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Similarities and interplay between senescent cells

and macrophages

Jacques Behmoaras'® and Jess Gil>*@®

Senescence is a cellular program that prevents the replication of old, damaged, or cancerous cells. Senescent cells become
growth arrested and undergo changes in their morphology, chromatin organization, and metabolism, and produce a bioactive
secretome. This secretome, the senescence-associated secretory phenotype (SASP), mediates many of the pathophysiological
effects associated with senescent cells, for example, recruiting and activating immune cells such as macrophages. The relation
between senescent cells and macrophages is intriguing: senescent cells recruit macrophages, can induce them to undergo
senescence, or can influence their polarization. Senescent cells and macrophages share multiple phenotypic characteristics;
both have a high secretory status, increased lysosome numbers, or the ability to activate the inflammasome. Senescent cells
accumulate during aging and disease, and killing them results in widespread benefits. Here we discuss similarities between
senescent cells and macrophages and interpret the latest developments in macrophage biology to understand the
molecular mechanisms of cellular senescence. We describe evidence and effects of senescence in macrophages and
speculate on the ontogeny of the senescent-like state in macrophages. Finally, we examine the macrophage-senescent cell
interplay and its impact on macrophage effector functions during inflammatory conditions and in the tumor

microenvironment.

Introduction

Cellular senescence is a stress response that is characterized
by an irreversible arrest of proliferation and the acquisition
of a pro-inflammatory secretory phenotype referred to as
the senescence-associated (SA) secretory phenotype (SASP;
Gorgoulis et al., 2019). Cells undergoing senescence experience
other profound phenotypic changes, such as alterations in their
morphology, chromatin organization, and metabolism (Herranz
and Gil, 2018). The aberrant accumulation of senescent cells is
associated with aging and contributes to disease (Baker et al.,
2016; McHugh and Gil, 2018). However, acute induction of se-
nescence in response to tissue damage is a beneficial response
that avoids the replication of preneoplastic, old, and damaged
cells. This is achieved by a two-pronged approach: senescence
induces the growth arrest of damaged cells, while the SASP re-
cruits different immune cells that clears them (Maclver et al.,
2008; Mufioz-Espin and Serrano, 2014). SASP can also lead to an
antitumor immune response through recruitment of immune
cells (Rao and Jackson, 2016; Toso et al., 2014). Among the innate
immune cells recruited by senescent cells are macrophages.
Macrophages are professional phagocytes, which participate in
tissue homeostasis in almost every organ of the human body.
One of their main characteristics is the removal of apoptotic cells

in several tissues, a process also called efferocytosis. Macro-
phages can also sense and interact with cells that undergo a wide
range of intrinsic or extrinsic insults (Gordon and Pluddemann,
2017; Gordon et al., 2014). In addition to cell clearance, recent
evidence shows that macrophages can clear damaged cellular
components in subcellular particles called exophers to preserve
tissue homeostasis (Nicolas-Avila et al., 2020).

Macrophages interact with senescent cells, and this interac-
tion is indispensable for major pathophysiological processes in
mammals. The removal of aged and senescent RBCs by macro-
phages is a process whereby ~2 million RBCs are recycled each
second to ensure the iron fluxes that sustain erythropoiesis
(Kay, 1975; Korolnek and Hamza, 2015). Likewise, studies within
the murine liver and endometrium have reported key roles for
monocytes/macrophages in the physiological clearance of se-
nescent cells (Egashira et al., 2017; Kang et al., 2011). During the
aging process, the clearance of accumulating senescent cells
through phagocytosis is a well-known strategy to counteract
their potential harmful effects (Oishi and Manabe, 2016). The
senescent cell-macrophage interaction also occurs during pa-
thology such as obesity-induced metabolic syndrome. For in-
stance, the recruitment of macrophages to senescent adipocytes
results in the formation of “crown-like structures” in the
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visceral fat, a hallmark of exacerbated inflammation in the
adipose tissue (Murano et al., 2008).

Unlike cell death, senescence is a technically challenging cel-
lular state to detect and quantify at a whole-body level. As a result,
our understanding of the macrophage-senescent cell interaction
has been partial and blunted by the overwhelming efforts to deci-
pher mechanisms underlying efferocytosis. Crown-like structures,
originally described as macrophages engulfing dead adipocytes, are
most probably a more complex histological feature, also repre-
senting macrophages recruited to senescent adipocytes.

Recent advances to characterize senescence in vivo during aging
or acute inflammation revealed that macrophages share phenotypic
similarities with senescent cells such as induction of ple™k4 ex-
pression (Grosse et al., 2020; Liu et al., 2019). Further extending
these findings, a recent study showed that chemotherapy-induced
senescent cells show transcriptional changes characteristic of
phagocytosis and are able to engulf neighboring cells (Tonnessen-
Murray et al., 2019). These recent studies confirm a long-standing
observation by cell biologists pointing toward similarities at
signaling, gene expression, metabolism, and organelle level
between macrophages and senescent cells. These shared
features translate into similar effector functions such as ac-
quisition of a secretory phenotype. In this review, we focus
on the shared cellular features between senescent cells and
macrophages, namely secretion/secretory apparatus and
phagocytosis. Given that detailed molecular mechanisms of
most of these events are described elsewhere (Aderem and
Underhill, 1999; Gordon, 2016; Murray and Stow, 2014), we
focus on shared cellular pathways and hypothesize that the
latest developments in macrophage biology can inform us to
better understand the molecular mechanisms of cellular se-
nescence. We describe evidence of senescence in macro-
phages and its effect on macrophage function and speculate
on the ontogeny of senescent-like macrophages. Finally, we
describe the interplay between macrophages and senescent cells and
the effect of this interaction on macrophage effector functions dur-
ing inflammatory conditions and in the tumor microenvironment.

Shared cellular features between senescent cells

and macrophages

In addition to growth arrest, senescent cells undergo morpho-
logical changes, chromatin remodeling, and metabolic re-
programming, which lead to the secretion of mainly pro-
inflammatory mediators, known as the SASP (Herranz and Gil,
2018). Similarly, terminally differentiated macrophages adopt a
secretory phenotype that is further exacerbated upon stimu-
lation with pro-inflammatory stimuli such as the TLR4 agonist
lipopolysaccharide (LPS). The acquisition of a secretory pro-
inflammatory phenotype in macrophages is accompanied by a
cell cycle arrest (Vadiveloo et al., 1996; Vairo et al., 1992), which
points toward a fundamental resemblance with senescent cells.
One could therefore hypothesize that some cellular events be-
tween the inhibition of proliferative capacity and induction of
the secretory phenotype are shared between macrophages and
senescent cells (Fig. 1). These include changes in several in-
tracellular organelles, as exemplified by changes in lysosomes,
that are crucial for the function of both cell types.
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Lysosomes

Macrophages and senescent cells are characterized by an expanded
lysosomal compartment. The most widely used senescence marker is
SA lysosomal B-galactosidase activity, which is robustly enhanced in
senescent cells as a result of increased lysosomal content (Kurz et al.,
2000; Lee et al., 2006). Lysosomal expansion is also a feature of
macrophages and cells derived from the monocyte/macrophage
lineage such as Kupffer cells of liver and osteoclasts of bone
(Bursuker et al., 1982; Kopp et al., 2007). Indeed, one of the draw-
backs mentioned in using SA-B-galactosidase as a marker of se-
nescence is that it stains macrophages (Sharpless and Sherr, 2015).
More generally, monocyte-to-macrophage differentiation is associ-
ated with an increase in lysosome numbers (Daigneault et al., 2010),
which suggests that tissue macrophages are lysosome-rich in gen-
eral. In mononuclear phagocytes such as macrophages and dendritic
cells, the endosomes and lysosomes (endo-lysosomes) are essential
organelles for eliminating pathogens and process and present anti-
gens. Interestingly, macrophages and dendritic cells expand their
endo-lysosomal volume during LPS stimulation, suggesting that
these organelles are remodeled upon pro-inflammatory stimulation
to sustain the effector function of the cells (Hipolito et al., 2019).
Importantly, during fungal infection, lysosome fusion maintains
phagosome integrity in macrophages (Westman et al., 2020). Cellular
senescence involves remodeling of chromatin structure through ly-
sosomes (Ivanov et al.,, 2013), though direct evidence linking the ly-
sosomal expansion to SASP in senescent cells is lacking.

Lysosomes are organelles at the interplay between cell function
and metabolism. In particular, they are signaling platforms to
sense the nutritional state of the cells, which impacts on the
overall energy metabolism and cell growth. Activation of mTORCI
on the lysosomal surface induces anabolic pathways while re-
pressing catabolic processes such as autophagy (see Kim and Guan
[2019] for a detailed review). The lysosome is therefore a crucial
organelle involved in fine-tuning the overall metabolic state of the
cell. In oxidative stress-induced senescence, lysosomal dysfunc-
tion is associated with impairment of autophagy (Tai et al., 2017),
though a previous report suggested that the acquisition of senes-
cent phenotype is driven by autophagy (Young et al., 2009). While
coupling mTOR activity and autophagy contributes to SASP pro-
duction on senescence (Narita et al, 2011), the exact role of
autophagy in senescence might depend on multiple factors. In
mononuclear phagocytes, the role of autophagy in effector func-
tions is more clearly defined. For instance, autophagy is part of the
antimicrobial response to infection in macrophages (Visvikis et al.,
2014). Furthermore, mTORClI is essential for antigen presentation
by dendritic cells and the subsequent regulation of T cell func-
tions. Autophagy induction by inhibitors of the mammalian target
of rapamycin enhances antigen presentation in dendritic cells
(Jagannath et al., 2009).

In addition to activating mTORC], recent reports show a link
between lysosomes and cell survival through regulation of
mitochondrial function. Mitochondrial number correlates with
that of lysosomes during monocyte-macrophage differentiation
(Daigneault et al., 2010), and it is also established that senescent
cells accumulate mitochondria (Korolchuk et al., 2017). Gener-
ally, age-related mitochondrial deterioration is associated with
impaired lysosome-like vacuoles (Hughes et al,, 2020), so it is
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tempting to infer a causal relationship between lysosomal re-
modeling and mitochondrial function in macrophages and senes-
cent cells. Indeed, mitochondrial function and metabolites are the
focus of increasing reports studying the immune and metabolic
interplay in macrophage effector functions (Martinez-Reyes and
Chandel, 2020) and during senescence (Kaplon et al., 2013; Lépez-
Otin et al., 2013; Moiseeva et al., 2009). In senescent cells, a recent
report has shown that defective mitochondria induce SASP
through activation of the innate immune cytosolic DNA sensing
the cyclic GMP-AMP synthase-stimulator of interferon genes
pathway (generally known as the cGAS-STING pathway; Vizioli
et al., 2020). Stimulator of interferon genes is an ER-associated
sensor expressed by monocytes/macrophages that regulates nu-
clear factor-«B (NF-kB) and IRF3-dependent cytokine production
(Ishikawa and Barber, 2008; Ishikawa et al., 2009). Thus, an at-
tractive hypothesis could postulate the existence of a lysosome-
mitochondria axis shared by senescent cells and macrophages that
is essential for SASP in senescent cells and macrophage matura-
tion and/or activation.

Intracellular iron as a messenger between lysosomes

and mitochondria

Several recent reports have linked intracellular iron homeostasis as a
“messenger” between lysosomal and mitochondrial function in ho-
meostatic and inflammatory conditions (Hughes et al., 2020; Weber
et al,, 2020; Yambire et al., 2019). These results are worth high-
lighting as iron accumulation occurs in replicative senescent fibro-
blasts in vitro (Killilea et al., 2003), and the intracellular iron storage
protein ferritin is enriched in aging tissues (DeRuisseau et al., 2013).
In many cell types, including macrophages, iron transit through the
lysosomal compartment is essential for oxidative phosphorylation
and synthesis of tricarboxylic cycle metabolites in human macro-
phages (Pereira et al., 2019). These observations suggest the exis-
tence of a lysosome-iron-mitochondria pathway in senescent cells
that could be connected to SASP induction. Interfering with mito-
chondrial membrane potential and usage of iron chelators reduces
interleukin (IL)-1B synthesis in macrophages (Mills et al,, 2016;
Pereira et al., 2019). Similar strategies could be undertaken in se-
nescent cells to modulate SASP.

Inflammasome activation
The identification of mechanisms underlying SASP induction
and regulation is an active area of research. Compounds
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i Figurel Macrophage maturation and senescence in
1 non-immune cells share a multitude of cellular fea-
1 tures. Mature macrophages (M¢) and senescent cells
1 share multiple common phenotypes. Both cell types
; display phagocytosis, lysosomal expansion, and meta-
! bolic reprogramming; have a secretory phenotype; and
1 are cell cycle-arrested. While macrophage maturation is
1 a differentiation process driven by CSF-1 and other
: growth factors, senescence is a cellular response to
1 stress signals such as oncogenic activation, replicative
1 exhaustion, or drugs that cause DNA damage.

1

1

inducing senescence (referred to as senomorphic) could be used
therapeutically to complement, or as an alternative to, those that
preferentially kill senescent cells (i.e., senolytics). Recent reports
have shown overlapping pathways between senescent cells and
activated macrophages. Among those, inflammasome activation
is a well-described feature of activated macrophages and is in-
volved in SASP induction in senescent cells.

Inflammasome activation is pivotal in innate immune de-
fense against microbial insults. Assembly of the inflammasome
complex initiates the release of IL-1B and preferentially occurs in
myeloid cells with phagocytic activity such as monocytes/mac-
rophages (Erlich et al., 2019). Inflammasome activation is a two-
step process that includes priming and activation steps, under
transcriptional and posttranscriptional regulation, respectively
(Schroder and Tschopp, 2010). In macrophages, the priming step
triggers NF-«B and transcription of pro-inflammatory genes
such as IL-1B after a pro-inflammatory stimulus such as LPS. In
senescent cells, the induction of NF-«B has been reported, even
though the priming signal was either oxidative stress (Han et al.,
2020) or oncogenic activation (Chien et al., 2011). A recent study
has found de novo cohesin peaks enriched in SA genes during
oncogene-induced senescence. An example is de novo cohesin
binding involved in new loop formation in the IL1B locus. In-
terestingly, this organization is commonly observed in cells
undergoing oncogene-induced senescence and terminally dif-
ferentiated macrophages (Olan et al., 2020). When it comes to
the activation step, stimuli such as nigericin toxin, extracellular
ATP, silica, or cholesterol crystals (i.e., lysosome destabilizers)
cause the activation of inflammasome in primed macrophages.
This implicates NLRP3 polymerization with adaptor protein
ASC, recruitment of pro-caspase-1, and subsequent cleavage of
pro-IL-1B and pro-IL-18, together with gasdermin-D, which fa-
cilitates the release of mature cytokines through lytic pores (Shi
et al., 2015). This is a well-established innate immune response
in macrophages. The activation of Nlrp3 inflammasome in
senescent cells is most probably context and environment
dependent.

We have shown that cells undergoing oncogene-induced se-
nescence secreted and processed mature forms of IL-la and
IL-1B, suggesting inflammasome activation preceding SASP
(Acosta et al., 2013). More recently, caspase-5 was shown to be
essential for IL-la-dependent SASP through noncanonical in-
flammasome activation (Wiggins et al., 2019). Interestingly, the
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authors investigated the same pathway in macrophages and
further demonstrated that caspase-5 can directly process IL-
la in human macrophages, while release of cleaved IL-la re-
quires caspase-11 in murine macrophages (Wiggins et al., 2019).
These findings show that noncanonical inflammasome activation
can operate in both senescent cells and macrophages, though the
exact role of Nlrp3 inflammasome in SASP requires clarification.
Nlrp3 inflammasome activation has been linked to immune se-
nescence (Spadaro et al., 2016), described as a plausible driver of
SASP (Acosta et al., 2013; Latz and Duewell, 2018).

The cumulative data on the implication of inflammasome in
SASP point toward the noncanonical activation of IL-1a.. Indeed, this
atypical member of the IL-1 family is a cytokine with dual functions.
The nuclear localization sequence in the precursor region of the
cytokine allows IL-la to enter the nucleus and act as a transcription
factor to increase gene expression of IL-8 (Werman et al.,, 2004).
Given that SASP is primarily associated with pro-inflammatory cy-
tokines such as IL-8 (Rodier et al., 2009), these findings make IL-1a a
major driver of SASP. Interestingly, in macrophages, IL-la confers
host resistance to fungal infection via expression of caspase-11 in an
IFN-B-dependent manner (Ketelut-Carneiro et al., 2019). This study
is a typical example where one can learn from macrophage biology
to speculate on the mechanisms of cellular senescence. Indeed, the
fungal agent Paracoccidioides brasiliensis induces an IL-lo. -mediated
production of IL-6 in macrophages (Ketelut-Carneiro et al., 2019). IL-
6 is a crucial factor in T helper type 17 lymphocyte differentiation
and is also associated with SASP (Rodier et al., 2009). Based on these
observations, it is tempting to speculate on the existence of a cas-
pase-11/IL-10/IL-6 pathway during cellular senescence. Furthermore,
arecent report showed that surface pro-IL-la on macrophages can be
cleaved and activated by thrombin (Burzynski et al., 2019), a finding
that could be extrapolated to cellular senescence, as mice treated with
senescent-inducing doxorubicin show increased blood clotting (Wiley
et al,, 2019).

In summary, the secretion of IL-1 family members, and in
particular IL-la, is associated with senescence and context-
dependent macrophage activation through the activation of
caspase family members. The secretion of IL-1 cytokines is
broadly associated with cell death, though IL-1a release is seen
during necrosis and pyroptosis, an inflammatory form of cell
death induced by caspase-1, activation of Nlrp3 inflammasome,
and active IL-1P secretion. Since apoptotic cell death is mediated
by caspases different from those involved in necrosis and py-
roptosis (Man and Kanneganti, 2016), one could hypothesize
that senescence, necrosis, pyroptosis, and apoptosis have unique
caspases that drive context-dependent secretion of pro-
inflammatory mediators such as IL-1 cytokines. However, re-
cent evidence shows a significant crosstalk and compensation
between apoptotic and pyroptotic cell death mechanisms, and
caspases such as caspase-6 having a master-regulatory role in
both events (Zheng et al., 2020). It is therefore plausible that
senescence shares common caspases that have been reported to
induce pyroptosis or apoptosis.

Phagocytosis
Phagocytosis could be described as a fundamental characteristic
of myeloid cells, a process whereby microorganisms, damaged or

Behmoaras and Gil

Senescent cells and macrophages

TR
(: k(J
IV

dead cells, and foreign substances such as nanoparticles are in-
gested and eliminated. Most tissue-resident macrophages are
highly phagocytic and participate in tissue homeostasis. For
instance, thymic macrophages clear apoptotic thymocytes, and
splenic red pulp macrophages phagocytose old erythrocytes
(Gordon, 2016). In a thought-provoking study, Tonnessen-
Murray et al. (2019) found that chemotherapy-induced se-
nescent breast cancer cells could engulf neighboring cells
through phagocytosis and process them in the lysosome
compartment. Notably, when compared with the RAW264
macrophage cell line, senescent cell phagocytosis was more
pronounced (Tonnessen-Murray et al., 2019). The authors
also argued that this acquired phagocytic capacity of senes-
cent cells could be an upstream feature of SASP, but addi-
tional studies will be required to confirm this hypothesis.

Recent advances made in phenotyping tissue macrophages could
help us to contextualize senescent cell phagocytosis and its potential
link with SASP. Transcriptomics studies have indeed reported
organ-specific gene and enhancer patterns for a range of tissue
macrophage populations (Lavin et al., 2014). More recently, phag-
ocytosis was shown to imprint a distinct anti-inflammatory profile
in tissue-resident macrophages (A-Gonzalez, 2017). Phagocytic
macrophages showed blunted expression of Illb and supported
tissue homeostasis (A-Gonzalez, 2017). These results are interesting
and suggest that a tissue-resident, nonphagocytic macrophage has a
phenotype distinct from those that participate in the clearance of
senescent or apoptotic cells. When considered in the context of
senescence, one can thus wonder whether senescent cells display
different states of activation and whether phagocytosis confer on
them an additional phenotype with anti-inflammatory and antag-
onizing effects on SASP.

Future studies to understand senescent cell phagocytosis
should also consider the surface receptors involved in the reg-
ulation of phagocytosis. Phagocytic cells present nonopsonic
receptors, apoptotic cell receptors, and opsonic phagocytic re-
ceptors, and the investigation of these in senescent cells could
facilitate our understanding of the mechanisms underlying
phagocytosis in senescent cells. One nonopsonic scavenger re-
ceptor is CD36, which mediates phagocytosis of infected RBCs in
rodent macrophages (Patel et al., 2004) and initiates the secre-
tory phenotype during the establishment of cellular senescence
(Chong et al., 2018). CD36 plays an essential role in the clearance
of apoptotic cells in vivo by macrophages (Greenberg et al.,
2006), so the investigation of its role in senescent cell phago-
cytosis could be of potential interest.

Senescent-like macrophages: Just another polarization state?

Growth arrest is a major characteristic of terminally differen-
tiated macrophages (Klappacher et al., 2002). Macrophage
colony-stimulating factor (CSF-1) controls the proliferation,
differentiation, and survival of cells of the macrophage lineage
and has been widely used for in vitro culture of these cells. After
prolonged stimulation with CSF-1 (usually days), growth arrest is
accompanied by acquisition of macrophage-specific markers,
including those related to a secretory phenotype. Stimuli other
than CSF-1 can promote monocyte-to-macrophage differentia-
tion, and the phorbol ester-stimulated myeloid leukemia cell line
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THP-1 is a good example, which led to the identification of
transcriptional networks that control growth arrest and differ-
entiation in vitro (GaZov4 et al., 2020). The silencing of cell cycle
genes also occurs in human macrophages stimulated with LPS
(Baillie et al., 2017), suggesting that macrophage differentiation/
maturation and pro-inflammatory activation are inversely cor-
related with a transcriptional program that controls growth.

A mature macrophage can therefore be defined as a tissue-
resident myeloid cell that can acquire different phenotypic
states, including one that is characterized by growth arrest and a
secretory and/or phagocytic phenotype. Whether this can be
called “senescent” is open to debate, and the definition of se-
nescence has not reached a consensus among scientists. One
conceivable scenario is that macrophage senescence could re-
flect one of the numerous activation states that a tissue-resident
macrophage adopts in response to environmental stimuli. We
thus designate the senescent state in macrophages as
“senescent-like macrophages.” Recent reports on senescent-
like macrophages support this interpretation (Grosse et al.,
2020; Hall et al., 2017; Liu et al., 2019).

A hallmark of senescent cells is high expression of Cdkn2a
and its protein product pl6'™%42, Evidence for phagocytes con-
tributing to pl6'"k* promoter-driven reporter signal was first
reported using clodronate liposomes that selectively kill pro-
fessional phagocytes in chronologically aged mice harboring a
hemizygous pl6(Ink4a) knock-in of luciferase (pl6 LUC; Hall
et al.,, 2016). More recently, two groups have generated knock-
in mouse models targeting p16'™%42 (Grosse et al., 2020; Liu et al.,
2019). Despite the limitations of these models (i.e., ability of the
reporter mice to reflect true Cdkn2a expression), both studies
identified pl6™<“2-high macrophages in vivo, which suggests
that these cells show phenotypic similarities with non-immune
senescent cells. Interestingly, the most significant accumulation
of ple™k4a_high cells was observed in the liver with =70% vas-
cular endothelial cells and =30% F4/80-positive macrophages
(Grosse et al., 2020). Whether these cells are resident myeloid
Kupffer cells remains to be identified, and if they are, it will
confirm a previous study reporting that Kupffer cells show signs
of senescence such as IL-la-driven production of IL-6, promot-
ing hepatocarcinogenesis (Sakurai et al., 2008).

The evidence that local liver macrophages have a “senescent-like”
phenotype raises the question of whether resident macrophages
could acquire senescence upon tissue damage or inflammation. In a
rat model of gliosis and motor neuron loss, pl6™¥4a-positive nuclei
were localized in a subset of microglia, the resident macrophages of
the central nervous system (Trias et al.,, 2019). In keeping with this,
cultured brain microglia have been shown to present morphological
features and markers of senescence, including positive labeling for
pl6™<*2 and SASP (Trias et al.,, 2019). Similarly, in a model of peri-
tonitis induced in the murine reporter strain pl6™2, macrophages
displayed features of senescence (Liu et al., 2019). Last, LPS could
induce the formation of senescent-like macrophages, characterized
by lipid accumulation, SASP, and a persistent DNA damage response
(Wang et al., 2020). Once again, a parallel with senescence is evident
as senescent glial cells exhibit excessive fat deposits, a phenotype
that was termed “accumulation of lipids in senescence” (Ogrodnik
et al., 2019).
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Senescent cells influencing macrophages and vice versa

A possible explanation for the presence of p16™NK42 macrophages
in tumors or aged tissues, is the induction of paracrine senes-
cence (Acosta et al., 2013) in these macrophages. Nevertheless, it
seems that tissue macrophages, in certain conditions, can have
high pl6™42 expression, but this should not necessarily be in-
terpreted as senescence. As elegantly demonstrated by Hall et al.
(2017), expression of SABG and pl6™X42 in macrophages is re-
versible and p53-independent, suggesting that pl6'™** is an-
other checkpoint in the tissue-specific polarization of these
macrophages. Using a method for in vivo elicitation of SABG and
pleNK4a.positive macrophages with intraperitoneal injection of
alginate beads encapsulated with senescent cells, the authors
also showed that these “senescent-associated macrophages”
were more M2-like (Hall et al.,, 2017). Using the same experi-
mental setup, the authors had previously reported that senes-
cent cells preferentially attract macrophages characterized by
plé™k4a gene expression and B-galactosidase activity (Hall et al.,
2016), raising the possibility of an interplay between senescent
cells and macrophages that contributes to the shared high
plé™k42 expression in each cell type.

Deciphering the senescent cell-macrophage interaction
without the process of elicitation will be crucial, as elicitation
itself could influence macrophage function. In fact, the exact
nature of macrophage polarization following recruitment to
senescent cells in vivo is likely to be context-dependent. p53-
expressing senescent stellate cells release factors that skew
macrophage polarization toward a cytotoxic M1 state (Lujambio
et al., 2013), whereas senescent thyrocytes induce an M2-like
polarization in human monocytes (Mazzoni et al., 2019). To
account for the effect of microenvironment in cell-cell interac-
tions, single-cell transcriptomic approaches will therefore be
helpful in clarifying the exact activation phenotype of macro-
phage interactions with senescent cells (e.g., computational
methods for receptor/ligand pairs in single-cell RNA sequenc-
ing). Recent efforts to generate an atlas of aging tissues in the
mouse could achieve this aim (Tabula Muris Consortium, 2020).

In certain conditions, a context-dependent macrophage
phenotype can also cause senescence of surrounding cells.
During chronic venous leg ulcers, iron overloading of macro-
phages induced a pl6™X42-dependent senescence program in
resident fibroblasts, eventually leading to impaired wound
healing (Sindrilaru et al., 2011). Similarly, elevated local senes-
cence in diabetic wound healing is linked to pathological repair
via macrophage CXCR2-mediated SASP (Wilkinson et al., 2019).
Interestingly, reprogramming of tumor-associated macrophages
by CXCR2 inhibition drives senescence and tumor inhibition in
advanced prostate cancer (Di Mitri et al., 2019).

Points for discussion

In recent years, senescent cells have been recognized to play key
roles in aging and contribute to a wide range of diseases in-
cluding cancer and fibrosis. Strategies to target senescent cells
have been proposed as a new therapeutic paradigm. Often those
strategies take advantage of characteristics of senescent cells,
such as targeting the increased B-galactosidase activity present
on senescent cells (e.g., galacto-oligosaccharide-encapsulated
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nanoparticles containing cytotoxic or senolytic drugs (Munoz-
Espin et al., 2018) and galactose-derived pro-drugs (Gonzélez-
Gualda et al., 2020; Guerrero et al., 2019). Since macrophages
and senescent cells share many phenotypic characteristics, a
double question arises. Are the benefits of certain senolytic
medicines related to eliminating sub-populations of macro-
phages? This might be the case, at least in atherosclerosis
(Childs et al., 2016). Or, on the contrary, are there unintended
consequences of drugs aiming to kill senescent cells also target
macrophages? Cardiac glycosides such as digoxin and digitoxin
show in situ senolytic activity at a nanomolar range concen-
tration that is close to the one observed in cardiac patients
treated with this drug (Guerrero et al., 2019; Lépez-Lazaro,
2007). We have observed that cardiac glycosides cause cyto-
toxicity in human macrophages and ameliorate homeostasis in
white adipose tissue from obese patients (Olona et al., 2020),
raising the possibility that senolytics also cause selective cy-
totoxicity in mononuclear phagocytes. Tailoring these drugs for
specifically one type of cell (macrophage or senescent cell) will
require an in-depth knowledge of phenotypic similarities and
interplay between macrophages and senescent cells.
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