nu160​40487​

Zahavi, J., Jones, N. A., Leyton, J., Dubiel, M., & Kakkar, V. V. (1980). 
Enhanced in vivo platelet “release reaction” in old healthy in-
dividuals. Thrombosis Research, 17(3–4), 329–336. https://​doi.​
org/​10.​1016/​0049-​3848(80)​90067​-​5

Zaid, Y., Puhm, F., Allaeys, I., Naya, A., & Oudghiri, M. (2020). 
Platelets Can associate with SARS-Cov-2 RNA and are hyperac-
tivated in COVID-19. Circulation Research, 127(11), 1404–1418. 
https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​120.​317703

Zhai, S., Chen, L., Liu, H., Wang, M., Xue, J., Zhao, X., & Jiang, H. 
(2024). Skin barrier: New therapeutic targets for chronic kidney 
disease-associated pruritus - a narrative review. International 
Journal of Dermatology, 63(11), 1513–1521. https://​doi.​org/​10.​
1111/​ijd.​17254​

Zheng, M., Gao, Y., Wang, G., Song, G., Liu, S., Sun, D., Xu, Y., & 
Tian, Z. (2020). Functional exhaustion of antiviral lymphocytes 
in COVID-19 patients. Cellular & Molecular Immunology, 17(5), 
533–535. https://​doi.​org/​10.​1038/​s4142​3-​020-​0402-​2

Zheng, R., Zhang, Y., Zhang, K., Yuan, Y., Jia, S., & Liu, J. (2022). 
The complement system, aging, and aging-related diseases. 
International Journal of Molecular Sciences, 23(15), 8689. 
https://​doi.​org/​10.​3390/​ijms2​3158689

https://doi.org/10.1186/s12979-022-00309-5
https://doi.org/10.1186/s12979-022-00309-5
https://doi.org/10.3389/fimmu.2024.1330386
https://doi.org/10.1183/23120541.00114-2021
https://doi.org/10.1183/23120541.00114-2021
https://doi.org/10.1111/imr.13153
https://doi.org/10.1111/imr.13153
https://doi.org/10.1016/j.it.2018.12.007
https://doi.org/10.1016/j.it.2018.12.007
https://doi.org/10.1038/nature13193
https://doi.org/10.1038/nature13193
https://doi.org/10.3389/fmicb.2019.01057
https://doi.org/10.3389/fmicb.2019.01057
https://doi.org/10.1089/ars.2016.6963
https://doi.org/10.1016/j.cell.2007.12.032
https://doi.org/10.1016/j.cell.2007.12.032
https://doi.org/10.1172/jci.insight.137799
https://doi.org/10.1172/jci.insight.137799
https://doi.org/10.1016/j.apsb.2024.01.008
https://doi.org/10.1016/j.apsb.2024.01.008
https://doi.org/10.1111/j.1432-2277.2009.00927.x
https://doi.org/10.1007/s00281-001-0094-3
https://doi.org/10.1007/s00281-001-0094-3
https://doi.org/10.1002/jlb.67.1.40
https://doi.org/10.1002/jlb.67.1.40
https://doi.org/10.1128/mBio.02243-20
https://doi.org/10.1128/mBio.02243-20
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1016/j.coi.2013.05.016
https://doi.org/10.1016/j.coi.2013.05.016
https://doi.org/10.1182/blood-2010-12-326355
https://doi.org/10.14219/jada.archive.1992.0278
https://doi.org/10.1038/s41392-024-01753-z
https://doi.org/10.1007/s00018-009-0210-4
https://doi.org/10.3390/nu16040487
https://doi.org/10.3390/nu16040487
https://doi.org/10.1016/0049-3848(80)90067-5
https://doi.org/10.1016/0049-3848(80)90067-5
https://doi.org/10.1161/CIRCRESAHA.120.317703
https://doi.org/10.1111/ijd.17254
https://doi.org/10.1111/ijd.17254
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.3390/ijms23158689


20 of 20  |      GASMI et al.

Zhou, R., To, K. K., Wong, Y. C., Liu, L., Zhou, B., Li, X., Huang, H., 
Mo, Y., Luk, T. Y., Lau, T. T., Yeung, P., Chan, W. M., Wu, A. 
K., Lung, K. C., Tsang, O. T., Leung, W. S., Hung, I. F., Yuen, 
K. Y., & Chen, Z. (2020). Acute SARS-CoV-2 infection impairs 
dendritic cell and T cell responses. Immunity, 53(4), 864–877. 
https://​doi.​org/​10.​1016/j.​immuni.​2020.​07.​026

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Gasmi, M., Hejazi, M., 
Muscella, A., Marsigliante, S., & Sharma, A. (2025). 
Aging-associated changes in immunological 
parameters: Implications for COVID-19 immune 
response in the elderly. Physiological Reports, 13, 
e70364. https://doi.org/10.14814/phy2.70364

https://doi.org/10.1016/j.immuni.2020.07.026
https://doi.org/10.14814/phy2.70364

	Aging-associated changes in immunological parameters: Implications for COVID-19 immune response in the elderly
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Literature search strategy

	3  |  IMPACT OF AGING ON THE IMMUNE SYSTEM
	3.1  |  Aging of innate immune defense system
	3.1.1  |  Physical barriers: Skin and mucous barriers
	3.1.2  |  Complement system
	3.1.3  |  Inflammation
	3.1.4  |  Mast cells
	3.1.5  |  Dendritic cells
	3.1.6  |  NK cells
	3.1.7  |  Neutrophils
	3.1.8  |  Eosinophils and basophils
	3.1.9  |  Platelet
	3.1.10  |  Macrophages

	3.2  |  Aging of adaptive immune defense system
	3.2.1  |  T lymphocytes
	3.2.2  |  B lymphocytes


	4  |  IMMUNITY RESPONSE TO COVID-19 IN ELDERLY PEOPLE
	4.1  |  Innate response to COVID-19 in elderly people
	4.1.1  |  Skin and mucosal barriers
	4.1.2  |  Inflammation
	4.1.3  |  Complement system
	4.1.4  |  Mast cell
	4.1.5  |  Dendritic cell
	4.1.6  |  NK cell
	4.1.7  |  Neutrophils
	4.1.8  |  Eosinophils and basophils
	4.1.9  |  Macrophages
	4.1.10  |  Platelets

	4.2  |  Adaptive response to COVID-19 in elderly people
	4.2.1  |  Cellular immune response to COVID-19 in elderly people
	4.2.2  |  Humoral immune response to COVID-19 in elderly people


	5  |  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENT
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES


