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Immunosenescence and macrophages: From basics to therapeutics 
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A B S T R A C T   

Ageing decreases the function of the immune system and increases susceptibility to some chronic, infectious, and 
autoimmune diseases. Senescence cells, which produce senescence-associated secretory phenotypes (SASPs), can 
activate the innate and adaptive immune responses. Macrophages are among the most abundant innate immune 
cell types in senescent microenvironments. Senescence-associated macrophages, recruited by SASPs, play a vital 
role in establishing the essential microenvironments for maintaining tissue homeostasis. However, it’s important 
to note that these senescence-associated macrophages can also influence senescent processes, either by 
enhancing or impeding the functions of tissue-resident senescent cells. In this discussion, we describe the po
tential targets of immunosenescence and shed light on the probable mechanisms by which macrophages influ
ence cellular senescence. Furthermore, we analyze their dual function in both clearing senescent cells and 
modulating age-related diseases. This multifaceted influence operates through processes including heightened 
inflammation, phagocytosis, efferocytosis, and autophagy. Given the potential off-target effects and immune 
evasion mechanisms associated with traditional anti-ageing strategies (senolytics and senomorphics), ‘resetting’ 
immune system tolerance or targeting senescence-related macrophage functions (i.e., phagocytotic capacity and 
immunosurveillance) will inform treatment of age-related diseases. Therefore, we review recent advances in the 
use of macrophage therapeutics to treat ageing and age-associated disorders, and outline the key gaps in this 
field.   

1. Introduction 

Ageing is a gradual process involving the decline of both physio
logical and psychological aspects in humans. This progression is influ
enced by several key factors, including cellular senescence, chronic 
inflammation, and altered intercellular communication, among others 
(Lopez-Otin et al., 2023). Cellular senescence, first described in 1961, is 
defined as a permanent state of cell cycle arrest, which is influenced by 
senescent cells and the microenvironment they reside in. In addition to 
senescent cells, the senescent microenvironment encompasses both 
cellular and acellular elements, comprising blood vessels, fibroblasts, 
immune cells, and the extracellular matrix. Immunosenescence, char
acterized by the deterioration in the structure and function of the body’s 
immune system, manifests as an accumulation of memory and 
non-functional immune cells, compromised signaling due to a limited 

repertoire of receptors, an overall pro-inflammatory milieu, and com
plete dysregulation of the immune system. Infiltrating macrophages and 
tissue-resident macrophages are major constituents of the senescent 
microenvironment, indicating that macrophages are critical mediators 
of immunosenescence (Burton and Stolzing, 2018). 

Macrophages (also called phagocytes), with a stellate morphology 
and high phagocytic activity, are key players in the regulation of innate 
and adaptive immunity. Initially, through the ingestion of particles and/ 
or other cells, phagocytosis was heralded as a protective mechanism 
against pathogens (Metchnikoff, 1907). In most ageing-related disor
ders, macrophage dysfunctions have been associated with degenerative 
lesions in tissues or organs, limited therapeutic responses, and poor 
prognostic outcomes. Senescence-associated macrophages are not a 
homogeneous cell population but a highly dynamic, heterogeneous 
population that is regulated by specific local stimuli. Macrophages 
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possess the capacity to perceive and react to the microenvironments 
within all organs, participating in a multitude of cellular processes 
(Guilliams et al., 2022; Qi et al., 2022). This establishes them as more 
than just innate immune cells (Mosser et al., 2021). The phenotypes of 
macrophages exhibit significant adaptability and are subject to influ
ence from diverse factors, encompassing microenvironmental cues, im
mune conditions, tumor presence, and hypoxic conditions (Dong et al., 
2021). Moreover, various endogenous and exogenous stresses, such as 
telomere dysfunctions, DNA damage, and oncogenesis activate cellular 
senescence, which is characterized by irreversible growth arrest and 
senescent phenotypes. The senescent cell motility and microenviron
ment sensing are reshaped by senescence-associated secretory pheno
types (SASPs), a new mechanism that links senescence to tissue 
malfunction (He and Sharpless, 2017; Malaquin et al., 2019). SASP, 
which is characterized by a substantial increase in pro-inflammatory 
factors, contributes to a progressive decline in the functional capacity 
of organ systems. Aberrant accumulation of SASP from senescent or 
damaged cells is associated with ageing and contributes to frailty as well 
as age-associated disorders, including cancer, autoimmunity, cardio
vascular disease, and degenerative diseases (He and Sharpless, 2017; 
Lewis-McDougall et al., 2019). 

During ageing, clearance of aged and senescent cells is vital for 
inhibiting their harmful effects (Ge et al., 2021). Macrophage recruit
ment and interactions with SASP senescent cells is crucial for the 
maintenance of tissue homeostasis (Huang et al., 2021). Removal of 
aged and senescent cells by macrophages (along with other immune 
cells) is a continuous process that recycles about 2 million red blood cells 
each second, and releases their iron into the systemic iron pool 
(Hampton-O’Neil et al., 2020; Korolnek and Hamza, 2015). Apart from 
phagocytosis, studies have revealed links between tissue homeostasis, 
and inflammasome activation (Camell et al., 2017), autophagy (Chen 
et al., 2022), as well as efferocytosis (Juhas et al., 2018), indicating that 
macrophages have efficacious regulatory mechanisms in response to 
senescence microenvironments. Thus, the ability of macrophages to 
sense and alter cell states in senescence microenvironments can be 
leveraged to develop strategies for improving the diagnosis, prognosis, 
and treatment of various diseases, including ageing and age-associated 
disorders. 

The growing field of immune-targeted therapies has elucidated on 
how various novel treatments influence the host immune system. 
However, the high plasticity and heterogeneity of macrophages are 
practical obstacles in development of anti-ageing therapies (Blacher 
et al., 2022). Recently, macrophage immunotherapy, aimed at ablation 
or re-education of macrophages (Ramesh et al., 2021), has emerged as a 
powerful component of combination therapies designed to target se
nescent cells and reverse cognitive ageing (Minhas et al., 2021), and to 
inhibit cancer development (Li et al., 2019). Most of the published re
views on senescence-associated macrophages have focused on how they 
modulate microenvironment inflammation (Neves and Sousa-Victor, 
2020), influence cell senescence (Campbell et al., 2021), or on how 
they interplay with senescent cells (Behmoaras and Gil, 2021). A limited 
number of reviews have discussed the application of 
macrophage-specific therapies in the treatment of cancer (Belgiovine 
et al., 2016), age-related liver diseases (Stahl et al., 2018), and meta
bolic diseases (Peterson et al., 2018). Furthermore, the exact importance 
of macrophages in anti-ageing strategies remains incompletely under
stood. We discuss several therapeutic mechanisms underlying the 
anti-ageing effects of macrophages, as well as the clinical strategies and 
future directions in the study of macrophages in senescence and asso
ciated disorders. 

2. Roles of macrophages in senescence responses: the bright and 
dark sides 

2.1. Polarization 

High heterogeneity and plasticity are important macrophage char
acteristics, which may be much more complex than anticipated (Fig. 1). 
Immune cell populations may be heterogenous in older organisms 
(human ≥65 years old and mice ≥1.5 years old). Functional heteroge
neity of macrophages can be grouped into two classes; M1/M2 (pro- 
inflammatory/immunosuppressive) macrophage polarization (Mau 
et al., 2020). In humans, macrophages temporally or spatially exhibit 
multiple phenotypes. Advances in multi-omics, single-cell RNA 
sequencing (scRNA-seq), high throughput biology and systems immu
nology have facilitated studies on cellular and functional heterogeneity, 
as well as on dynamic changes in the immune system (Mogilenko et al., 
2021a; Wu et al., 2023) (Table 1). Compared to young individuals, the 
dominant phenotype of macrophages in elderly adipose and hepatic 
tissues primarily exhibit M1 phenotype (Jackaman et al., 2017). If the 
heightened SASP activation tends to subside and return to baseline 
levels, macrophages may adjust their responses to changes in the 
microenvironment. This could lead to their disengagement from 
damaged cells while under immunosurveillance (Sturmlechner et al., 
2021). Given the intricate nature of in vivo macrophage polarization, 
recent single-cell RNA sequencing (scRNA-seq) discoveries have ques
tioned the traditional M1/M2 categorization of macrophages. There is a 
possibility that senescent cells can induce differentiation of M2 macro
phages into three subtypes (M2a, M2b, and M2c). However, additional 
research is needed to confirm this (Burton and Stolzing, 2018). Addi
tional resident macrophage populations have recently been identified in 
various tissues, including lungs (Lyve1lo MHCIIhi and Lyve1hi MHCIIlo 

macrophages) (Chakarov et al., 2019) and mammary glands (Ma/Mb 
macrophages) (Li et al., 2020a). In addition to M1/M2 subtypes, SASP 
might mediate macrophage polarization into other subtypes. 

Macrophages, found in various organ systems, can regulate cellular 
lifespans by eliminating senescent cells (Kay and Goodman, 2003). 
However, their effectiveness may diminish with age (Campbell et al., 
2021). Within senescent microenvironments, tumor suppressors like 
p16, p21, pRB, and p53 halt the cell cycle irreversibly. Behmoaras et al. 
coined the term "senescent-like macrophages" to describe macrophages 
in a senescent state, marked by lipid accumulation, SASP, and a sus
tained DNA damage response (Behmoaras and Gil, 2021). An alternative 
term for these is senescent associated macrophages (SAMs) (Campbell 
et al., 2021). Nonetheless, some macrophages, exhibiting growth arrest 
or abnormal polarization, might contribute to the development of 
various age-associated diseases, including atherosclerosis, cancer, and 
macular degeneration (Jiang et al., 2023; Sene et al., 2013). Exosomes 
derived from tumors deliver miRNA cargo to macrophages, suppressing 
host innate immunity and facilitating metastasis (Bieniasz-Krzywiec 
et al., 2019; Gao et al., 2018). For instance, the aged murine macro
phages display disrupted ceramide and phospholipid profiles compared 
to their younger counterparts. Modulating macrophage dysfunction for 
immune regulation through miRNA-based therapeutics shows promise 
in combating age-associated diseases (Lin et al., 2018). It’s worth noting 
that once senescent cells are cleared, they cannot be replaced and play 
important structural and functional roles in the ageing organism (Grosse 
et al., 2020). Thus, different types of macrophages play different roles 
during various senescence stages. However, due to the complexity of 
macrophage polarization, the mechanisms through which macrophages 
affect senescence have yet to be conclusively determined. Elucidation of 
macrophage phenotypes at specific times may be key to preventing and 
treating senescence. 

2.2. Phagocytosis 

The health of elderly individuals is intricately tied to the 
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functionality of their immune system, which not only affects their ability 
to resist apoptosis but also stands as the initial defense against invading 
pathogens (Wong et al., 2017). Macrophage senescence, characterized 
by diminished phagocytic capacities, lies at the core of both cellular 
senescence and immunosenescence. However, SASP factors in senescent 
microenvironments trigger age-related defects in macrophage phago
cytosis (Linehan et al., 2014). Ogata Y. et al. (Ogata et al., 2021) pro
posed that macrophages might first induce apoptosis in senescent cells 
before engulfing them. Phagocytic receptors are categorized into two; 
opsonin-dependent receptors (Fc receptors, complement receptors, and 
integrins) and opsonin-independent receptors (C-type lectins and scav
enger receptors) (Linehan and Fitzgerald, 2015). The mechanisms 
involved in macrophage-mediated recognition and engulfment of se
nescent cells have yet to be fully established, however, the processes are 
probably not unique to senescent cells (Burton and Stolzing, 2018). 
Indeed, the mechanisms underlying macrophage recognition in other 
pathological contexts, such as during cancer senescence surveillance, 
may be involved in immunosurveillance and clearance of apoptotic cells 
(Jiang et al., 2023; Ye et al., 2017). 

Senescent cells preferentially express specific cell surface antigens to 

be distinguishable from mature cells and to be recognized by naturally 
occurring antibodies (ie., IgMs), which enables macrophage phagocy
tosis and removal (Kay, 1981). In a previous study aimed at exploring 
antibodies that specifically target senescent cells, it was postulated that 
IgM clone 9H4, recognizing the oxidized membrane on the surface of 
senescent human fibroblasts, could serve as an "eat me" signal, 
prompting macrophage phagocytosis (Fig. 2) (Frescas et al., 2017). High 
expression of transmembrane proteins in senescent cells has demon
strated their potential as vaccine targets for lifespan extension (Suda 
et al., 2021). Apoptotic factors, including TNF-α and p53 can propagate 
the senescence phenotype and accelerate immune system ageing by 
inducing apoptosis (Hafner et al., 2019). Various receptors contribute to 
this effect, indicating that cluster of differentiation (CD) 36 (Puig et al., 
2020), receptor of advanced glycation endproducts (RAGE) (Xu et al., 
2016) and other class I/II scavenger receptors (Beguin et al., 2020) are 
also involved in this process. The release or display of 
sphingosine-1-phosphate (S1P) by apoptotic cells is known to trigger 
phagocytic uptake, functioning as a “find me” and “eat me” signal for 
macrophages (Kugelberg, 2016). Although this occurs during apoptosis, 
it may also enhance immune surveillance of senescent cells by 

Fig. 1. Overview of senescence inducers, changes in macrophage physiology and activation of SASP factors. Senescence can be activated by various stress 
stimuli (shown in red), including ionizing radiation, replicative stress, oncogenic signaling, and oxidative stress. Senescent cells are shown in purple while mac
rophages (undergoing polarization) are shown in green. Macrophages, which are recruited by most senescent cells, respond to endogenous and exogenous regulators 
in senescent microenvironments. Single-cell techniques have revealed the expansion and reduction of macrophage populations with distinct phenotypes/subsets in 
various organs of old mice. The main SASP factors (depicted in blue) include growth factors (BMPs, EGF, FGFs, NGF, PDGF), cytokines (IL1, IL6, IL10, TNF-α), 
chemokines (CCL2, IL8), and metalloproteinases (fibronectin, MMP2, MMP3). Growth factors can enhance tissue fibrosis in ageing tissues, while chemokines and 
cytokines create proinflammatory environments. SASP chemokines attract immune cells that can recognize and interact with senescent cells and eliminate them. 
Secreted factors may signal in an autocrine fashion, reinforcing the senescence phenotype, or in a paracrine manner with multiple effects on neighboring cells and 
resident tissues, including chemoattraction, inflammageing, fibrosis, and tissue remodeling. Abbreviations: BMPs: bone morphogenetic proteins; CCL: CC- 
chemokine; EGF; epithelial growth factor; FGFs: fibroblast growth factors; IL: interleukin; MMP: matrix metallopeptidase; PDGF: platelet-derived growth factor; 
SASP: senescence-associated secretory phenotype; TNF: tumor necrosis tactor. 
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macrophages. In physiology and disease, surface expressions of CD24 
and CD47 often act as “don’t eat me” signals (Bradley, 2019; Kelley and 
Ravichandran, 2021). Upon contact, inhibitory signals are sent through 
signal-regulatory protein alpha (SIRPα), a receptor on macrophage 

surfaces, ensuring that healthy cells avoid inappropriate phagocytosis. 
Therefore, CD47 downregulation is necessary for macrophages to target 
damaged “self” cells (Liu et al., 2017). CD47 downregulation of via 
c-MYC inactivation promotes tumor regression by inducing tumor cell 
senescence (Casey et al., 2016). Thrombospondin-1 (TSP1) from senes
cent cells prevents senescence escape, which can be explained by 
emergence of CD47-low cells (Guillon et al., 2019). However, it has not 
been established if CD47 downregulation in microenvironments spe
cifically modulates c-MYC inactivation and senescence. Modified cell 
surface glycans, a class of potential senescence antigens, can also be 
recognized by members of C-type lectin receptor (CLR) family, such as 
macrophage galactose-type lectin (MGL), which are exclusively 
expressed by macrophages (Ward et al., 2018). N-glycan and O-glycan 
modification of cell surface proteins might regulate sialylation and 
galactose exposure during cell senescence (Itakura et al., 2016) and viral 
entry (Yang et al., 2020). Thus, studies should elucidate on the phago
cytic functions of macrophages in removal of impaired or senescent 
“self” cells. 

2.3. Efferocytosis 

Billions of cells that are turned over every day are continually 
phagocytosed by macrophages, thereby protecting against ageing and 
promoting injury resolution by removing apoptotic and senescent cells. 
The ability of individual macrophages to efficiently internalize multiple 
senescent cells over consecutive rounds of engulfment, referred to as 
continual efferocytosis, may be particularly vital in alleviating ageing or 
regulating wound repair in damaged tissues, even though apoptotic cells 
often significantly outnumber macrophages (Puleston and Pearce, 
2020). Additionally, since the human body contains 37 trillion cells, 
senescent cells in ageing organisms easily outnumber professional 
secretory cells (Lopes-Paciencia et al., 2019). Ageing is associated with 
impaired efferocytosis, but the mechanisms underlying this process have 
yet to be fully established. Efferocytosis-induced macrophage prolifer
ation results in secretion of anti-inflammatory cytokines, including 
TGF-β and IL-10, expanding the pool of resolving macrophages via 

Table 1 
Macrophages (MΦ) in senescent tissues.  

Tissue Abundance Key markers of monocyte-derived origin 

Aorta M1/M2 ↑ IL1β, IL-6, IL-10 ↑ (Ciaglia et al., 2022) 
Brain M1/M2 ↑ PGE2, EP2, GYS1, p16↑ (Minhas et al., 2021; 

Stojiljkovic et al., 2022) 
Bone 

marrow 
MΦ↑ p16, p21, Mcp1, TNF, IL6, IL1β ↑ (Yousefzadeh 

et al., 2021) 
Kidney Yolk-sac-derived 

MΦ↑ 
TNF-α, IFN-γ, IL-12 ↓ (Ide et al., 2020; Kim et al., 
2019) 

Lung Alveolar MΦ↓ Pparg, IL10, CBFβ↓; IL6, IL1β, TNF, Ifng, Cebpb, 
Spp1, Gpnmb, Mfge8, H2-K1, H2-Q7, H2-D1, 
B2m, p16, p21↑(Angelidis et al., 2019; 
Mogilenko et al., 2021b; Prieto et al., 2023; Wu 
et al., 2023) 

Liver CX3CR1+, 
CD38+ MΦ↑ 

CCR2, CX3RC1 (Mogilenko et al., 2021b), CD38 
↑(Wu and Zhang, 2020) 

Skeletal 
muscle 

M1/M2 ↑ p21, Ccl2, Il-1α, IL-1β, TNF, Gdf15 ↑, Adamts1, 
Pdgfb ↓(Dungan et al., 2022) 

Spleen M1/M2 ↑ Lamin B1↓, p16, IL-1α, IL-6, MCP-1, VEGF ↑ ( 
Palacio et al., 2019) 

Skin M1/M2 ↑ LPC, TNF-α↑ (Narzt et al., 2021; Ogata et al., 
2021) 

Abbreviations: Adamts1, A Disintegrin and Metalloproteinase with Thrombo
spondin 1; B2m, В2 Microglobulin; CBFβ, core binding factor β; Ccl2, Chemokine 
Ccl2; CCR2, Chemokine C-C-Motif Receptor 2; Cebpb, C/EBP Beta; CX3RC1, 
CX3C Chemokine Receptor1; EP2, Prostaglandin E Receptor 2; Gdf15, Growth/ 
Differentiation Factor 15; Gpnmb, Glycoprotein Nmb; GYS1, Glycogen Synthase 
1; H2-K1, Histocompatibility 2-K1 Region; Ifng, Interferon Gamma; IL, Inter
leukin; LPC, Lysophosphatidyl Choline; Mcp1, Monocyte Chemoattractant Pro
tein 1; Mfge8, Milk Fat Globule EGF Factor; Pdgfb, Platelet Derived Growth 
Factor B; PGE2, Prostaglandin E2; Pparg, Peroxisome Proliferator-Activated 
Receptor Gamma; Spp1, Secreted Phosphoprotein 1; TNF, Tumor Necrosis 
Factor; VEGF, Vascular Endothelial Growth Factor. 

Fig. 2. Possible mechanisms involved in anti-ageing effects of macrophages in senescent microenvironments.  
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DNase2a (Gerlach et al., 2021). The M1 macrophages that are activated 
by senescent cells via SASP factors exhibit higher levels of glycolysis, 
while macrophages that exhibit pro-resolving properties acquire more 
energy (Covarrubias et al., 2020). Senescent cell efferocytosis induces 
the release of senescent cell-derived arginine into macrophage cyto
plasm via PQ loop repeat-containing 2 (PQLC2), a lysosomal cationic 
amino acid transporter (Yurdagul et al., 2020; Zhu et al., 2021). During 
macrophage metabolism, arginine or ornithine are derived from 
engulfment of a first-encountered senescent cell, which is vital for sub
sequent rounds of efferocytosis (Fig. 3). Mechanistically, arginine serves 
as a precursor of polyamine synthesis by arginase 1 (Arg1), which 
converts arginine into ornithine. Ornithine, which is either synthesized 
from the senescent cell-derived arginine or taken up directly from se
nescent cells, enters macrophages for metabolism (McCubbrey et al., 
2022; Yurdagul et al., 2020). Ornithine is metabolized into the first 
polyamine putrescine by ornithine decarboxylase (ODC), a rate-limiting 
enzyme in polyamine synthesis. Then, arginine is converted to putres
cine via Arg1 and ODC as earlier described, thereby elevating the ex
pressions of Rac1 GTPase’s guanosine triphosphate (GTP)-exchange 
factor (GEF), which causes cell line derived transforming sequence 
(Mcf2) mRNA stabilization by the human antigen R protein (HuR) 
(Gupta et al., 2013). Rac1 kinase activation is enhanced by elevated Dbl 
levels, thereby promoting actin polymerization-mediated internaliza
tion of subsequent senescent cells (Fig. 3) (McCubbrey et al., 2022). 

2.4. Autophagy 

Phagocytosis and phagosome maturation are major physiological 
processes in multicellular organisms (Gray and Botelho, 2017). Senes
cent cells have an expanded lysosomal compartment that is associated 
with increased lysosomal numbers and monocyte–macrophage differ
entiation. Various stress conditions can trigger autophagy, a process by 
which cytoplasmic constituents are degraded by lysosomes (Azzman, 
2019). Activities of senescence-associated-beta-galactosidase (SA-β-gal, 
encoded by the GLB1 gene) are widely accepted as senescence markers 

and are markedly elevated in senescent cells because of increased 
lysosomal levels (Martinez-Zamudio et al., 2021). However, as one of 
the limitations for β-galactosidase staining, senescent macrophages are 
well stained (Hedblom et al., 2019). In macrophages, endosomes and 
lysosomes (endolysosomes) are required for removal of senescent cells. 
Macrophages promote lysosomal fusion (via TFEB activation) and 
expanded endo-lysosomal volume (via mTORC1 dependent translation), 
thereby remodeling these organelles upon proinflammatory stimulation 
to maintain phagosome integrity (Hipolito et al., 2019) and sustain 
macrophage effector functions (Westman et al., 2020). Chromatin 
structure remodeling via the autophagy/lysosomal pathway is vital for 
recycling of cell constituents and cell remodeling, which are involved in 
cell senescence (Ivanov et al., 2013). Nevertheless, there is a lack of 
direct and strong evidence linking lysosomal expansion to SASP in se
nescent cells. 

The lysosome, a fluid-filled organelle, serves as a crucial signaling 
platform at the intersection of cell metabolism and function, playing a 
vital role in the energy metabolism and nutritional status of macro
phages. Activation of the highly conserved kinase, mechanistic target of 
rapamycin complex 1 (mTORC1), on the lysosomal surface triggers 
anabolic pathways while simultaneously suppressing the catabolic 
process of autophagy (Kim and Guan, 2019). Dysregulated autophagy is 
associated with lysosomal dysfunctions. In macrophages, autophagy 
decreases with ageing, aggravates inflammation (Chen et al., 2022) and 
restores autophagy, making it a promising strategy for slowing senes
cence (Tai et al., 2017). The mTOR activities and autophagy have been 
implicated in the generation of SASP during senescence (Narita et al., 
2011), as well as in guiding the maturation of macrophages into various 
phenotypes (Hedblom et al., 2019). In the context of cellular senescence, 
the interplay with factors from mononuclear phagocytes may influence 
autophagy. For example, although autophagy can facilitate senescence, 
rapamycin-induced autophagy may also alleviate radiation-induced 
bystander effects (Huang et al., 2014). Moreover, due to its pivotal 
role in muscle repair, autophagy induced by macrophages presents itself 
as a promising therapeutic target in counteracting age-related declines 

Fig. 3. Continuous efferocytosis of senescent cells by macrophages.  
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in skeletal muscle regenerative capacity (Lee et al., 2019). Studies have 
reported a link between mitochondrial homeostasis and lysosomes 
during monocyte–macrophage differentiation (Nicolas-Avila et al., 
2020), and deterioration of mitochondria with age is attributed to 
impaired lysosome-like vacuoles (Hughes et al., 2020). Therefore, a 
causal relationship may link lysosomal remodeling to mitochondrial 
functions in macrophages and senescent cells. The study of mitochon
drial dysfunction and metabolic dysregulation is of particular interest 
when examining the role of macrophages during senescence. (Ademowo 
et al., 2017). In senescent cells, defects in mitochondrial functions 
mediate the proliferation of proinflammatory M1-like macrophages and 
the decline in tissue NAD+ levels (Covarrubias et al., 2020), leading to 
induction of macrophage-derived SASP factors via activation of 
cGAS-STING (cyclic GMP-AMP synthase–stimulator of interferon genes), 
a cytosolic DNA sensing pathway (Vizioli et al., 2020). It is likely that 
there exists a signaling axis between lysosomes and mitochondria, which 
is common to both senescent cells and macrophages. This is significant, 

given that SASP plays a crucial role in their maturation and activation 
(Behmoaras and Gil, 2021). Nonetheless, modulation of autophagy has 
shown significant promise in senescence and senescence-associated 
diseases because most of the autophagy induction strategies (including 
caloric restriction) that modulate autophagy maturation to regulate 
autophagy flux are currently in clinical trials (Fig. 4) (Azzman, 2019; 
Minhas et al., 2021; Pallauf and Rimbach, 2013). 

3. Leveraging macrophage therapeutics against ageing and age- 
associated disorders 

3.1. Beyond senolytics: Immunotherapeutic targeting of senescent cells 

Senescent cells have been known to accumulate during the devel
opment of various age-associated diseases, thus, their elimination is 
therapeutically beneficial without long-term negative health conse
quences. Senotherapeutic strategies are classified into two; 

Fig. 4. Signaling pathways involved in macrophage autophagy. Autophagic flux is enhanced by autophagy inducers via deacetylase, sirtuin1 (Sirt1) and 
activation of Forkhead box O (FOXO) transcription factors. In senescent microenvironments, defects in mitochondrial functions induces the proliferation of 
proinflammatory M1-like macrophages and the decline in tissue levels of nicotinamide adenine dinucleotide (NAD)+ and adenosine triphosphate (ATP). Alterna
tively, adenosine monophosphate activated protein kinase (AMPK), a sensor for falling energy levels, is activated, leading to inhibition of the mechanistic target of 
rapamycin complex 1 (mTORC1) formed around mammalian target of rapamycin (mTOR), which acts as a key mediator of protein synthesis. Rapamycin, an inhibitor 
of mTORC1, induces autophagy via the Unc-51-like kinase 1 (Ulk1) complex. In contrast, mTORC1 activation and downstream targets like insulin and growth factor 
signaling, including PI3 kinase class I/Akt (protein kinase B, PKB) and rat sarcoma/mitogen-activated protein kinase /extracellular signal-regulated kinase (Ras/ 
Mek/Erk) pathways inhibit autophagy. Erk1/2 induces autophagy upon amino acid depletion, which negatively regulates autophagy via phosphatidylinositol-3- 
kinase (PI3K) class III vacuolar protein sorting 34 (Vps34). Upon autophagy induction, a Vps34-Beclin1 complex is formed, resulting in autophagosome forma
tion. Beclin1 is inhibited by B-cell lymphoma 2 (Bcl-2), which is in turn inhibited by death-associated protein kinase (DAPK) and Jun N-terminal protein kinase 1 
(JNK1), thereby inducing macrophage autophagy. 
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pharmacological agents referred to as senolytics, which selectively kill 
senescent cells (Zhu et al., 2015), and senomorphics (including SASP 
inhibitors), which suppress the harmful effects of senescent cells (Di 
Micco et al., 2021). Senolytics, including dasatinib, quercetin, and 
fisetin, have been reported to delay or alleviate many age-related dis
eases in animal models. However, most senolytics target antiapoptotic 
proteins and the limitations of this strategy are emerging (Kim et al., 
2023). Interest in immunotherapeutic targeting of senescent cells has 
been growing (Xu et al., 2022). Recently, immune-targeted therapies 
have provided insights into several novel strategies for eliminating 
senescence in the context of host immune system (Burton and Stolzing, 
2018; Ramesh et al., 2021). Thus, among the elderly, immunotherapy 
may safely and effectively prevent, delay, or treat multifactorial, 
age-related diseases. 

Since senescent cells can be recognized and eliminated by macro
phages, transplanted macrophages can migrate to target sites, where 
they become tissue-resident macrophages with long-term self-renewal 
capacities (Hashimoto et al., 2013). Apart from various other types of 
immune cells, therapeutic macrophages also target age-associated dis
eases (Lee et al., 2016). Macrophages are mainly activated by regulating 
macrophage metabolism via the CD47 pathway (Liu et al., 2019). 
Activated macrophages draw upon glutamine and glucose as their pri
mary energy sources, enabling them to effectively combat and engulf 
harmful cytopathic cells. In the realm of immunotherapy, innovative 
approaches have emerged, such as the transplantation of induced 
pluripotent stem cells or allogeneic macrophages sourced from youthful 
donors (Ackermann et al., 2017). Thus, macrophage therapeutics may 
be more effective at removing senescence, as metabolic rewiring of 
macrophages have at least a 4-fold higher phagocytic capacity treated by 
carnosine (Li et al., 2020b) or TLR agonists (CpG) (Ackermann et al., 
2017) compared with the control group. 

3.2. Senomorphics: Immune sensing and surveillance functions 

In recent decades, the concept of immune surveillance has been 
extensively investigated in the field of anti-ageing research. Senescence- 
associated decline in immune system functions impairs the sensing and 
surveillance of senescent cells by macrophages, which are key in ageing 
(Yun et al., 2015). Inhibitors of SASP that target immune cells, including 
rapamycin, metformin, and ruxolitinib, have demonstrated the ability to 
enhance immune sensing and surveillance. Due to phenotypic plasticity 
of macrophages, some senescent cells have the cancer cell-like strategy 
of expressing “don’t eat me” signals to avoid elimination (Baker et al., 
2011; Ide et al., 2020). Over time, through immune evasion, senescent 
cells accumulate in ageing tissues and induce age-associated diseases 
(Zhou et al., 2021b). Generally, senescent cells upregulate nuclear factor 
kappa B (NFκB)-dependent proinflammatory signaling, which engages 
SIRPα and activates transcriptional expressions of CD47, an inhibitory 
receptor of NFκB on macrophages, thereby facilitating their escape from 
immune surveillance (Lo et al., 2015). 

Hall et al. (Hall et al., 2016) reported that when implanted into SCID 
mice, alginate beads containing senescent cells promoted macrophage 
recruitment, which were attracted by secretory factors. This was 
attributed to innate immune system activation, as evidenced by upre
gulated expressions of macrophage-specific transcripts, as well as NK 
cells and neutrophils. Treatment with the antioxidant, N-acetylcysteine 
(NAC), significantly alleviates oxidative stress and the senescent 
phenotype associated with knockout of the Hippo kinase, Mst1/2, in 
macrophages (Wang et al., 2019). Mst1/2 functions as an intracellular 
ROS sensor, drawing it towards regions of ROS release from organelles. 
Upon activation, Mst1/2 further activates and stabilizes the pivotal 
transcription factor, Nrf2, consequently bolstering antioxidant defenses. 
This equips macrophages to effectively combat pathogens while simul
taneously fortifying their resistance against oxidative stress, thereby 
mitigating the effects of ageing. Macrophage-induced tumor cell senes
cence may have anticancer properties. Xue et al. (Xue et al., 2007) found 

that p53 reactivation promoted cellular senescence in p53-deficient 
tumors. Macrophages can be reprogramed to activate cytotoxic T cells 
via macrophage-secreted IL-12 and TNF-α, thereby modulating systemic 
anti-tumor immune responses (Sun et al., 2021). Some immunotherapies 
have been engineered to turn off the SIRPα co-receptor signal on mac
rophages to overcome immune evasion (Ray et al., 2018). 

Additionally, microbiota-based interventions have also been evalu
ated as potential anti-ageing therapies (Bárcena et al., 2019). Regulation 
of the crosstalk between macrophages and microbiota may be exploited 
to protect epithelial barrier functions, microbiota balance, and to pre
vent chronic systemic inflammation as well as p16INK4a 
accumulation-associated senescence, thereby delaying age-related dis
eases (Zhou et al., 2021a). The potential commercial value of macro
phage therapeutics has been widely recognized in the field of ageing and 
age-associated disorders (Peterson et al., 2018; Stahl et al., 2018). 
However, more studies should evaluate the long-term effects of thera
peutic macrophages. 

4. Challenges and future directions 

4.1. Similarities and interplay between senescent cells and macrophages 

The evolving demographics have increased the need for further 
research into ageing. Given the intricate nature of human ageing, the 
journey of scientific exploration is frequently hindered by conflicting 
evidence across multiple facets (Linehan and Fitzgerald, 2015). Recent 
years have witnessed the pivotal roles of senescent and immune cells in 
both the processes of ageing and the development of immunotherapies 
for a diverse array of age-related conditions. Investigations into the ki
netics of senescence accumulation reveal a notable exponential rise in 
the production of senescent cells within ageing tissues (Katzir et al., 
2021). This is corroborated by a pronounced escalation in the levels of 
specific senescence-associated markers (Table 1). Senescence accumu
lation is majorly ascribed to increased telomere dysfunction, DNA 
repair, and/or a decrease in their clearance by the immune system. 
While inflammatory macrophages can eliminate senescent cells, the 
senescent microenvironment can also reprogram macrophages into a 
senescence-like phenotype (SLP) by fine-tuning p16INK4a expression, and 
induce the formation of other resident cells in a paracrine manner 
(Mosser et al., 2021; Ogata et al., 2021; Yue et al., 2021). Therefore, 
strategies that specifically target senescent cells or macrophages repre
sent a promising therapeutic paradigm. 

Given the shared phenotypic characteristics between macrophages 
and senescent cells, including an increased number of lysosomes, 
heightened secretory activity, and the potential for inflammasome 
activation (Behmoaras and Gil, 2021), several questions remain unan
swered: a) Could senolytic agents be applicable for eliminating specific 
sub-populations of macrophages, particularly in conditions like 
atherosclerosis (Childs et al., 2016; Suda et al., 2021) and virus-induced 
senescence (Lee et al., 2021)? b) Is it possible that senolytic drugs, 
originally designed to target and eliminate senescent cells, may also 
have an active or passive effect on macrophages? Tailoring these drugs 
to selectively target either senescent cells or macrophages will necessi
tate a comprehensive understanding of their cellular phenotypic simi
larities, interactions, as well as gene-phenotype and gene-gene 
relationships in both cell types. 

4.2. Combinatorial immunotherapies targeting multiple pathways 

Unlike macrophages, T cells are adaptive immune system compo
nents that respond to senescence signals (Minhas et al., 2021). The 
non-specific immune system, mediated by macrophages, mounts a mild 
response with low specificity. Adaptive immune checkpoint inhibitors, 
including anti-CTLA-4, anti-PD-1, and anti-PD-L1, which target T cells 
have shown good therapeutic efficacies in clinical trials (Ye et al., 2017). 
Macrophage-targeted drugs have been developed to treat various 
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conditions, including cognitive decline in ageing (Minhas et al., 2021). 
Studies on macrophage biology have resulted in the discovery of new 
targets for disease treatment. For instance, the colony-stimulating factor 
1 receptor (CSF1R) is a macrophage target that promotes immunosup
pression and tumor angiogenesis. The relationship between macro
phages and ageing has been reported. This has opened a new window for 
development of antibody-based drugs that target this relationship. 
Several drugs targeting macrophages, such as Magrolimab, 
TTI-621/622, ALX148 targeting CD47, and OSE-172 targeting SIRP-α 
are undergoing clinical trials. The two CD47 inhibitors, TTI-621/622, 
are SIRPa-Fc fusion proteins, which produce Trillium. Although they 
are relatively similar, the Fc region is coupled to IgG1 in TTI-621, 
whereas it is coupled to IgG4 in TTI-622. IgG4 forms a slightly weaker 
binding to Fc receptors on immune cells, which enhances protection 
against CD47-expressing non-tumor cells. Recently, a new class of 
CSF-1R inhibitors, including pimicotinib (ABSK021), has entered clin
ical trials, representing a promising breakthrough (Falchook et al., 
2023). Furthermore, the observed synergistic effects in combination 
therapies involving anti-GD2 or CD24 along with anti-CD47 (Theruvath 
et al., 2022) highlight their potential as potent immunotherapies for 
senescence. The advent of advanced technologies, particularly the 
development of single-cell sequencing techniques, has propelled 
research into the intricate biological functions of diverse macrophage 
subsets within various senescent microenvironments. Additionally, this 
technology has facilitated a comprehensive exploration of the interplay 

between macrophages and tumor immunotherapy. Hence, it is impera
tive to conduct thorough investigations into the biological characteris
tics of macrophages in senescent cells. 

4.3. Factors limiting clinical applications of bioactive materials 

To promote the engulfment or to induce macrophage-mediated 
autophagy of senescent cells, several therapeutic agents have been 
developed, including biomaterial-based or bioactive materials (Fig. 5). 
However, these agents have low specificity and are also associated with 
side effects that limit their clinical applications. However, compared to 
free drugs, nanomedicines and bioactive materials are efficient for tar
geting of macrophages and senescent cells, without causing toxic effects 
(Chen et al., 2022; Lee et al., 2016). Several biomaterial materials, 
including aptamer-drug conjugates have been developed for various 
clinical applications. Abraxane (albumin-bound paclitaxel nano
particles) and Doxil (PEGylated liposome doxorubicin) have been 
approved by the FDA (Zhou et al., 2021b). The "biomimetic concept", 
which refers to biomimetic materials and devices, has been proposed to 
improve the clinical outcomes of various degenerative diseases in aged 
patients (Tampieri et al., 2021). Hence, nanomedicines and bioactive 
materials hold promise as effective anti-senescent therapeutic agents. 
Combination strategies appear to offer distinct advantages compared to 
monotherapy, enhancing local therapeutic efficacy through the use of 
bioactive materials. For example, a silk fibroin/gelatin (SG) patch 

Fig. 5. Biomaterial based delivery of bioactive signals to regulate senescence-macrophage polarization in ageing.  
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incorporates a polydopamine-mediated ultralong silk microfiber 
(PDA-mSF) and metformin-loaded zeolitic imidazolate framework (ZIF), 
which helps regulate the immunomodulatory microenvironment for 
tissue regeneration by suppressing M1 macrophage polarization (Gong 
et al., 2023). These consistent findings have also been observed in both 
medical and cosmetic applications (de Souza Silva et al., 2023). How
ever, several challenges should be addressed before nanoparticle-based 
therapies can be translated into clinically usable agents. Among such 
challenges include the lack of preclinical research models that can 
accurately mimic responses of the human ageing process to the thera
pies. In addition, some bioactive materials have poor targeting speci
ficity on macrophages or senescent cells. The accumulation, 
biocompatibility, and bioactivity of nanoparticles are not sufficient for 
clinical use. Therefore, studies should investigate the cytotoxicity or 
systemic toxicity of nanoparticles and bioactive materials. Artificial in
telligence technology should also be adopted to improve the imple
mentation of precision medicine. For instance, exosomes carrying the 
macrophage migration inhibitory factor (MIF) have been used to 
mediate the cross talk between macrophages and senescent tissue cells 
(Zhuang et al., 2020). However, this technology is at its infant stage and 
requires optimization. 

5. Conclusions 

Macrophage metabolism is an important factor in senescence- 
associated multimorbidity. It is involved in regulation of low-grade 
inflammageing and drives systemic senescence, implying that they 
have crucial roles in age-associated diseases. Pro-inflammatory factors 
and SASP factors promote ageing events while macrophage re-education 
or transplantation are more likely to promote rejuvenation events. 
However, the roles of different macrophage subsets vary with the se
nescent context or type of tissue. The balance of activated macrophages 
(differentiation into various functional subsets) ultimately dictates the 
global outcome. Macrophages eliminate cell senescence and can act as 
modulators of age-related diseases by promoting inflammation, phago
cytosis, efferocytosis, and autophagy. Targeting the phagocytic activity 
of macrophages in senescent cells is one of the strategies for achieving an 
efficient anti-ageing immunity. Nanomedicines and bioactive materials 
have shown the potential to be effective SASP inhibitors, which promote 
senescent cell accumulation, resulting in improved tissue and organ 
repair in ageing and age-associated disorders. Overall, impaired immune 
tolerance due to malfunctioning macrophages is prevalent in older 
people. Therefore, macrophage-based immunotherapies are promising 
strategies for controlling senescence. 
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2019. Healthspan and lifespan extension by fecal microbiota transplantation into 
progeroid mice. Nat. Med. 25, 1234–1242. 

Beguin, E.P., Przeradzka, M.A., Janssen, E.F.J., Meems, H., Sedek, M., van der Zwaan, C., 
Mertens, K., van den Biggelaar, M., Meijer, A.B., Mourik, M.J., 2020. Endocytosis by 
macrophages: interplay of macrophage scavenger receptor-1 and LDL receptor- 
related protein-1. Haematologica 105. 

Behmoaras, J., Gil, J., 2021. Similarities and interplay between senescent cells and 
macrophages. J. Cell Biol. 220. 

Belgiovine, C., D’Incalci, M., Allavena, P., Frapolli, R., 2016. Tumor-associated 
macrophages and anti-tumor therapies: complex links. Cell. Mol. Life Sci. 73, 
2411–2424. 

Bieniasz-Krzywiec, P., Martin-Perez, R., Ehling, M., Garcia-Caballero, M., Pinioti, S., 
Pretto, S., Kroes, R., Aldeni, C., Di Matteo, M., Prenen, H., Virginia Tribulatti, M., 
Campetella, O., Smeets, A., Noel, A., Floris, G., Van Ginderachter, J.A., Mazzone, M., 
2019. Podoplanin-expressing macrophages promote lymphangiogenesis and 
lymphoinvasion in breast cancer. Cell Metab. 30, 917–936. 

Blacher, E., Tsai, C., Litichevskiy, L., Shipony, Z., Iweka, C.A., Schneider, K.M., 
Chuluun, B., Heller, H.C., Menon, V., Thaiss, C.A., Andreasson, K.I., 2022. Aging 
disrupts circadian gene regulation and function in macrophages. Nat. Immunol. 23, 
229. 

Bradley, C.A., 2019. CD24-a novel ’don’t eat me’ signal. Nat. Rev. Cancer 19 (541–541). 
Burton, D.G.A., Stolzing, A., 2018. Cellular senescence: immunosurveillance and future 

immunotherapy. Ageing Res. Rev. 43, 17–25. 
Camell, C.D., Sander, J., Spadaro, O., Lee, A., Nguyen, K.Y., Wing, A., Goldberg, E.L., 

Youm, Y.-H., Brown, C.W., Elsworth, J., Rodeheffer, M.S., Schultze, J.L., Dixit, V.D., 
2017. Inflammasome-driven catecholamine catabolism in macrophages blunts 
lipolysis during ageing. Nature 550, 119. 

Campbell, R.A., Docherty, M.-H., Ferenbach, D.A., Mylonas, K.J., 2021. The role of 
ageing and parenchymal senescence on macrophage function and fibrosis. Front. 
Immunol. 12. 

Casey, S.C., Tong, L., Li, Y.L., Do, R., Walz, S., Fitzgerald, K.N., Gouw, A.M., Baylot, V., 
Gutgemann, I., Eilers, M., Felsher, D.W., 2016. MYC regulates the antitumor immune 
response through CD47 and PD-L1. Science 352, 227–231. 

Chakarov, S., Lim, H.Y., Tan, L., Lim, S.Y., See, P., Lum, J., Zhang, X.M., Foo, S., 
Nakamizo, S., Duan, K., Kong, W.T., Gentek, R., Balachander, A., Carbajo, D., 
Bleriot, C., Malleret, B., Tam, J.K.C., Baig, S., Shabeer, M., Toh, S.E.S., Schlitzer, A., 
Larbi, A., Marichal, T., Malissen, B., Chen, J., Poidinger, M., Kabashima, K., 
Bajenoff, M., Ng, L.G., Angeli, V., Ginhoux, F., 2019. Two distinct interstitial 
macrophage populations coexist across tissues in specific subtissular niches. Science 
363. 

Chen, W., Xiao, W., Liu, X., Yuan, P., Zhang, S., Wang, Y., Wu, W., 2022. 
Pharmacological manipulation of macrophage autophagy effectively rejuvenates the 
regenerative potential of biodegrading vascular graft in aging body. Bioact. Mater. 
11, 283–299. 

Childs, B.G., Baker, D.J., Wijshake, T., Conover, C.A., Campisi, J., van Deursen, J.M., 
2016. Senescent intimal foam cells are deleterious at all stages of atherosclerosis. 
Science 354, 472–477. 

Ciaglia, E., Lopardo, V., Montella, F., Carrizzo, A., Di Pietro, P., Malavolta, M., 
Giacconi, R., Orlando, F., Cattaneo, M., Madeddu, P., Vecchione, C., Puca, A.A., 
2022. Transfer of the longevity-associated variant of BPIFB4 gene rejuvenates 
immune system and vasculature by a reduction of CD38(+) macrophages and NAD( 
+) decline. Cell Death Dis. 13. 

Covarrubias, A.J., Kale, A., Perrone, R., Lopez-Dominguez, J.A., Pisco, A.O., Kasler, H.G., 
Schmidt, M.S., Heckenbach, I., Kwok, R., Wiley, C.D., Wong, H.S., Gibbs, E., Iyer, S. 
S., Basisty, N., Wu, Q.X., Kim, I.J., Silva, E., Vitangcol, K., Shin, K.O., Lee, Y.M., 
Riley, R., Ben-Sahra, I., Ott, M., Schilling, B., Scheibye-Knudsen, M., Ishihara, K., 
Quake, S.R., Newman, J., Brenner, C., Campisi, J., Verdin, E., 2020. Senescent cells 
promote tissue NAD(+) decline during ageing via the activation of CD38(+) 
macrophages. Nat. Metab. 2. 

H. Zhu et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref1
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref1
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref1
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref2
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref2
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref2
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref3
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref3
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref3
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref3
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref3
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref4
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref4
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref5
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref5
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref5
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref6
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref6
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref6
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref6
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref6
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref7
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref7
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref7
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref7
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref8
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref8
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref9
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref9
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref9
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref10
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref10
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref10
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref10
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref10
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref11
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref11
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref11
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref11
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref12
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref13
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref13
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref14
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref14
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref14
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref14
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref15
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref15
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref15
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref16
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref16
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref16
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref17
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref18
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref18
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref18
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref18
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref19
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref19
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref19
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref20
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref20
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref20
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref20
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref20
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21
http://refhub.elsevier.com/S1357-2725(23)00118-8/sbref21


International Journal of Biochemistry and Cell Biology 165 (2023) 106479

10

Di Micco, R., Krizhanovsky, V., Baker, D., di Fagagna, F.D., 2021. Cellular senescence in 
ageing: from mechanisms to therapeutic opportunities. Nat. Rev. Mol. Cell Biol. 22, 
75–95. 

Dong, Y., Zhang, S., Gao, X., Yin, D., Wang, T., Li, Z., Wan, Z., Wei, M., Luo, Y., Yang, G., 
Liu, L., 2021. HIF1 alpha epigenetically repressed macrophages via CRISPR/Cas9- 
EZH2 system for enhanced cancer immunotherapy. Bioact. Mater. 6, 2870–2880. 

Dungan, C.M., Murach, K.A., Zdunek, C.J., Tang, Z.J., VonLehmden, G.L., Brightwell, C. 
R., Hettinger, Z., Englund, D.A., Liu, Z., Fry, C.S., Filareto, A., Franti, M., Peterson, C. 
A., 2022. Deletion of SA beta-Gal plus cells using senolytics improves muscle 
regeneration in old mice. Aging Cell 21. 

E. Metchnikoff Immunity in Infective Diseases Oxf. Univ. Press 10 1907 591. 
Falchook, G.S., Liang, Y., Harvey, R.D., Fu, S., Weitao, Y., Qin, Y.-r, Zhang, X., Henry, J. 

T., Zou, Q., Shan, B., Liang, P., Wang, C., Li, W., Pamuklar, Z.N., Pei, Y., Chang, Z., 
Wang, J., Piha-Paul, S.A., Bhave, M.A., Yin, Y., 2023. First-in-human phase 1 study 
of pimicotinib (ABSK021), a CSF-1R inhibitor, in patients with advanced solid 
tumors. J. Clin. Oncol. 41 (3100–3100). 

Frescas, D., Roux, C.M., Aygun-Sunar, S., Gleiberman, A.S., Krasnov, P., Kurnasov, O.V., 
Strom, E., Virtuoso, L.P., Wrobel, M., Osterman, A.L., Antoch, M.P., Mett, V., 
Chernova, O.B., Gudkov, A.V., 2017. Senescent cells expose and secrete an oxidized 
form of membrane-bound vimentin as revealed by a natural polyreactive antibody. 
Proc. Natl. Acad. Sci. USA 114, E1668–E1677. 

Gao, L., Wang, L., Dai, T., Jin, K., Zhang, Z.K., Wang, S., Xie, F., Fang, P.F., Yang, B., 
Huang, H.Z., van Dam, H., Zhou, F.F., Zhang, L., 2018. Tumor-derived exosomes 
antagonize innate antiviral immunity. Nat. Immunol. 19, 233. 

Ge, M.X., Hu, L., Ao, H.S., Zi, M.T., Kong, Q.P., He, Y.H., 2021. Senolytic targets and new 
strategies for clearing senescent cells. Mech. Ageing Dev. 195. 

Gerlach, B.D., Ampomah, P.B., Yurdagul, A., Liu, C., Lauring, M.C., Wang, X.B., 
Kasikara, C., Kong, N., Shi, J.J., Tao, W., Tabas, I., 2021. Efferocytosis induces 
macrophage proliferation to help resolve tissue injury. Cell Metab. 33, 2445. 

Gong, J., Ye, C., Ran, J., Xiong, X., Fang, X., Zhou, X., Yi, Y., Lu, X., Wang, J., Xie, C., 
Liu, J., 2023. Polydopamine-mediated immunomodulatory patch for diabetic 
periodontal tissue regeneration assisted by metformin-ZIF system. ACS Nano 17, 
16573–16586. 

Gray, M., Botelho, R.J., 2017. Phagocytosis: hungry, hungry cells. Methods Mol. Biol. 
1519, 1–16. 

Grosse, L., Wagner, N., Emelyanov, A., Molina, C., Lacas-Gervais, S., Wagner, K.-D., 
Bulavin, D.V., 2020. Defined p16High Senescent Cell Types Are Indispensable for 
Mouse Healthspan. Cell Metab. 32 (e86), 87–99. 

Guilliams, M., Bonnardel, J., Haest, B., Vanderborght, B., Wagner, C., Remmerie, A., 
Bujko, A., Martens, L., Thone, T., Browaeys, R., De Ponti, F.F., Vanneste, B., 
Zwicker, C., Svedberg, F.R., Vanhalewyn, T., Goncalves, A., Lippens, S., 
Devriendt, B., Cox, E., Ferrero, G., Wittamer, V., Willaert, A., Kaptein, S.J.F., 
Neyts, J., Dallmeier, K., Geldhof, P., Casaert, S., Deplancke, B., ten Dijke, P., 
Hoorens, A., Vanlander, A., Berrevoet, F., Van Nieuwenhove, Y., Saeys, Y., 
Saelens, W., Van Vlierberghe, H., Devisscher, L., Scott, C.L., 2022. Spatial 
proteogenomics reveals distinct and evolutionarily conserved hepatic macrophage 
niches. Cell 185, 379. 

Guillon, J., Petit, C., Moreau, M., Toutain, B., Henry, C., Roche, H., Bonichon- 
Lamichhane, N., Salmon, J.P., Lemonnier, J., Campone, M., Verriele, V., Lelievre, E., 
Guette, C., Coqueret, O., 2019. Regulation of senescence escape by TSP1 and CD47 
following chemotherapy treatment. Cell Death Dis. 10. 

Gupta, M., Kamynina, E., Morley, S., Chung, S., Muakkassa, N., Wang, H., Brathwaite, S., 
Sharma, G., Manor, D., 2013. Plekhg4 Is a novel Dbl family guanine nucleotide 
exchange factor protein for Rho family GTPases. J. Biol. Chem. 288, 14522–14530. 

Hafner, A., Bulyk, M.L., Jambhekar, A., Lahav, G., 2019. The multiple mechanisms that 
regulate p53 activity and cell fate. Nat. Rev. Mol. Cell Biol. 20, 199–210. 

Hall, B.M., Balan, V., Gleiberman, A.S., Strom, E., Krasnov, P., Virtuoso, L.P., Rydkina, E., 
Vujcic, S., Balan, K., Gitlin, I., Leonova, K., Polinsky, A., Chernova, O.B., Gudkov, A. 
V., 2016. Aging of mice is associated with p16(Ink4a)- and β-galactosidase-positive 
macrophage accumulation that can be induced in young mice by senescent cells. 
Aging 8, 1294–1315. 

Hampton-O’Neil, L.A., Severn, C.E., Cross, S.J., Gurung, S., Nobes, C.D., Toye, A.M., 
2020. Ephrin/Eph receptor interaction facilitates macrophage recognition of 
differentiating human erythroblasts. Haematologica 105, 914–924. 

Hashimoto, D., Chow, A., Noizat, C., Teo, P., Beasley, M.B., Leboeuf, M., Becker, C.D., 
See, P., Price, J., Lucas, D., Greter, M., Mortha, A., Boyer, S.W., Forsberg, E.C., 
Tanaka, M., van Rooijen, N., García-Sastre, A., Stanley, E.R., Ginhoux, F., Frenette, P. 
S., Merad, M., 2013. Tissue-resident macrophages self-maintain locally throughout 
adult life with minimal contribution from circulating monocytes. Immunity 38, 
792–804. 

He, S.H., Sharpless, N.E., 2017. Senescence in health and disease. Cell 169, 1000–1011. 
Hedblom, A., Hejazi, S.M., Canesin, G., Choudhury, R., Hanafy, K.A., Csizmadia, E., 

Persson, J.L., Wegiel, B., 2019. Heme detoxification by heme oxygenase-1 reinstates 
proliferative and immune balances upon genotoxic tissue injury. Cell Death Dis. 10. 

Hipolito, V.E.B., Diaz, J.A., Tandoc, K.V., Oertlin, C., Ristau, J., Chauhan, N., Saric, A., 
McLaughlan, S., Larsson, O., Topisirovic, I., Botelho, R.J., 2019. Enhanced 
translation expands the endo-lysosome size and promotes antigen presentation 
during phagocyte activation. Plos Biol. 17. 

Huang, Y.H., Yang, P.M., Chuah, Q.Y., Lee, Y.J., Hsieh, Y.F., Peng, C.W., Chiu, S.J., 2014. 
Autophagy promotes radiation-induced senescence but inhibits bystander effects in 
human breast cancer cells. Autophagy 10, 1212–1228. 

Huang, Y.H., Yang, X., Meng, Y., Shao, C.C., Liao, J.P., Li, F.W., Li, R., Jing, Y.Y., 
Huang, A.M., 2021. The hepatic senescence-associated secretory phenotype 
promotes hepatocarcinogenesis through Bcl3-dependent activation of macrophages. 
Cell Biosci. 11. 

Hughes, C.E., Coody, T.K., Jeong, M.Y., Berg, J.A., Winge, D.R., Hughes, A.L., 2020. 
Cysteine toxicity drives age-related mitochondrial decline by altering iron 
homeostasis. Cell 180, 296–310 e218.  

Ide, S., Yahara, Y., Kobayashi, Y., Strausser, S.A., Ide, K., Watwe, A., Xu-Vanpala, S., 
Privratsky, J.R., Crowley, S.D., Shinohara, M.L., Alman, B.A., Souma, T., 2020. Yolk- 
sac-derived macrophages progressively expand in the mouse kidney with age. Elife 
9. 

Itakura, Y., Sasaki, N., Kami, D., Gojo, S., Umezawa, A., Toyoda, M., 2016. N- and O- 
glycan cell surface protein modifications associated with cellular senescence and 
human aging. Cell Biosci. 6, 14. 

Ivanov, A., Pawlikowski, J., Manoharan, I., van Tuyn, J., Nelson, D.M., Rai, T.S., Shah, P. 
P., Hewitt, G., Korolchuk, V.I., Passos, J.F., Wu, H., Berger, S.L., Adams, P.D., 2013. 
Lysosome-mediated processing of chromatin in senescence. J. Cell Biol. 202, 
129–143. 

Jackaman, C., Tomay, F., Duong, L., Abdol Razak, N.B., Pixley, F.J., Metharom, P., 
Nelson, D.J., 2017. Aging and cancer: The role of macrophages and neutrophils. 
Ageing Res Rev. 36, 105–116. 

Jiang, Q., Zhou, J., Chen, Q., Huang, Y., Yang, C., Liu, C., 2023. Construction and 
experimental validation of a macrophage cell senescence-related gene signature to 
evaluate the prognosis, immunotherapeutic sensitivity, and chemotherapy response 
in bladder cancer. Funct. Integr. Genom. 23. 

Juhas, M., Abutaleb, N., Wang, J.T., Ye, J., Shaikh, Z., Sriworarat, C., Qian, Y., 
Bursac, N., 2018. Incorporation of macrophages into engineered skeletal muscle 
enables enhanced muscle regeneration. Nat. Biomed. Eng. 2, 942–954. 

Katzir, I., Adler, M., Karin, O., Mendelsohn-Cohen, N., Mayo, A., Alon, U., 2021. 
Senescent cells and the incidence of age-related diseases. Aging Cell 20. 

Kay, M.M., 1981. Isolation of the phagocytosis-inducing IgG-binding antigen on 
senescent somatic cells. Nature 289, 491–494. 

Kay, M.M.B., Goodman, J., 2003. Immunoregulation of cellular lifespan: Physiologic 
autoantibodies and their peptide antigens. Cell. Mol. Biol. 49, 217–243. 

Kelley, S.M., Ravichandran, K.S., 2021. Putting the brakes on phagocytosis: "don’t-eat- 
me" signaling in physiology and disease. EMBO Rep. 22. 

Kim, J., Guan, K.-L., 2019. mTOR as a central hub of nutrient signalling and cell growth. 
Nat. Cell Biol. 21, 63–71. 

Kim, M.G., Yang, J., Ko, Y.S., Lee, H.Y., Oh, S.W., Cho, W.Y., Jo, S.K., 2019. Impact of 
aging on transition of acute kidney injury to chronic kidney disease. Sci. Rep. 9. 

Kim, S., Chae, J.-B., Kim, D., Park, C.-W., Sim, Y., Lee, H., Park, G., Lee, J., Hong, S., 
Jana, B., Kim, C., Chung, H., Ryu, J.-H., 2023. Supramolecular Senolytics via 
Intracellular Oligomerization of Peptides in Response to Elevated Reactive Oxygen 
Species Levels in Aging Cells. J. Am. Chem. Soc. 

Korolnek, T., Hamza, I., 2015. Macrophages and iron trafficking at the birth and death of 
red cells. Blood 125, 2893–2897. 

Kugelberg, E., 2016. Find me and eat me. Nat. Rev. Immunol. 16 (131–131). 
Lee, D.E., Bareja, A., Bartlett, D.B., White, J.P., 2019. Autophagy as a therapeutic target 

to enhance aged muscle regeneration. Cells 8. 
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