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Abstract Macrophage senescence, manifested by the special form of durable cell cycle arrest and

chronic low-grade inflammation like senescence-associated secretory phenotype, has long been consid-

ered harmful. Persistent senescence of macrophages may lead to maladaptation, immune dysfunction,

and finally the development of age-related diseases, infections, autoimmune diseases, and malignancies.

However, it is a ubiquitous, multi-factorial, and dynamic complex phenomenon that also plays roles in

remodeled processes, including wound repair and embryogenesis. In this review, we summarize some

general molecular changes and several specific biomarkers during macrophage senescence, which may

bring new sight to recognize senescent macrophages in different conditions. Also, we take an in-depth

look at the functional changes in senescent macrophages, including metabolism, autophagy, polarization,

phagocytosis, antigen presentation, and infiltration or recruitment. Furthermore, some degenerations and

diseases associated with senescent macrophages as well as the mechanisms or relevant genetic regulations

of senescent macrophages are integrated, not only emphasizing the possibility of regulating macrophage

senescence to benefit age-associated diseases but also has an implication on the finding of potential tar-

gets or drugs clinically.
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1. Introduction
Cellular senescence, first observed in the cultured human fibro-
blasts by Hayflick and Moorhead in 19611, is featured with cell
cycle arrest, DNA damage, oxidative damage, resistance to
apoptosis, senescence-associated-b-galactosidase accumulation,
and the senescence-associated heterochromatin foci2. Currently,
more and more researches have generally considered that the
whole organism aging is the consequence of senescent cell
accumulation while cell senescence is also associated with a range
of diseases, emphasizing the significance of cell senescence to
organism1e3.

Due to the critical of immune cells to the body’s defense, the
concept of “immunosenescence” was also put forward to specify
the stress-induced cell cycle inhibition of previously replication-
competent immune cells by Walford in 19654,5. Similarly,
immunosenescence is especially visible in the aging process and
involved in the development of many diseases, such as neurode-
generative disorders and cancer6e8. Bone marrow, thymus, and
peripheral lymphatic organs degrade to a certain extent, thus
damaging immune cell recruitment and antigen presentation, and
eventually leading to self-tissue damage9e11. It is found that there
are lower naive cells, higher memory cells, and a significant
telomere shortening of T and B cells in the elderly12,13. And
senescent T and B cells participate in elevated proinflammatory
cytokines, increased reactive oxygen species (ROS), and
dysfunctional lysosomal deposits, which may have adverse effects
on autoimmune diseases and increase the risk of infections such as
COVID-1914e16. Although immunosenescence has been consid-
ered harmful for a long time, T cell senescence is found to
facilitate the acceptance of allografts in transplant recipients,
indicating the beneficial side of senescence in the absence of
immune cell activation17.

Senescence-related secretion phenotype (SASP), the universal
feature of cellular senescence, also promotes local inflammation
and recruits immune cells aimed at eliminating damaged and se-
nescent cells, thus contributing to inflammation relief, wound
healing, and tissue remodeling18e21. Due to the powerful phago-
cytes, macrophages play an extremely important role in this pro-
cess. However, the significant decline of macrophage cytoplasmic
spreading in old mice was later observed by Johnson for the first
time in 1978, raising the subsequent studies on senescent mac-
rophages22,23. Although there is still no exact trigger to macro-
phage senescence, several studies have revealed that gene
mutation like Kras, and chemical exposure like lipopolysaccha-
ride (LPS) may contribute to the senescence of macrophages24e26.
In addition, it is also claimed that other senescent cells can secrete
SASP in a paracrine manner and induce the senescence of tissues
as well as macrophages, all of which together lead to the senescent
environment and degenerations subsequently27.

Once senescent, the functions of macrophages get compro-
mised, which may lead to the accumulation of abnormal cells and
misfolded proteins in many diseases28. Although there is still less
work on the senescent macrophages directly, aging may disrupt
the physiological gene regulation and functions of macrophages,
such as reducing its phagocytosis function, changing autophagy,
metabolism, and other signals, while the immune balance of re-
combinant macrophages may reverse aging29e32. Age-modified
tissue-specific macrophages are associated with chronic low-
grade inflammation, which mediates immunosuppressive effects
and contributes to the development of diseases such as cancer28,33.
In contrast, activated macrophages in some lesions resemble
senescent cells and exhibit SASP, suggesting that senescent phe-
notypes in macrophages may be used for physiological stress and
promote disease progression16,32. Therefore, macrophage senes-
cence is related to numerous diseases but remains unsharp.

In this review, we summarized the common and specific mo-
lecular alterations and functional changes of senescent macro-
phages as well as their potential regulatory mechanisms.
Particularly, we focused on the distinct states of senescent mac-
rophages in different tissues or diseases, and laid out the partici-
pation of macrophage senescence in age-associated degenerations,
thus exploring feasible strategies to benefit clinical therapy via
targeting senescent macrophages.
2. Molecular changes in the senescent macrophages

It was raised that senescence occurred in embryos as featured with
positive SA-b-galactosidase (SA-b-Gal) and negative Ki67 stain-
ing, and physiological senescence took place in adult organisms in
a programmed manner34. The aging process of cells including
macrophages could be analyzed with three parts, 1) the inducers
like ROS and oncogenes cause the age-associated damage; 2) the
responses to the damage such as retarded proliferation and SASP
secretion; 3) integrative consequences of the responses and cul-
prits of the aging phenotype like DNA damage and mitochondrial
dysfunction35. Similar to other senescent cells, senescent macro-
phages share common changes like the increased level of SA-b-
Gal, p16Ink4a, and SASP. Apart from these general molecular
changes, senescent macrophages also show some specific signa-
tures. Some researchers worked on the illustration of senescent
macrophages and found several novel macrophage populations
with newly identified markers through single-cell RNA-
sequencing (scRNA-seq). More studies are needed to verify these
specific markers with macrophage senescence. Also, we suggest
two or more markers defining the senescent macrophages
precisely.

2.1. General molecular changes in senescent macrophages

Senescent cells tend to produce a bioactive secretome, referred to
as the SASP. Though SASP composition varies in different cell
types and the nature of the initial stimulus, the core components
are mainly proinflammatory cytokine interleukin-6 (IL6), CXC
chemokine ligand 8 (CXCL8), extracellular matrix proteases such
as matrix metalloproteinases (MMPs), and growth factor-b (TGF-
b)2,36e39. Generally, senescence has been considered a negative
outcome of advanced cellular age. However, some studies
revealed the benefits of senescent cells recently due to the long-
term tumor suppression40. Interestingly, some researchers noted
that in the diabetes wounds mice, macrophages tended to be se-
nescent and could produce a CXC motif chemokine receptor 2
(CXCR2)-enriched SASP, which selectively induced chemokine
and fibrotic markers like SERPINE1 in human dermal fibroblast
and delayed wound healing41. Similarly, in the muscles from both
young and old mice at 7 days post-injury, macrophages were se-
nescent42. In the old mice at 14 days following injury, the CD11bþ

macrophages displayed an SASP signature. The changed extra-
cellular matrix in the injured muscle originating from old mice
may promote cellular senescence and SASP in macrophages42. In
the streptozotocin-induced hyperglycemia, elevated SASP genes
were observed in both endothelial cells and macrophages in the
diabetic mice kidney. Similarly, the hyperglycemic medium
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induced greater SA-b-gal positivity as well as SASP genes in cell
line-derived macrophages43.

Another marker of senescent cells is the high expression of
Cdkn2a and its protein product p16Ink4a. The accumulation of
p16Ink4a positive macrophages was observed in young mice
induced by senescent cells44. What’s more, the treatment of sys-
temic clodronate illustrated that p16Ink4a positive macrophages
were the majority of senescent cells in old mice. Under the
stimulation of ionizing radiation, the level of senescence-specific
genes in pulmonary macrophages like p16Ink4a increased45,46,
which drove the efferocytosis defects. Besides, in the mouse
model of duchenne muscular dystrophy, the senescent cells were
more in 8-week-old mice than in four-week-old mice, of which
these senescent cells were mostly Cdkn2a-positive macro-
phages47. Pseudomonas aeruginosa can direct macrophage
towards senescence with elevated levels of p16Ink4a 48. In
streptozotocin-induced diabetic mice, young mice (18-week-old)
presented the same inflammatory bone loss in the periodontal
tissue and induction of p16/p21 as the aged mice (20-month-old),
among which there were more p16Ink4a positive macrophages. It
was supposed that these pro-inflammatory/senescent macrophages
were in tight connection with periodontal damage49. Overall, in
the aged mice or some diseases, senescent macrophages were
p16Ink4a positive and they took great proportion in the p16Ink4a

positive cells (regarded as senescent cells). Otherwise, the
ionizing radiation-induced senescence or diseases like duchenne
muscular dystrophy resulted in the p16Ink4a positive macrophages.
While it raised concerns that the physiological stimuli rather than
senescence can modulate the expression of p16Ink4a in macro-
phages, whether it’s accurate to set p16Ink4a as a marker for se-
nescent macrophages remains unknown50.

Cellular senescence is captured with enhanced SA-b-Gal ac-
tivity because the lysosomal compartment expands in senescent
cells. SA-b-Gal is regarded as an indicator of senescent cells. As
mentioned above, ionizing radiation can increase the cellular
senescence in the bone marrow-derived monocytes/macrophages
(BMDMs), and up-regulated the expression of SA-b-Gal together
with the SASP proinflammatory factors44. However, it is sug-
gested that monocyte-to-macrophage differentiation was charac-
terized by increased lysosome numbers51, the endo-lysosomal
volume expansion after LPS stimulation as well and other
essential organelles remodel to sustain the function52. The
SA-b-gal activity was considered an unreliable marker of senes-
cence in vivo, especially in macrophages50. Whether the SA-b-Gal
is the hallmark of senescent macrophages is still under debate.

2.2. Specific markers in senescent macrophages

2.2.1. Lymphatic vessel endothelial hyaluronan receptor 1
(LYVE1)
The scRNA-seq analysis in old skeleton muscle illustrated altered
numbers of LYVE1þ and LYVE1e macrophages, and suggested
the abundance of LYVE1þ macrophages in old skeleton muscle is
lower compared to the young skeleton muscle. LYVE1 is a major
receptor for hyaluronan on lymphatic endothelial cells, which can
act as a decoy receptor of low-molecular-weight hyaluronic acid
fragments. Macrophage-derived LYVE1 can inhibit melanoma
cell proliferation and promote lymphangiogenesis53,54.

Krasniewski’s study defined four macrophage subpopulations
(LYVE1þMHCIIhi, LYVE1þMHCIIlo, LYVE1eMHCIIhi,
LYVE1�MHCIIlo) and currently LYVE1 represents M2-like
macrophage. Their study on macrophages from old skeleton
muscle also defined LYVE1 as an essential biomarker to distin-
guish old macrophages for the coherence between LYVE1e

macrophages with elevated Gpnmb and Spp1 genes (markers of
senescence and aging). Notably, the proinflammatory biomarkers,
such as S100a8 and S100a9, increased in macrophages from aged
skeletal muscle, which was opposed to the M2-like macrophage
accumulation in old skeleton muscles though55. What’s more,
researchers also have found a high number of LYVE1þCD68þ

macrophages around blood vessels in donors’ episclera (whose
mean age is 65.1 years old) since immunohistochemistry results
showed the positive colocalization between CD68 and LYVE1 in
the sclera54. Consistently, increased LYVE1þ CD11bþ cells were
observed in aged mice, indicating the LYVE1þ macrophage
population accumulated in the retinas of aged Kimba mice56.

Notably, some laboratories have established a sarcopenia (an
age-related geriatric syndrome) animal model in the senescence-
accelerated mouse prone-10, which represented the advanced
senescence and diseases in age-associated pathologies57.
The infiltration of senescent macrophages was captured in
senescence-accelerated mouse prone-10 (SAMP10), but umbilical
cord-derived mesenchymal stromal cells could retard these in-
filtrations and alleviate sarcopenia-related skeletal muscle atrophy
and dysfunction58. It needs further investigation of the
LYVE1þCD68þ macrophages to elucidate their functions as well
as characteristics in age-related diseases as mentioned above.

2.2.2. Grancalcin (GCA)
Grancalcin is known as a Ca2þ binding protein with high
expression in neutrophils. It’s a member of the penta-EF-hand
protein family and was found to regulate adherence and migra-
tion of immune cells59. Li et al.60 illustrated the underlying
mechanism of skeleton aging for the abundant GCA secreted by
macrophages and neutrophils. They discovered a significantly
higher expression of GCA in the bone marrow supernatant of the
older rats (24 months) compared with that from young ones (3
months) among 35 differentially expressed factors by mass
spectrometry. Though neutrophils were with high expression of
GCA, the number of changed pathways during aging is four, and
only one is involved in inflammation. So, the researchers focus on
other immune cells, macrophages. Of note, the number and pro-
portion of GCAþ macrophages showed great differences between
older and younger rats. Coherently, mice conditionally knockout
of Gca in macrophages showed improved skeletal aging featured
with more osteocalcinþosteoblasts than wide-type mice. What’s
more, young mice injected with recombinant GCA induced pre-
mature skeletal aging. Additionally, they also found GCA could
bind to the plexin-B2 receptor and suppress the phosphorylation of
FAK-SRC-YAP. To further elucidate this suppression, micro-
CT was applied to capture the trabecular bone morphology in
Gca-KO; skeleton stems cell conditionally knockout of Plxnb2
(Gca-KO; Prrx1 plxnb2�/þ), which showed the abrogation of the
rejuvenated bone phenotype of Gca-KO mice. To complete this
study, they also investigated GCA-neutralizing antibodies to
improve skeletal health. This whole research emphasized the
prominent role of grancalcinþ macrophages in skeleton aging and
enlightened us that grancalcin might be a marker for senescent
macrophages. However, this still needs data to prove.

2.2.3. CD22
CD22 serves as an adhesion receptor for sialic acid-bearing ligands
which is involved in the regulation of activation of B cells and
antigen receptor signaling61. Tedder et al. revealed age-related
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genetic modifiers of microglial phagocytosis in the combination of
CRISPR-Cas9 knockout screens with RNA-seq, and they identified
CD22 as a negative regulator of phagocytosis in aged microglia.
The expression of CD22 was remarkably upregulated in aged
microglia. Particularly, the in situ hybridization on five brain re-
gions especially the thalamus and cerebellum from aged mice
showed the co-expression of CD22 in Tmem119þ microglia while
the CD22þTmem119þmicroglia were almost completely absent in
the young brain. CD22 bound sialic acid to negatively regulate
BCR, the treatment of sialidase robustly promoted phagocytosis of
BV2 but no effects in the simultaneous presence of sialic acid,
suggesting the involvement of sialic acid in the CD22-induced
inhibition of phagocytosis. Later experiments confirmed the inhi-
bition of CD22 could restore microglial phagocytosis in aged mice
(14e16 months) and promote the clearance of extracellular
a-synuclein fibrils. What’s more, the aged Cd22�/� mice exhibited
improved spatial memory and associative memory compared to the
aged wide-type mice. In all, CD22 could be the cause of compro-
mised phagocytosis in aged microglia.

2.2.4. Glucose transporter 1 (GLUT1)
GLUT1 is a representative glucose transporter in macrophages and is
correlated with the promotion of pro-inflammatory macrophages in
the hyperglycemia condition, which is tightly linked to cellular
senescence43,49. In the hyperglycemia-induced periodontitis, co-
localization with GLUT1/F4-80/p16 showed widespread appear-
ance indicating GLUT1 promoting macrophage senescence. What’s
more, the GLUT1 signaling contributed to the pre-establishment of
the mature SASP response in macrophages as the coordinated
elevated early SASPmarker (interleukin-1b, IL-1b) in the augmented
GLUT1 signaling. The inhibition of GLUT1 markedly reduced
mTOR phosphorylation and the SASP response in the hyperglyc
emia-induced senescent macrophages49. That is to say, hyperglyce-
mia could induce macrophage senescence with the presence of
GLUT1. Different from hyperglycemia-induced macrophage senes-
cence, the agedmusclemacrophages (mainly agedM1macrophages)
showed impaired glycolysis and suppressed GLUT1 levels as well as
undermined inflammatory transcriptome according to the single cell-
RNAsequencing ofmacrophagemetabolismand polarization in aged
mice with disuse atrophy recovery62. In summary, GLUT1 showed
alterations in disease-induced senescent macrophages and chrono-
logical agingmacrophages, though the changeswere discriminated, it
still hinted to us that GLUT1 might be an indicator in the study of
senescence in macrophages.

3. Functional changes in senescent macrophages

As mentioned above, senescent cells displayed mitochondrial
dysfunction, and autophagy impairment after responding to the
senescence inducers. Similarly, aging has a great impact on
macrophages, including alterations in the metabolism and immune
function63. In addition to the common functional features of se-
nescent cells, like damaged metabolism and decreased autophagy
level, we also summarized the specific characteristics in senescent
macrophages, such as altered polarization, infiltration, phagocy-
tosis, and antigen presentation.

3.1. Damaged metabolism

The initiation and maintenance of macrophage responses require
high glycolytic and mitochondrial metabolism levels to meet the
intense demand for energy and biosynthetic precursors64. Studies
have shown notable oxygen consumption with decreased basal
respiration, extracellular acidification rate, and reduced complex I
and II activities in aged human monocyte-derived macrophages
(MDMs)65. Besides, the de novo nicotinamide adenine dinucleo-
tide (NAD) synthesis in aged human MDMs declined with the
downregulated mitochondrial SIRT3 activity, which was also
observed in mouse peritoneal macrophages. The disrupted NAD
synthesis later undermined the phagocytosis, secretion of inflam-
matory cytokines, and resolution of inflammation in macrophages.
Mitochondrial production of ROS was important in the skin’s
defense against pathogens65. What’s more, the aged macrophages
were observed as the dysfunction of mitochondria with reduced
ATP production, the decrease of mitochondrial membrane poten-
tial, and increased oxidative stress, together with compromised
antioxidant defense response66e69.

Matrix metalloprotein-9 (MMP-9) which was involved in tis-
sue repair and regulated the balance of the extracellular matrix
was found to participate in cardiac aging70. In the model of SiO2-
induced macrophage senescence, the level of MMP-9 was
significantly elevated71. This is also by that in ionizing radiation-
induced senescence in BMDMs45. Researchers have defined the
chronological age (the actual age of an individual) and the bio-
logical age (phenotypic age of an individual by identifications of
some biological signatures) by several inflammatory markers such
as Bcl6, Ccl24, and Il4 in mice. MMP-9 was observed to be in
great correlation with cardiac aging, since the MMP-9 null mice
were biologically younger than their chronological age70.

Prostaglandin E2 (PGE2) is one of the lipids signaling mol-
ecules, as well as an essential regulator of immunity. Though it
participates in the inflammation, it is observed an immunosup-
pressive effect on the inhibition of the activity of the “profes-
sional” antigen-presenting cell72. PGE2 tends to accumulate in
macrophages from aged individuals and contributed to the
immunosuppression. A study conducted by Hayek determined
that PGE2 synthesis varied in peritoneal macrophage from
6-month-old mice and 24-month-old mice treated with LPS73.
The PGE2 production induced by LPS was significantly larger in
the aged macrophages compared to the young. The increased
level of PGE2 was mainly the consequence of the upregulated
cyclooxygenase-2 (COX-2) activity73. Similarly, IL-1b also
promoted higher PGE2 production in peritoneal macrophage
from aged mice than that from young mice74. Macrophages in
aged mice also produced more PGE2 than those in young mice
fed with a control diet (semipurified diets containing 30 parts per
million vitamin E)75,76. These findings are in accordance that
aged macrophages present the upregulated level of PGE2, which
later undermine the adaptive immune response and help tumor
escape.

As mentioned above, PGE2 plays a crucial role in the immune
response. It’s reported that PGE2 stimulated muscle stem cells in
young mice and was essential to the regeneration of damaged
muscles77. While, the PGE2 degrading enzyme, 15-hydroxypro
staglandin dehydrogenase (15-PGDH) was found to accumulate
in aged skeletal muscle78. Surprisingly, the co-detection of
15-PGDH was macrophage markers CD11b and CD45 in the aged
gastrocnemius muscles78. To further confirm this conclusion, the
macrophages from young and aged mice hindlimb muscle were
purified, a striking increase in 15-PGDH transcript level was
observed. Hence, we suppose that in the aged muscle, 15-PGDH
can be a characteristic of aged macrophages. While it still needs
more research to verify.
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3.2. Decreased autophagy level

Autophagy is a vital intracellular degradation mechanism that
regulates cellular and organismal homeostasis79. Autophagy is
thought to increase lifespan and reduce age-related degeneration
including removal of accumulated toxic protein aggregates,
degradation of damaged mitochondria, and reduced cell death80.
Studies have revealed that autophagy level decreases significantly
because of autophagy related gene 5 (ATG5) depression in aged
mice. The number of LC3 puncta/macrophages was fewer in aged
macrophages than that in young macrophages even under the
stimulus of LPS/interferon-gamma (IFNg)79. What’s more, in the
oxidized low-density lipoproteins (Ox-LDL)-induced RAW264.7
senescence which featured increased p21 and p16 levels, auto-
phagy was decreased as the decreased formation of the autopha-
gosome. In the treatment of 3-MA (autophagy inhibitor), the
expression of Beclin1 was upregulated greatly while BCL-2 was
reduced instead and 3-MA promoted senescent RAW264.731.
Notably, the improvement of autophagy in aged BMDMs can
restore polarization to that observed under young conditions81.
Generally, the compromised autophagy in senescent macrophages
can exacerbate the senescence process mutually.

3.3. Altered polarization tendency

As is known to all, macrophages are highly plastic cells and can
respond to local environmental signals in different states82. They
are classified as “classically activated” M1 and “alternatively
activated” M2 macrophages83,84. The M1 phenotype is charac-
terized by the expression of high levels of pro-inflammatory cy-
tokines like tumor necrosis factor-alpha (TNFa), IFNg, and IL6.
M2 macrophages are involved in immunoregulation with anti-
inflammatory cytokines such as IL4, and TGFb. And researchers
have found that the polarization condition in macrophages is
different between aged and young individuals.

It was reported that M2-liked macrophages presented the pro-
angiogenesis ability in the retina injury with an increased level of
Interleukin 10 (IL10), and was observed with the reduction of
Factor-related Apoptosis ligand (FasL), Interleukin 12, (IL12),
and TNFa29. This suggests senescent macrophages may promote
angiogenesis in other age-related diseases. What’s more, M2-like
macrophages were found to be the most abundant type of mac-
rophages in human skeletal muscles and their frequencies
increased during aging according to the investigation of M1 and
M2 macrophages in skeletal muscles biopsies from a cohort of
healthy human subjects (ranging between 27 and 89 years of age)
systematically in the Genetic and Epigenetic Signatures of
Translational Aging Laboratory Testing. That’s the same in
mice29,85. It is possible that the accumulation of anti-inflammatory
macrophages in the old was attributed to the increased availability
and sensitivity of IL-10 since researchers observed the increased
percentage of CD206-positive macrophages under the IL-10
treatment. As mentioned above, MMP-9 was in relation to M1
macrophages. MMP-9 deletion reduced the cardiac M1 macro-
phages and increased M2 macrophages in aged mice70.

On the contrary, some studies have shown that aged macro-
phages tend to be M1-like. In the MDM collection from aged and
young healthy donors, researchers detected the polarization
markers (CD86, CD206) of macrophages in those donors’
peripheral blood. It turned out that the expression of CD86 was
higher in the aged MDMs, which represented that the aged mac-
rophages were in a proinflammatory state65. In the thioacetamide-
induced acute liver failure, aging aggravated the liver injury,
observed with the increased levels of proinflammatory mediators
and SASP, which promoted the polarization of those aged mac-
rophages towards the M1 phenotype81.

Conclusively, macrophages present different polarization state
states in different tissues and organs in the aged mice. For
example, in the elderly bone marrow, spleen, lymph nodes, lung,
and muscle, the immunosuppressive M2 macrophages increase a
lot86e88, while macrophages exhibit a more pro-inflammatory M1
phenotype compared to those from young mice in adipose tissue
and liver89,90.

3.4. Downregulated phagocytosis

As the main cells of the immune system responsible for phago-
cytosis, it is found that the uptake of fluorescent myelin by several
types of macrophages (peritoneal macrophages, BMDMs, and
microglia) from aged mice (15e20 months old) significantly
decreased compared to microglia isolated from neonate or young
adult mice30. Besides, the primary peritoneal macrophages
engulfing fluorescent E. coli particles vary in the aged and young
mice91. Young macrophages showed a strong trend of phagocytic
activity at the beginning of the dark phase during the circadian
rhythmicity testing, while the aged macrophages completely lost
this diurnal cariation91. In addition, age-related chronic exposure
to TNFa could dampen the clearance of Streptococcus pneumo-
niae during lung infection by macrophages. However, the prob-
able reason may be the lack of LC3-associated phagocytosis in
senescent macrophages which resulted in the detriment in bacteria
clearance and enhanced level of pro-inflammatory cytokines. This
indicates the importance of LC3-associated phagocytosis in the
innate immune defense against the S. pneumoniae infection92. In
the senescence model of ionizing radiation, the macrophages
showed diminished capacity to take up the fluorescent substrate
but recovered with the treatment of ganiclovir93.

3.5. Reduced antigen presentation

As one of the vital antigen-presenting cells, macrophages show
their antigen presentation with high expression of MHCII mole-
cules, which can first recognize the pathogens or the damages and
submit these harmful signals to T cells as soon as possible to
respond to the invasions. Macrophages from aged donors showed
decreased antigen-presenting capacity compared to those from
young adult individuals94. This was due to the decreased expres-
sion of MHC class II molecules and the co-receptors, CD80 and
CD8633,95, involved in the antigen presentation. While, in the
latest study, researchers have found that lncRNA Aw112010 in old
monocytes showed higher expression and induced the MHCII in
aged macrophages, suggesting the elevated Aw112010 level can
increase the MHCII expression among the aged subjects96.

Apart from that, significant downregulation of Toll-like re-
ceptor (TLR) expression on macrophages during aging has
been described97,98. This downregulation to respond to bacteria
combined with reduced antigen presentation capacity in elderly
macrophages is likely to impact T cell function contributing to
age-related immunosuppression33

3.6. Changed infiltration and recruitment

Functions of macrophages like migration, infiltration, and recruit-
ment are compromised in aging. Aged macrophages tended to lose
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their ability to migrate into the wound, with consequent retention of
the dermis and increased tissue damaging release of proin-
flammatory cytokines. The macrophages in aged mice also dis-
played delayed infiltration around the muscle in regenerating
regions compared to the young99. To examine the age of skeletal
muscle regeneration, a studyworked on the acute time course of 3, 5,
and 7 days followingmuscle damage discovered the poor infiltration
in aged macrophages as well as the poor extracellular matrix
remodeling. Data showed the same result in humans as the infil-
tration of CD206/CD68/DAPI macrophages in muscle was lower in
old subjects rather than in young subjects, representing the
compromised macrophage response during muscle regeneration in
older individuals100. As impaired recruitment of macrophages was
observed in aged (18-month-old) mice, Hachim et al.101 designed
the sequential delivery ofMCP-1/IL4mesh, whichwas evaluated by
subcutaneous implantation in both young mice and aged mice.
Hopefully, their polypropylenemeshes tended to restore the delayed
recruitment and could be a potential biomaterial-based therapy to
improve the outcomes in aging. However, in the aged mice, infil-
tration of macrophages in the crural muscles of agedmicewas more
than in young mice102. The recruitment of Mbmacrophages may be
mediated by the increased expression of CSF1 and CSF3 in aged
myoepithelial cells and vascular endothelial cells.
4. Senescent macrophages in degenerations of senile
individuals

4.1. Aging skeleton and muscle

Bone homeostasis is strikingly disrupted with age, featuring a low
degree of bone remodeling and increased marrow fat accumula-
tion, resulting in skeletal fragility103e105, and diseases like oste-
oarthritis and osteoporosis106,107. Several studies have reported
that senescent cells accumulated in the bone marrow and secreted
SASP promoting skeletal aging108. Researchers have found that
aged macrophages in the bone marrow were critical cell types
during skeletal aging and released grancalcin60. It is reported that
grancalcin secreted by aged macrophages induced an imbalance in
osteogenesis versus adipogenesis of bone marrow stroma cells,
accelerating skeletal aging. This offers a potential target for the
treatment of age-related osteoporosis. It also hinders that gran-
calcin may be a marker for the aged macrophages in age-related
bone diseases. Besides, glutamate dehydrogenase-1 (GLUD1)
participated in the repression of muscle regeneration and func-
tional recovery in response to aging102. Muscle weight reduced in
mice with aging (18 months), GLUD1 repressed muscle regen-
eration and functional recovery in response to aging102. Knockout
of Glud1 in aged macrophages altered infiltration and it only
occurred in muscle, other organs like the brain, and liver remained
unchanged. The inhibitor of GLUD1, R162 shew improved
physical performance in aged mice muscle. Aged macrophages
with elevated intracellular lipids, they alternatively activated
phenotype promoting pathologic vascular proliferation109. What’s
more, in the model of the BaCl2-induced muscle injury in aged
mice as mentioned before42. Recent studies found that elimination
of senescent cells can reduce chronic systemic inflammation and
repair tissues110,111. A broad method to overcome senescence was
senolytics, one of the most popular senolytics is the combination
of dasastinib (D) and quercetin (Q), which was first issued on the
EbioMedicine and pioneered the anti-senescence therapy. The
administration of D þ Q shew effective clearance of senescent
myonuclei as well as SA-b-gal positive macrophages secreting
SASP42. D þ Q can improve muscle regeneration and down-
regulate genes associated with macrophages, such as Arg1.

4.2. Aging ovarian

As expected, the proportion phenotype of macrophages varies in
young and aged ovaries. Xiao et al.112 had shown that M1
(CD45þF4/80þCD11cþCD206e) increased greatly in aged
ovaries while no significant difference was found in M2
(CD45þF4/80þCD11ceCD206þ) phenotype and the level of
iNOS and CD11c was also increased in Western blot and immu-
nostaining. Coherently, one of the highly scored hub genes Lcp2
was found to be positively correlated with M1 macrophages
through the correlation analysis of genes and immune cells in
ovarian aging113, suggesting a pro-inflammatory environment
during ovarian aging. The method to rescue inflammation-related
infertility in aged mice is M2-extracellular vesicles which can
ameliorate the inflammatory microenvironment and improve
ovarian function113. There is also a contradiction, Umehara
et al.114 preferred to use antifibrosis drugs (pirfenidone and
BGP-15) to eliminate the fibrotic collagen and dampen M2
macrophage polarization in reproductively old female mice
(12 months) to maintain ovarian function and extend fertility. But
both studies have reached a consensus that macrophages accu-
mulate in aged ovarian, and the strategy to improve aged ovarian
differs in the perspectives towards M2 macrophages. More studies
should be carried out to make it clear.

4.3. Degeneration of enteric nervous system

The neurodegeneration of the Enteric nervous system featured
neuronal loss and degenerative changes with age, macrophages
also played an important role in maintaining gastrointestinal
neuromuscular function115e119. And recent studies have shown
that aging induces macrophages polarizing from anti-
inflammatory ‘M2’ to proinflammatory ‘M1’ which was associ-
ated with a rise in cytokines and immune cells in the enteric
nervous system120. The number of muscularis macrophages didn’t
differ significantly with age. However, the expression of M2
markers like CD206, FIZZ1, and TGFb reduced with age. This
phenomenon remained consistent in the transplantation of aged
macrophages into lethally irradiated young mice with the results
of reduced expression of CD206, FIZZ1, and TGFb. In addition,
the aged macrophages showed reduced suppression of lymphocyte
proliferation compared to the young macrophages when macro-
phages were co-cultured with CD4þ T cells. This suggested cell-
intrinsic factors and the aged microenvironment contribute to the
age-dependent loss of anti-inflammatory phenotype120. And the
decreased expression of the longevity gene FoxO3 was observed
in aged macrophages which lost anti-inflammatory behavior
compared to young mice. Aged macrophages might be in the
senescence state. Whether FoxO3 is a potential target remains to
be discussed.

4.4. Degeneration of nervous system

The energy-deficient state drives maladaptive pro-inflammatory
responses in macrophages. While in the aged macrophages with
high expression EP2 receptors, these macrophages are too fragile
to support mitochondrial respiration and were finally in energy
depletion and pro-inflammatory state32. The energy deficiency
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finally leads to the proinflammatory polarization state as well as
the decreased phagocytosis, which dampens the scavenging of
abnormal unfolded proteins by microglia in the central nervous
system (CNS)32. The increased macrophages were observed in the
24-month mice and characterized by the round shape with lipid
droplets originating from myelin indicating the activation of
macrophages, named foamy macrophages121,122. Also, these aged
foamy macrophages mainly express TREM2. Accumulation of
these foamy macrophages in aged mice led to peripheral nerve
degeneration. It was the first to prove the age associated with
peripheral neuropathy is driven by Trem2þ foamy macro-
phages121. Additionally, microglia from the aged mice (24
months) increased a lot in corpus callosum and cerebellum123.
Microglia in the neocortex exhibited age-related soma volume
increase and loss of homogeneous tissue distribution as well as
significantly decreased process speed124. Besides, the proportion
of M1/M2 macrophages in CNS was related to remyelination. M2
macrophages could promote oligodendrocytes. The transfer of
young macrophages into aged individuals has been regarded as a
new routine to modify the aberrance in aged macrophages,
regarded as a substitution of the senescent one, to some extent.
Such as the treatment of parabiotic coupling young mice M2 to
old mice which increased M2 densities during efficient remyel
ination125.

4.5. Other aged tissues

There was little research focusing on the senescent macrophages.
Much more preferred the influences of aging on macrophages.
Some of these studies also pointed out the relationship between
senescent macrophages and aging. The study in Harvard Medical
School performed a differential gene expression analysis and
revealed the origins of Ma (fetal-derived, enriched for Mrc1,
Adgre1) and Mb (adult-derived, enriched for H2-Aa, H2-Ab1)
macrophages from mammary glands126. Aging-induced gene
expression changes in Mb macrophages as well as the proportions
of Ma and Mb macrophages indicating the replacement of fetal
yolk sac with age and liver-derived macrophages by mature bone-
marrow-derived cells took the dominant place126. In the aged Mb,
cytokines like CeC chemokine ligand 5 (CCL5) increased,
recruiting T cells and ligands like programmed death 1 (PD1) and
immunoglobulin-like transcript 3 (ILT3) improved, promoting an
immunosuppressive microenvironment.

As previously discussed, chemotherapy brought deleterious
effects and caused abnormal senescence in individuals, the elim-
ination of those senescent cells could be an effective method. In
the ionizing radiation mice model, splenic cells presented SASP
and increased levels of p16INK4a 93. Ganciclovir also shew the
potentential of synovitis in p16-3MR mice could eliminate
p16INK4a-positive cells. It could completely abrogate senescent
macrophages (with an approximately 20-fold increase in p16INK4a

expression) in the model of ionizing irradiation93. The mechanism
of synolytics eliminating senescent cells remained further explo-
ration, but it lighted the way to anti-senescence and treatment of
age-associated diseases.

Apart from the degeneration of organs or systems in aged in-
dividuals, the loss of diurnally rhythmic innate immune responses
was also found in association with aging. A study had shown that
homeostatic immune responses strikingly declined and the circa-
dian gene transcription downregulated in the aged macrophages.
The loss of Kruppel-like factor 4 (Klf4), a transcription factor in
regulating cell differentiation and reprogramming transcription
factors in aged macrophages contributed to the disruption of
circadian innate immune homeostasis, which might illustrate the
age-associated loss of protective immune responses91.

5. Senescent macrophages in age-associated diseases

5.1. Age-related macular degeneration (AMD)

AMD is an inflammatory disease that develops with age and is the
leading cause of blindness in people over 50 years old. The aged
macrophages were with impaired cholesterol efflux which pro-
moted macular degeneration109 and they also presented proan-
giogenic phenotype in AMD29. Abdoulaye discovered that
macrophages from old mice (18 months) had higher levels of
intracellular Ox-LDL and lower extruded Ox-LDL content in the
supernatants compared to the young macrophages. Using LXR
agonists T0-901317 or miR-33 inhibitors could restore cholesterol
efflux in aged macrophages and repress macrophage regulation of
vascular proliferation109.

5.2. Atherosclerosis

Similar to AMD, atherosclerosis is in close relationship with
Ox-LDL and cholesterol crystals127. What’s more, Ox-LDL
induced senescence in macrophages, as seen by more SA-b-Gal
positive in RAW264.7, and inhibited the recruitment of macro-
phages128. Recently, it has been reported that foamy macrophages
with senescence signatures (X-galactosidase crystals) accumu-
lated in the sub-endothelial space, inducing the atherosclerotic
process with increased levels of inflammatory cytokines, chemo-
kines, and metalloproteinases129. These senescent macrophages
together with other p16Ink4a þ senescent cells drove the formation
of atherosclerotic plaques and finally created an environment to
for further lesion growth.

5.3. Diseases in the central nervous system

There are several CNS diseases that are aging-related and non-
resolving inflammation130. Usually, non-senescent macrophages
are suggested to stimulate remyelination131. Remyelination
defects occur with age characterized by low signal propagation
and less protection for axons. In the aged mice (>15 months), the
aged microglia and MDMs are unable to reach the lesions which
contributes to the decline in remyelination and compromised
uptake of myelin, resulting in the neurodegeneration diseases like
multiple sclerosis30,132 and Alzheimer’s disease32,133,134. Besides,
the inflammatory infiltration of MAC1þIB4þ macrophages in
aged mice was higher than that in young mice135.

CD36 (a receptor for the phagocytosis of oxidized phospho-
lipids in myelin debris136) showed an overlap of 39.28% between
scavenger receptor gene and RNA sequencing dataset for genes
differentially expressed with age and activation state genes, which
also represented reduced phagocytic activity in aging mice
microglia132. The treatment of niacin upregulated CD36 expres-
sion, promoted myelin phagocytosis in 9e12-month mice as well
as enhanced recruitment of oligodendrocyte progenitor cells and
rejuvenated remyelination. Apart from the downregulation of
CD36, genes in the retinoid X receptor were decreased with aging
in both myelin-phagocytosing human monocytes and mouse
macrophages30. Bexarotene as a retinoid X receptor agonist could
partially restore myelin debris phagocytosis in aged macrophages
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and reverse the gene expression profile of monocytes to a more
youthful profile in multiple sclerosis patients30.

5.4. Liver sterile inflammation

Aging is regarded as a contributor to promoting sterile inflam-
mation, a form of pathogen-free inflammation mainly caused by
ischemia, mechanical trauma, or drugs, and has been implicated
in the pathogenesis of several liver diseases, such as liver cancer,
nonalcoholic fatty liver disease, alcoholic liver disease137,138.
Aged macrophages were observed with impaired mitophagy
activation which led to the cytosolic release of mitochondrial
DNA and promoted stimulator of interferon genes (STING)
activation subsequently as well as the induction of proin-
flammatory responses in the liver. Besides, the deficiency of
PINK1/Parkin-mediated polyubiquitination of mitochondria and
mTOR/TFEB-mediated lysosomal biogenesis and function were
also implicated in the aged macrophages characterized by
damaged mitophagic flux138. The relationship between mitophagy
dysfunction and STING activation in senescent macrophages
could be a probable point cut to study sterile inflammatory liver
injury. Suppression of STING could block the over-activation of
NOD-like receptor protein 3 (NLRP3) signaling and excessive
secretion of proinflammatory cytokines in the mitochondrial
DNA-stimulated BMDMs from aged mice139.

5.5. Cancer

Tumor-associated macrophages are among the most abundant and
essential immune cells in the tumor microenvironment140. They
function in the orchestration of angiogenesis, extracellular matrix
remodeling, cancer cell proliferation, metastasis, and immuno-
suppression141. However, macrophages are highly plastic cells that
serve a multitude of functions in response to different environ-
mental cues, thus may be double-edged swords in cancers142. In
the early stage of tumor onset, macrophages may be antitumoral,
they can kill tumor cells through phagocytosis, M1 polarization,
and activating innate or adaptive immune responses. On the
contrary, most macrophages are “educated” to enhance tumor
progression and metastasis along with the change of tumor
microenvironment by various mechanisms, including promoting
the survival and proliferation of cancer cells as well as suppressing
innate and adaptive immune responses140,141. Therefore, more and
more strategies are utilized to eliminate cancer cells by targeting
or reprogramming macrophages143.

Given the contribution of macrophages to the tumor micro-
environment, some studies found that macrophage senescence also
affects the progression of cancers. Old people are more suscep-
tible to cancers like colorectal cancer, prostate cancer, and lung
cancer144. It has been published that the infiltration of
CD68þCD206þ cells in tumor tissues is higher in old patients
(>60 years old) than in young patients145. The mix of
CT26 cells and these tumor-associated macrophages showed that
macrophages promoted CT26 proliferation, especially the aged
tumor-associated macrophages presented a higher pro-
tumorigenic effect. The p-NF-kB translocation to the nucleus
was more significant in tumor-associated macrophages from aged
mice compared with young. What’s more, macrophages tended to
polarize to M2 phenotype in aged mice, as seen by the higher
Arg1 and less iNOS after the treatment with tumor condition
medium, thus promoting tumor cell proliferation in aged mice.
The upregulation of CD163 and VSIG4 (pro-tumor macrophage
markers) in old patients with prostate cancer (>60 years) was
remarkable, and associating with aggressive prostate cancer and
poor outcomes146. Similarly, the alveolar macrophages (AMs,
tissue-resident macrophages in the lung) were identified to be the
most susceptible to senescence in Kras-mutant mice. Through
scRNA-seq, the new cluster SIGLEC-Fþ and CXCR1High AMs,
which expressed several putative SASP factors (Spp1, Igf1, Ctsd,
and Ctsb) and enriched negative regulators to proliferation
(Ctnnb1, Ctsl ), were identified as senescent AMs in Kras-
tumorous lung. The senescent CXCR1High AMs accumulated
with age and presented a counteraction against cytotoxic T cell
accumulation during lung tumorigesis24. The study conducted by
Haston et al.25 demonstrated the detrimental roles of senescent
macrophages in lung cancer consistently. Additionally, the se-
nescent macrophages took up the majority of senescent cells in
early (premalignant) lesions, which used to be regarded as the
origin of tumor cells or epithelial cells25. Generally, the infiltration
of macrophages increases with age in cancers and most of them
are pro-tumorigenic147.

5.6. Lung fibrosis

Alveolar macrophages are the most abundant innate immune cells
in the lung. The compromised phagocytosis of apoptotic cells by
alveolar macrophages contributes to severe lung damage in elderly
individuals. It was shown that alveolar macrophages tended to
decrease with aging and exhibited both M1 and M2 features with
enhanced expression levels of Nos2, Ccl8 for M1, and Arg1,
Cxcl13 for M2148. Sigle-cell RNA sequencing discovered the
majority of alveolar macrophages was different in aged and young
mice, because 81.73% of alveolar macrophages from young mice
are in cluster 2, which was later substituted by cluster 1 in alveolar
macrophages from aged mice. The top 15 marker genes in cluster
1 were Gstm1, Serpine1, Cybb, Pdk4, and Cd63. The MARCOþ

alveolar macrophages increased among the aged alveolar macro-
phages and they produced more CCL6148. It has been confirmed
that MARCOþ alveolar macrophages promoted pulmonary
fibrosis in aged mice while the removal of MARCOþ alveolar
macrophages in aged mice showed attenuated pulmonary fibrosis.

5.7. Diabetes and wound

Wound-induced senescence remains transient and macrophages
can clear senescent cells, facilitating tissue repair in the M2 po-
larization state. In models of delayed healing like diabetes, mac-
rophages are in heightened proinflammatory response and secrete
high levels of SASP149. Holly found the SA-b-galþcells increased
in diabetes and aged mice with wounds on Day 7 after injury149.
Other senescence genes like Cdkn2a (p16) and Trp53 (p53) also
showed higher expression. Macrophages took a large proportion of
these senescent cells in diabetes wounds. Undoubtedly, these
macrophages were SA-b-gal positive in diabetes mice and pre-
sented reduced polarization with less expression of iNOS and
ARG1. What’s more, CXC motif chemokine ligand 2 (CXCL2)
secretion was increased in diabetes macrophages and induced
senescence in human dermal fibroblasts, which was linked to
diabetes wound healing41. By the use of SB265610 (blockade of
CXCR2), the wound healing was accelerated and senescent
macrophages were also reduced in the diabetes wound mice
model. Recently, some studies worked on the cellecell interaction
to modify the dysfunction in senescent macrophages. Mesen-
chymal stem cells (MSC) co-cultured with aged macrophages
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showed increased phagocytic capabilities, which was necessary in
initiating reparative responses in the wound. Additionally, MSC
appeared to promote the conversation of M1 to M2, and increased
the secretion of IL10, as well as inhibit the level of IL1b,
IL1729,150,151.
6. Genetic regulations and mechanisms of senescent
macrophages

6.1. Regulation of SASP in senescent macrophages

There were several mediators inducing SASP, like RIG-1, inflam-
masome, and damage-associated molecular patterns. Among them,
NLRP3 inflammasome is an innate immune sensor that induce the
production of inflammatory cytokines IL-1b and IL-18, thus
Figure 1 Functional and molecular alterations in senescent macrophag
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regulating the SASP importantly. Based on this, sirtuin 2 (a cytosolic
deacetylase) was found to acetylate NLRP3, quenching the activa-
tion of NLRP3 inflammasome in aged macrophages and improving
the insulin signaling in old white adipose tissues152. Besides, the
epigenetic reader bromodomain and extra-terminal domain protein
4 (BRD4) could bind to acetylated histones and then recruit to
superenchancers adjacent to SASPgenes153.Hence, BRD4executes
cellular senescence directly and acts as a tumor suppressor2,153. In
macrophages, LPS can promote the senescence ofmacrophages, the
function of which may be also related to the increased BRD4
expression154. While, chemical and genetic inhibition of BRD4 (or
I-BET762, siBRD4) reduces SASP and also limits the circuit of
paracrine enlarged senescence circumstances in senescent macro-
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es. Senescent macrophages are characterized by upregulated p16INK4a

al accumulation and expression levels finally undermine macrophage

is level to defend against bacteria and other infections, less effective

e and other metabolism productions contributing to other dysfunctions,



Table 1 Treatment and improvement towards senescent macrophages in degenerations and age-associated diseases.

Treatment Degenerations/diseases/models Mechanism Ref.

Dasastinib & quercetin BaCl2-induced muscle injury in aged mice General elimination of senescent cells including

senescent macrophages

42

Ganciclovir Ionizing irradiation-induced

senescence in splenic cells

General elimination of senescent cells including

senescent macrophages

93

R162 Aged muscle Inhibition of GLUD1 & promotion of glutamine

synthetase activity and improve of infiltration

in aged macrophages

102

Niacin Aged demyelinated mice Upregulation of CD36 & augment of

phagocytosis of aged microglia and

macrophages

30

T0-901317 Senescent macrophages from aged mice

(>18 months) & aged mice

Downregulation of ABCA1 & restoration of

cholesterol efflux in aged macrophages &

altered phenotype as M2 macrophages

109

SB265610 Diabetes wound mice Blockade of CXCR2 & reduction of senescent

macrophages & acceleration of skin wound

healing

41

Parabiotic coupling young mice

M2 macrophages to old mice

CNS demyelination Increase of M2 macrophages densities &

restoration of remyelination efficiency

125

Mesenchymal stem cells Skin wound mice Promotion of the conversation of aged

macrophage polarization & restoration of

tensile strength in aged mice

150

JQ-1 LPS-induced senescent macrophages Inhibition of BRD4 & decrease of SASP in

senescent macrophages

26

Cysteamine Smase-LDL induced senescent macrophages Antioxidation of LDL in lysosome & inhibition

of secretion of TNF-a, IL-6

166
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genes were upregulated in aged microglia. The ablation of Rheb1
(an upstream activator of mTORC1) could diminish the binding of
elF4E to elF4G, and finally mild neural sickness behavior
with decreased cytokine protein levels155. In brief, there are
many regulators of the SASP of senescent macrophages, including
transcription factors, epigenetic regulatory signals, and post-
transcriptional regulators, although some have yet to be discov-
ered. Interfering with these factors may also alter the aging state of
macrophages as well as related diseases.

6.2. Regulators of universal hallmarks in senescent
macrophages

Like SASP, there are also some regulators to the universal hall-
marks in senescent macrophages, such as DNA damage response,
p16, and so on. As mentioned above, the presence of DNA double-
strand breaks will activate the DNA damage response, which then
induces the senescence of macrophages2,156. Knockdown of heme
oxygenase-1 (HO-1, an enzyme that removes heme) resulted in an
impaired DNA damage response with the observation of lower
Ki67 levels as well as higher H2AXg and SA-b-Gal expression157.
Inversely, heme arginate treatment increased HO-1 expression in
kidney-resident macrophages significantly and then ameliorated
renal failure in aged mice158. Since p16 is a cyclin-dependent
kinase inhibitor and often accumulated in senescent cells, the
high-level activation of p16INK4a promoter in macrophages was
observed with increased expression of lysosomal mRNAs and
b-galactosidase activity159. That’s the same in p16 deletion mice,
which ameliorated the proinflammatory level of macrophages160.
What’s more, Bmi-1 was found to bind to PRC2 and then occupy
the promoter of p16, resulting in the methylation and transcription
inhibition of p16161. However, the function of Bmi-1 on senescent
macrophages remains unknown.
6.3. Relevant mechanisms involved in senescent macrophages-
associated diseases

The senescent macrophage-associated diseases include various
abnormalities of organs and systems in the individual. Several
common mechanisms have been summarized across these dis-
eases. Firstly, the imbalance of polarization between M1 and M2
plays a central role in senescent macrophage-associated diseases.
The wrong domination of the macrophage polarization state could
lead to disorders. Senescent macrophages polarized toward M1 in
several diseases like liver sterile inflammation, diabetes wounds,
and atherosclerosis. They induced excessive STING activation
instead of producing anti-inflammatory cytokines (IL-10, TGF-b)
or lipid mediators (resolvins, protectins)162e164, which contributed
to proinflammatory responses in the liver and exacerbated liver
sterile inflammation138. That is the same in diabetes wounds, se-
nescent macrophages presented altered retention of polarization
and secreted CXCR2 at a high level41. The delayed transition from
M1 to M2 and less pro-healing mediators release led to more
chemoattractant cytokines and drove the negative loop with the
influx of other pro-inflammatory macrophages165. It was induced
that senescent macrophages recruited monocytes by enhancing
Vcam1, and Mcp1 expression and promoted inflammatory cyto-
kines with elevated SASP components (Mmp3, Mmp13, Tnfa) in
atherosclerosis mice129. Mutually, aggregated LDL induced
macrophage senescence with increased ROS production and
secretion of pro-inflammatory cytokines, which could also be
inhibited by lysosomotropic antioxidant, cysteamine166,167. While,
in prostate cancer and macular degeneration, senescent macro-
phages exhibited M2 polarization. Senescent macrophages in
macular degeneration increased M2 relevant markers IL10, and
CD163 significantly and exhibited an anti-inflammatory profile
that was too incapable of regulating aberrant angiogenesis109.
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Damaged phagocytosis of senescent macrophages also incurs
diseases like macular degeneration, CNS diseases, and pulmonary
fibrosis. Studies discovered that the low response to exogenous
lipid and weak cholesterol efflux capability in senescent macro-
phages contribute to the defeat of the inhibition of vascular pro-
liferation29,109. Reduced phagocytic activity could cause deserted
myelin accumulation in the central nervous system, promoting the
development of multiple sclerosis132 and accumulating apoptotic
cells in lung fibrosis148.

Macrophages dominate the innate immune in cancers by sur-
veillance of tumors and presentation of MHC I to cytotoxic T cells
as well as phagocytosis of cellular debris. Senescent macrophages
display a pro-tumorigenesis function to the contrary. It has been
revealed the p-NF-kB translocation in senescent macrophages and
these macrophages undermine the cytotoxicity of T cells146. In an
oncogenic Kras-driven lung cancer mouse model, senescent AMs
inhibited the accumulation of cytotoxic T cells (PRFþCD8þ T
cells, PRFþCD4þ T cells and GZMBþPRFþCD4þ cells), aggra-
vating lesion formation24.

As mentioned above, many functions of macrophages are
involved in senescent macrophage-related diseases. Thus, we
speculate that mechanisms related to macrophage function may
also participate in these diseases. For example, there are several
signaling pathways mediating the polarization of macrophages,
like IRF/STAT1 signaling in M1 polarization andIL4, and IL13
signaling in M2 polarization168e170. It was also reported that the
STING signaling could increase phagocytosis of macrophages.
The inhibition of adhesion and degranulation-protein adaptor
protein potentiated STAT1 nuclear entry, which finally promote
macrophages to phagocyte171,172. However, more research is
needed to explain whether these conventional mechanisms apply
to senescent macrophages in diseases.

7. Concluding remarks

As the first-responder to the pathogens and damages in the im-
mune response, macrophages play a vital role in the function of
phagocytosis and polarization towards different situations to
mediate the inflammation inside individuals. Senescent macro-
phages are usually featured with an unbalanced polarization state,
compromised phagocytosis, impaired migration, and damaged
autophagy. Due to the abnormal accumulation and the aberrant
functions of senescent macrophages, aged people tend to be un-
healthy or with acerbated diseases. Despite the increasing under-
standing of the role of senescent macrophages in the development
of individuals and diseases, many fundamental questions are still
unanswered and follow-up studies in more detail are still required.

Whether the macrophages in aged individuals represent the
senescent macrophages, and what’s the difference between mac-
rophages in aged individuals and macrophages featured with
SASP like the common senescent cells? There’s a proposal that
when the tissue (composited with functional cells) gets damaged,
the cells initiate senescence in situ and induce accumulation of
immune cells. The macrophages and T cells that are recruited can
clear those senescent cells while progenitor cells repopulate and
regenerate the damaged tissue. However, the persistent damage
and less clearance of senescent cells can result in organ aging.
This senescence-clearance-regeneration model is applied to oc-
casional adult somatic damage, tumors are excluded173. Li et al.60

revealed that GCA þ senescent macrophages promote skeletal
aging, and the conditioned medium from old macrophages
reduced myoblast proliferation, impacting myogenic repair
processes174, which stands in line with Muñoz’s unified model that
senescent macrophages contribute to degenerations and diseases.
On the other hand, whether aging should have influenced on
macrophage senescence process is still in the air. Abundant studies
have regarded macrophages from aged individuals as senescent
macrophages and Lin et al.175 revealed that macrophages from old
mice exhibited numerous signs of aging like dysregulated
cholesterol homeostasis and oxidative respiration. Age-associated
diseases also affect macrophage functions. Aged wounds and
diabetic wounds had more senescent cells and aging causes a shift
in macrophage polarization, impairing its suppressive properties
on lymphocytes. Besides, macrophages, which can be recruited by
other senescent cells, are found to be susceptible to senescence
and are particularly subject to more cell-extrinsic factors in the
aged microenvironment91,120,176. Thus, despite the awareness of
diseases/degenerations and senescent macrophages in aged in-
dividuals/organs, their causal or precedence relationship remains
complex and fuzzy.

Notably, we have found that senescent macrophages play
various functions in different diseases or organs which indicates
that treatments should be specialized for the distinctive charac-
teristics of senescent macrophages. In the cognitive decline,
senescent macrophages turn to behave abnormally in phagocytosis
for the dampened scavenging of abnormal unfolded proteins in the
CNS32,177. The imbalanced polarization state in senescent mac-
rophages also contributes to the development of malignant can-
cers. More senescent macrophages tend to M2 phenotype
promoting tumor cells proliferating and counteract against cyto-
toxic T lymphocytes24,25,146. Contrarily, in the ovarian, senescent
macrophages turn to the M1 phenotype with a higher level of
iNOS which causes ovarian aging. Secretions of senescent mac-
rophages are also in close relationship with some organ disorders.
Grancalcin produced by senescent macrophages would exacerbate
skeletal aging for the impaired balance between osteogenesis and
adipogenesis of bone marrow stroma cells60. Additionally, meta-
bolic disturbances like chaotic cholesterol levels in senescent
macrophages cause age-related macular degeneration for their
proangiogenic function109.

As we have summed before, senescent macrophages serve
different functions in distinct contexts, so it’s necessary to charac-
terize senescent macrophages more precisely. Grancalcin in bone
marrowmacrophages can be regarded as the hallmarks of senescent
macrophages. However, there is still less known about other specific
signs that indicate the senescent process in macrophages. To date,
themajor limitation in senescent cells is the lack of single, universal,
or model-specific biomarkers. Therefore, the combination of mul-
tiplemarkers (SA-b-Gal, p21, SASP) simultaneously is suggested to
differentiate true senescent cells from other quiescent or differen-
tiated counterparts2. Similarly, we propose that can also be applied
to the identification of senescent macrophages: the combination of
multiple biomarkers like SASP (a common senescentmark), limited
proliferation (shortened telomerase), altered function of macro-
phages (polarization, phagocytosis, and so on), as well as specific
hallmarks like grancalcin in particular diseases or organs (Fig. 1). In
summary, it is supposed to work more on the clear definition of
senescent macrophages and the particular markers of senescent
macrophages.

Since the senescent macrophages play an important role both in
the development of the individuals and the process of diseases149,
drugs that target macrophage senescence could be an effective
means of treating the diseases (Table 1). Generally, some thera-
peutic methods to avert the morbigenous effects of senescence are
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senolytics and senomorphics2,178,179. Senolytics works on the
removal of the aberrant accumulation of senescent cells while
xenomorphic emphasizes the elimination of the key attributes of
senescence-like SASP. The depletion of senescent cells can be
directed by quercetin and dasatinib which have been introduced
previously. In addition, the cardiac glycoside ouabain and EF24
treatment targeting BCL-2 to promote apoptosis and kill senescent
cells180,181. Some natural molecules like urolithin A attenuate
D-galactose-induced brain aging182,183 and prolong the lifespan of
C. elegans184. Rapamycin, the autophagy inducer improves immune
function by reducing senescent markers in immune cells in the Vav-
iCreþ/�; Ercc1e/flox mice (a model of immunosenescence)182,185.
The SASP can be modulated by NADþ/NADH metabolism, while
the nicotinamide phosphoribosyl transferase activators have been
shown to increase NADþ levels which functions in a neuro-
protective behavior186,187. Directedly targeting key components of
the SASP or their receptor was also an effective gynomorphic.
Alanine-serine-cysteine transporter type-2 (ASCT2), a high-affinity
glutamine transporter can inhibit the senescence of hepatic stellate
cells by promoting SASP, disturbing IL-1a/NF-kB feedback
loop188. Apart from these strategies applied to senescent cells, there
are several specific treatments targeting senescent macrophages
such as R162, inhibiting GLUD1 and improving infiltration of aged
macrophages as wementioned before. Though there are few studies
working on the treatment of senescentmacrophages, we summed up
several therapies as seen in Table 1. Besides, it’s worth noting that
crosstalk between other cells and macrophages can be a potential
breakthrough point in many diseases.
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