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1 | INTRODUCTION
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Abstract

Creating cellular homeostasis within a defined tissue typically relates to the
processes of apoptosis and efferocytosis. A great example here is cell debris that
must be removed to prevent unwanted inflammatory responses and then reduce
autoimmunity. In view of that, defective efferocytosis is often assumed to be
responsible for the improper clearance of apoptotic cells (ACs). This predicament
triggers off inflammation and even results in disease development. Any disruption
of phagocytic receptors, molecules as bridging groups, or signaling routes can
also inhibit macrophage efferocytosis and lead to the impaired clearance of the
apoptotic body. In this line, macrophages as professional phagocytic cells take the
lead in the efferocytosis process. As well, insufficiency in macrophage
efferocytosis facilitates the spread of a wide variety of diseases, including
neurodegenerative diseases, kidney problems, types of cancer, asthma, and the
like. Establishing the functions of macrophages in this respect can be thus useful
in the treatment of many diseases. Against this background, this review aimed to
recapitulate the knowledge about the mechanisms related to macrophage
polarization under physiological or pathological conditions, and shed light on its

interaction with efferocytosis.
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the body to function properly.? During the efficient efferocytosis

process, dying cells are eliminated as it should be and the harmful

Efferocytosis elucidates the process of the rapid and effective
removal of undesirable (namely damaged, dysfunctional, or aged)
cells by phagocytes, particularly macrophages. This process means
too much for some essential functions, including organism growth,
immunoregulation, and tissue homeostasis maintenance.* All through
efferocytosis, apoptotic cells (ACs) are cleared by the immune
system. The given process also occurs to remove ACs or dying cells

by phagocytic ones, in particular macrophages, as they are vital for

effects of their leak to normal tissue microenvironments are avoided;
otherwise, ACs can be prone to secondary necrosis, a process in
which detrimental autoantigens are released into normal tissues and
stimulate neurodegenerative disorders (NDDs), kidney problems,
types of cancer, asthma, and so forth. AC removal by macrophages
(namely efferocytosis) accordingly boosts the resolution of signaling
pathways, which can be triggered via some molecules derived from

the phagolysosomal degradation of ACs.® Through the efferocytosis
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process, engulfment signals are further expressed by ACs, which
should be then cleared from tissues by some signals, such as Find-Me
and Eat-Me. Utilizing numerous types of phagocytic apparatus,
phagocytes engulf ACs* (Figure 1). ACs also attract phagocytes by
secreting apoptotic mediators, named the Find-Me (or Come-Get-
Me) signals, as chemoattractants, viz. nucleotides and chemokines
released by ACs to attract phagocytes to their location, which then
assist their engulfment.s'6 The Find-Me factors, such as chemokine
(C-X3-C maotif) ligand 1 (CX3CL1, or fractalkine), sphingosine-1-
phosphate, and lysophosphatidylcholine (LPC), are typically secreted
from ACs. Then, it is ensured that the professional phagocytosis of
the cells is recruited in the vicinity of the dying cells to properly assist
in efferocytosis.

LPC also helps recruit macrophages to ACs and engage G2
accumulation, a G-protein-coupled receptor on macrophages.
CX3CL1 is further released by ACs under proteolysis.”> Of note,
CX3CL1 holds CX3C motif chemokine receptor 1 (CX3CR1) located

on the macrophages, which causes phagocytes to migrate. Recent
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FIGURE 1 Efferocytosis is a multistep process involving: (A) Find
me, (B) Eat me, and (C) Engulfment. (A) “Find-me” stage: Find-me
signals (such as low levels of nucleotides ATP and UTP,
lysophosphatidylcholine, sphingosine 1-phosphate, and fractalkine)
released by apoptotic cells (ACs) help to attract phagocytes such as
macrophages. (B) “Eat-me” stage: Phagocytic receptors of
macrophages recognize and bind to the “Eat me” signal molecules of
ACs. This binding is directly or indirectly through bridging molecules
secreted from macrophages, such as MFG-E8 and growth arrest-
specific 6 (Gasé). (C) Post engulfment stage: Forming “a phagocytic
cup” completes the endocytosis of ACs and finally macrophages
digest and degrade apoptotic cell debris.
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Significance statement

o Efferocytosis occurs to remove apoptotic cells by phago-
cytic ones, in particular macrophages.

¢ Any insufficiency in macrophage efferocytosis facilitates
the spread of a wide variety of diseases, including
autoimmune disorders, neurodegenerative diseases, kid-
ney problems, types of cancer, asthma, and the like.

e Recent research has established that macrophage polar-
ization can affect the efferocytosis process.

o A better understanding of macrophage polarization and
its cytokines in many diseases can help design treatments

to improve patient outcomes.

studies have accordingly established that ACs release nucleotides in
the environment via Pannexin 1 channels. Moreover, they engage the
Purinoreceptor-2 on the macrophage and acts ultimately as a short-
range chemoattractant.* Cell apoptosis then results in the Eat-Me
signal issue on the surface of cells, which make a phagocyte to
phagocytose the cell. Membrane phospholipid phosphatidylserine
(PtdSer) is another key signal,” commonly found on the inner side of
the plasma membrane when apoptosis occurs, and transferred on the
outer side of plasma membrane. Phagocyte receptors, such as
complement receptors (CR) 3 and 4, the members of the family T-
cell immunoglobulin domain and mucin domain, mannose receptor
(MR), cluster of differentiation (CD)36, scavenger receptors (SRs) A
and B, and integrins a5B3 and a5B5, can thus identify these signals in
a direct manner.” One of the Eat-Me signals is calreticulin, expressed
on the AC surface, which promotes engulfment by phagocytes and
leads to an increase, sensed via low-density lipoprotein receptor-
related protein (LRP1/CD91).” Some groups of intermediate mole-
cules are also placed on the surface of macrophages, called bridging
molecules, containing two receptor-binding domains (RBDs). More-
over, the phagocytosis prey-binding domain is capable of attaching
onto the surface of ACs. The RBD also connects to phagocytes. The
role of the bridging molecules here is that PtdSer can indirectly
connect to phagocyte receptors, or allows them for direct connection
to receptors on the phagocyte surface.®

Milk fat globule-epidermal growth factor 8 protein also refers to
a bridging molecule connected on one side to PtdSer on the AC
surface, and on the other side, to integrin av3/avB5 on phagocyte
receptors, thus serving as a bridge between ACs and macrophages to
manage the binding phase. For the duration of engulfment, ACs
further express the signals, Find-Me and Eat-Me, indicating the need
to remove them from tissues and engulf ACs, utilizing numerous
types of phagocytic apparatus. Phagocytes dynamically change their
actin cytoskeleton to help them migrate toward decay cells and the
engulfment of foreign bodies.” Depending on the conditions, the
activation state and the functions of macrophages, two phenotypes,
M1 (classically) and M2 (alternatively), are activated.*® Inflammatory
parameters are also essential for macrophage polarization.
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Macrophage activation with pro-inflammatory cytokine, including

interleukin-12 (IL-12), pathogen-associated molecular patterns,
tumor necrosis factor-a (TNF-a), and interferon-y (IFN-y), like
lipopolysaccharide (LPS), accordingly polarize M1 macrophages.!?
Among the M1 macrophage activities, the release of TNF-q, IL-6, and
IL-1, inflammatory responses in the upregulation of type-1 T
helper (Th1) cell responses, and tumoricidal activities can be
mentioned. Generally, macrophage polarization leans toward an M1
phenotype to defend against intracellular pathogens and the
upregulation of antitumor action. Besides, M2 macrophages are
considered as anti-inflammatory ones with great contents of IL-10
and low contents of pro-inflammatory cytokines, which contribute to
some processes such as wound-healing and dampening inflammation.
In view of this, pathogens and debris are eliminated by inflammatory
M1 macrophages and neutrophils in the early-stage wound-healing.
During the efferocytosis process, apoptotic neutrophils are then
phagocytized by inflammatory M1 macrophages.!

According to their functions, M2 macrophages have more
diversity compared with the M1 ones, found in some subclasses of
M2a, M2b, M2c, and M2d, which produce various growth factors,
cytokines, and chemokines.’® Despite the numerous functions of
macrophages in some diseases associated with efferocytosis, the
molecular mechanism of macrophage polarization is still not fully
understood. The current knowledge of the mechanisms involved in
macrophage polarization under physiological or pathological condi-
tions and its interactions with efferocytosis are thus summarized in

this review.

2 | EFFEROCYTOSIS AND MACROPHAGE
POLARIZATION

Apoptosis and the efficient removal of dead cells are among the
important processes in multicellular organisms to maintain homeosta-
sis. Cells often take part in their demise through a programmed
cascade of signaling events (also known as regulated cell death),'!
where damaged or aged cells die and then replaced with new ones
derived from stem cells under the vast majority of physiological and
pathological conditions.*? Billions of cells are accordingly destroyed
on a daily basis to shape new structures in mammals throughout their
embryonic and developmental stages.?®* Numerous cells also die as
a result of pathogenic processes, such as tissue injury and infection.
Excessive damage, such as heat, mechanical compression, or osmotic
pressure, may further produce necrosis, spill intracellular contents
into the surrounding environment, and activate inflammatory
response pathways that can wipe out healthy cells. The elimination
of cellular corpses is thus critical for homeostasis and diseases.
Whenever dead cells are ingested by phagocytes through efferocy-
tosis, > pro- or anti-inflammatory signals may be sent by regulating
the activity of macrophages after efferocytosis in response to various
types of cell death. Macrophages comparably have impressive
diversity in the immune system, with a critical role in homeostasis
maintenance. They further absorb and digest microbes, foreign

agents, as well as cancerous and dead cells through phagocytosis. Of
note, phagocytic cells are often found in nearly all human body
tissues.'®Y” Recently, it has been proven that macrophages have
acquired diving-related phenotypes in terms of functionality versus
many environmental signs, such as activated lymphocytes, microbial
products, and cells damaged by phenotypic polarization. This
adaptability helps the body to respond appropriately to infections
or signaling chemicals, produced by activated lymphocytes or
damaged tissues.*® Polarization is accordingly the term recruited to
explain the variability of macrophage phenotypes.*” It is further used
to categorize macrophages into three distinct subtypes, namely naive
(M; sometimes referred to as M), which quickly differentiates into
the two other macrophages of M1 and M2 (Table 1).

3 | MACROPHAGE-RELATED
EFFEROCYTOSIS

3.1 | Naive macrophages (M)

Monocytes and M are extensively found as circulatory forms.?° The
M@ macrophages are also named in relation to their location in
organs and tissues; for instance, alveolar macrophages in the lungs,
Kupffer cells in the liver, and microglial cells in the brain.?* ACs and
pathogenic materials can be further cleared by the Mo macrophages
through phagocytosis, as well as those that take part in the processes
of tissue regeneration and wound-healing.?? Reportedly, the M cells
are known as heterogeneous ones. In addition, signaling molecules
generated by injured tissues or activated lymphocytes respond
through the M cells.2® Therefore, the M cells are classified based
on local microenvironment cytokines into two phenotypes, viz., M1
macrophages (viz., inflammatory mediators), which act as resident
macrophages and produce major pro-inflammatory cytokines, and
M2 macrophages (i.e., anti-inflammatory mediators), assumed to be
responsible for the synthesis of anti-inflammatory cytokines and the
ingestion of pathogenic agents to assist in the inflammation
resolution.?* Macrophage polarization is accordingly the term
employed to describe the phenomena of different M1/M2
phenotypes.?®

3.2 | M1 macrophages (pro-inflammatory
mediators)

The activation of classically activated macrophages, or M1-polarized
ones, occurs via IFN-y, bacterial LPS, and granulocyte-macrophage
colony stimulation factor (GM-CSF), which are implicated in the

2627 |EN- vy not only plays an essential

response of Th1 to infection.
role in the induction of classical macrophage but also regulates the
macrophage genes that encode cytokine receptors, cell adhesion
agents, and cell activation indicators.?® The M1 macrophage
activation has been further stimulated by LPS through the Toll-like

receptor (TLR). M1-polarized macrophages have additionally
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TABLE 1 M1 and M2 polarization.

M1

Classically activated macrophages

Activated by:
e Thl
e IFN-y
e LPS

Contribute to:

e Pro-inflammatory responses

e Produce IL-6, IL-12, TNF-q,

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—‘ﬁ

M2

Alternatively activated macrophages
Activated by:
o [L-4

Play a role in:
e Anti-inflammatory responses

e Repair damaged tissues

CXCL1-3, CXCL-5, CXCL8-10.

1CD206, TGF-B, IL-10, anti-inflammatory

cytokines

1CD16, CD32, CD80, CD86, pro-
inflammatory cytokines, IL-1, IL-6, II-
12, IL-23, IL-6, TNF-a

Typical characteristics of M1:
e 1 Antigen presentation

e 1T NO and ROI production

1 CD86, pro-inflammatory cytokines

TArg-1, CD206, IL-10, TGF-B, dectin-1, DC-
SIGN, MR, SR-A and B-1, CD163, CCR2,
CXCR1, CXCR2, chemokines CCL17, CCL22

Typical characteristics of M2:

e Ornithine and polyamine production
through the arginase pathway

Abbreviations: Arg-1, arginase-1; CCL, C-C motif chemokine ligand; CCR2, C-C chemokine receptor
type 2; CD, cluster of differentiation; CXCR, C-X-C motif chemokine receptor; DC-SIGN, dendritic

cell-specific intercellular adhesion molecule-3 grabbing nonintegrin; IFN-y, interferon-vy; IL, interleukin;
LPS, lipopolysaccharide; MR, mannose receptor; NO, nitric oxide; ROI, reactive oxygen intermediate;
SR-A, scavenger receptor A; TGF-B, transforming growth factor-f3; Thi, type-1 T helper; TNF-a, tumor

necrosis factor-a.

expressed high levels of CD86, pro-inflammatory cytokines, such
as IL-1/-6/-10/-12/-23 and TNF-a, but CD206, transforming growth
factor-p (TGF-B) and anti-inflammatory cytokines have been
decreased.?? By producing tumoricidal and microbicidal substances,
such as reactive oxygen intermediates (ROIs) or nitric oxide (NO), M1
macrophages accordingly protect hosts from intracellular bacteria
and viruses in the process of tumors or acute infections.>° However,
M1 macrophages sometimes give rise to chronic inflammation, and

.31 Much research has correspondingly

damage the health of hos
demonstrated that M1 macrophage is the dominant type in colorectal
carcinomas and even associated with a drop in metastasis and higher

survival rates.>?

3.3 | M2 macrophages (anti-inflammatory
mediators)

Although M2 macrophages are essential for tissue remodeling, they
typically act in sustained inflammations.>®> The M2-type responses
are also known as the resting phenotypes, which are being extremely
intensified via IL-4/-10/-13, and are observed under healing-type
conditions.>* M2 macrophages cause the overexpression of dendritic
cell (DC)-specific intercellular adhesion molecule-3 grabbing non-
integrin, dectin-1, SR-A and B-1, MR, CD163, C-C chemokine
receptor type 2, and C-X-C motif chemokine receptor (CXCR) 1/2.

Rather than the production of ROl or NO, M2 macrophages use the
arginase pathway to synthesize ornithine and polyamines.>®> Such
macrophages also produce anti-inflammatory cytokines, such as
IL-10 and low expression levels of IL-12, and further M2 phenotypic
indicators, such as Ym1 (belonging to the family of chitinase) and
resistin-like molecule a (FIZZ1) (present in inflammatory area 1,
Retnla) are identified.2®®” Moreover, M2 macrophages have func-
tions in metazoan parasite inhibition, Th2 response stimulation, tissue
regeneration, tumor growth, and immunological tolerance.®® Such
macrophages are found as the subtypes of M2a, M2b, M2c, and M2d
in accordance with the stimuli and transcriptional alterations. The
overexpression of IL-10 and the downregulation of IL-12 are
accordingly among the frequent features of this subpopulation, and
arginase-1 (Arg-1) generation has been introduced as a pivotal sign.®
The Arg-1 overexpression can thus decrease L-arginine (Arg), thereby
disturbing the proliferation of T cells and the production of IFN-g.
Higher amounts of Arg-1 have further raised competitions with
inducible NO synthase for L-Arg and reduced NO formation.®?
Additionally, MR (CD206) and chemokines C-C motif chemokine
ligand (CCL) 17 and 22 expression levels are elevated in M2
macrophages that are crucial for tissue healing, angiogenesis, and
metabolism. Infections with fungi and helminths may further trigger
M2a polarization, which is associated with Th2 cell immune
response.*® Eosinophils, basophils, macrophages, and Th2 cells also
generate IL-4, which are important to encapsulate parasites.> Of
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note, M2b macrophages are triggered by immune complexes,
including TLR or IL-1 receptor ligands, so immunological responses
are regulated3® The production and antigen presentation
(namely major histocompatibility complex [MHC] Il and CD86) are
both increased, but the IL-12 level is decreased. IL-10 and TGF-
further activate M2c macrophages, which play a role in tissue
remodeling and extracellular matrix creation. Adhesion, dissemina-
tion, apoptosis, and phagocytosis in these macrophages are also
affected by glucocorticoids. Both IL-6 and adenosine are then
stimulated and polarized into M2d.** However, M2 macrophages
assist in the growth of tumors by encouraging migration, angiogene-

17,42 (

sis, and invasion Figure 2).

4 | EFFECT OF MACROPHAGE
EFFEROCYTOSIS ON HEALTH AND
DISEASE

Every day about 0.4% out of 37.2 trillion cells in the human body
die.*® In tissue cells, turnover increases, whereas ACs are scarce,

indicating that the efficiency and capacity of AC clearance have been

extremely elevated. The elimination of ACs is accordingly described
as efferocytosis, in the form of a critical process for maintaining
tissue homeostasis during normal physiological circumstances and
restoration after illness.>** At some stage in many nonresolving,
acute inflammations caused by defective efferocytosis, dead cells are
also accumulated.*® Secondarily, necrotic cells trigger autoimmune
disorders, necrosis, and inflammatory responses.‘“{"47 Therefore, a
significant field of biomedical science is devoted to elucidating such
processes, including how efferocytosis occurs effectively in normal

physiological conditions and how it becomes defective in diseases.

4.1 | NDDs

To remove dead cells and cellular debris, the central nervous system
(CNS) contains phagocytic cells, termed microglia, which are similar to
macrophages in terms of phenotypes.*®*? However, other CNS cells,
including neuronal progenitor cells such as oligodendrocytes and
astrocytes, may also act as efferocytosis regulators. The CNS
accordingly needs effective efferocytosis for homeostasis, but

efferocytosis is critical for rearranging neuronal circuits and initiating
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FIGURE 2 M1 and M2 polarization of macrophages. Pro-inflammatory M1 polarization and anti-inflammatory M2 polarization of
macrophages. Interferon-y, tumor necrosis factor (TNF), and lipopolysaccharide (LPS) are the major stimulators of M1 polarization, M1 activation
is associated with high expression levels of interleukin (IL)-1, 6, 12, 23, and TNF, but low levels of CD206, IL-10, and transforming growth
factor-B (TGF-B). Besides, M1 pro-inflammation plays a role in microbial and tumoral activity and tissue damage. In contrast, IL-4, 13, 10, and 21
are inducers of M2 polarization. High expression levels of dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin
(DC-SIGN), CD163, YM1, CD206, C-C chemokine receptor type 2 (CCR2), C-X-C motif chemokine receptor 1, 2 (CXCR1, 2), FIZZ1, and
Scavenger receptor A, B are considered as significant feature of M2 activation. M2 macrophages fall into four subtypes: M2a, M2b, M2c, and
M2d. M2a is simulated by IL-3, 13, which is associated with enhanced endocytic activity, cell growth promotion, tissue repair, and anti-helminth.
M2b is triggered by IL-1R and LTRa, which promotes Th2 differentiation and parasite, bacterial, and fungal infection. M2c is activated by
IL-10 and TGF-B, which is involved in phagocytosis of apoptotic cells. IL-6 and LTRa both are stimulated polarization into M2d that has

proangiogenic ability and promote tumor progression.
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regenerative responses after damage. As a result, some NDDs are

related to defective efferocytosis.>®

4.2 | Alzheimer's disease (AD)

Under polarized conditions, microglia show both toxicity and protective
function during AD. The related data have so far indicated that the
induction of moderate microglia relieves the pathological consequences
of AD and amyloid-3 (AB) has been diminished through tissue healing and
phagocytosis. However, excessive neuroinflammation produces pro-
inflammatory cytokines/chemokines and NO, thereby aggravating
neuronal damage and causing AD progression.>? The extravagant
activation of M1 microglia has been further demonstrated to exacerbate
pathogenic damage in AD through a wide variety of mechanisms. First,
M1 microglia stimulate the TNF-a and IL-1 generation, and macrophage
inflammatory protein-1, which augment neuronal impairment, deposi-

tion,>%53

and cholinergic neuronal damage.’**®> Second, neuro-
fibrillary tangles (NFTs) are surrounded by the aggregation of activated
microglia all through early and late phases of AD.>%°” The M1 microglia-
released inflammatory cytokines, including IL-1, IL-6, and CX3CL1, are
also capable of modulating the function and structure of T, and increase
T hyperphosphorylation and NFT production.’® Additionally, the chronic
activation of M1 microglia results in the production of some neurotoxic
chemicals as AD progresses, including pyridinedicarboxylic acid and
amines, which cause neuronal excitotoxicity.”*° Furthermore, growing
evidence indicates that the AR phagocytosis in microglia has been
substantially impeded throughout AD due to the lowered expression of
certain proteins in microglia/macrophages (MM), such as SR-A, insulin-
degrading enzyme, and the receptor for advanced glycation end-
products (RAGEs).?? SRs also include scavenger receptor class A member
1, CD36, and RAGEs, as a family of proteins conserved evolutionarily,
which are produced on microglia and function as AB receptors. Other
pro-inflammatory cytokines, such as IFN-y and TNF-a, mediated by M1
microglia, then impede the absorption of AB and hinder the breakdown
in the internalized AB degradation.®?¢® Pro-inflammatory M1 microglia
do not seem to eliminate AB; conversely, M2 microglia are found to be
potent phagocytes. The decreased inhibitory activity of AR has been
further cited as the primary explanation for the progression of pathology
in numerous sporadic AD patients.®* Activated microglia also guard
against AB deposition in the early stages of AD, just before the senile
plaque development, through phagocytosis and AB-degrading enzyme
release.®® In the early-stage AD, simply before senile plaque formation,
protective impacts are further exerted by activated microglia in AB
deposition through phagocytosis and AB-degrading enzyme release.
Numerous investigations have accordingly demonstrated that neuroin-
flammation and microglia are activated by AR in the CNS, and then
misfolding and aggregated AB protein are phagocytosed and removed
via activated microglia.?®¢” The M2 activation by IL-4 and IL-10
cytokines also remarkably leads to the LPS-stimulated inhibition of AR
phagocytosis.®® Exposure to IL-4, which is a potent M2 polarization
promoter, has further facilitated internalized AB degradation through
lysosomes and phagosomes.®’
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Recent findings have shown that various subtypes of M2

microglia have their own unique roles. M2a microglia generated by
IL-4 accordingly have considerable AB inhibitory activities, but M2c
microglia created by IL-10, TGF-B, and glucocorticoids may be critical
for tissue repair.”® Furthermore, latest research has established that
M2 microglial products inhibit the interneuronal transfer of AB and
reduce the AB distribution in the AD brain.”* Moreover, M2 microglia
significantly lower neuroinflammatory responses and prevent t hy-
perphosphorylation that improve pathogenic damage in AD.”? M2
microglia have also had neuroprotective impacts by secreting anti-
inflammatory cytokines, including TGF-B and IL-10, and releasing
neurotrophic substances, like nerve growth facto.”® Thus, M2
microglia have a strong inhibitory effect on the induction of neuronal

toxins, which facilitate tissue repair and the regeneration.”*”>

43 | Asthma

Macrophages contribute to asthmatic inflammation in many ways, such
as changes in the production of anti-inflammatory cytokine/chemokine
(MM), and the inflammasome stimulation and cellular dysfunction, such
as impaired phagocytosis. There are also numerous M1 and M2
macrophages in the lung tissue of asthmatic people.”®”” In mice,
blocking the polarization sequentially had led to greater eosinophilic or
neutrophilic inflammatory responses.”® Given that both IL-4 and IL-13
are the effective promoters of M2 macrophage polarization, M2 cells
are the predominant ones in allergic asthma.”’ Moreover, increasing
evidence indicates that IL-33 is a powerful inducer of M2 macrophages.
Above all, IL-33 that is secreted from airway epithelial cells in response
to antigen stimulation has the ability to alter the M2 macrophage
polarization by suppression of tumorigenicity 2 (ST2). Intriguingly, ST2
has binding sites for the additional cytokines, IL-4/-5/-13, as well as
chemokines, CCL-17/-18/-24.8081

In addition, eosinophils, innate lymphoid cell type 2 (ILC2),
CD4+CD25+ regulatory T cell (Treg), and mesenchymal stem cells
(MSCs) are pivotal regulatory cells in promoting the M2 macrophage
polarization.828% Recent studies have further found that M2
macrophages play a direct role in allergic airway responses and
asthma pathogenesis.2* They have thus discovered considerably
enhanced M2 macrophages in bronchoalveolar lavage fluids from
individuals with asthma, along with elevated expression levels of both
MRC1 and MHC class Il. According to these data, M2 macrophages
can significantly contribute to asthma and pharmacologic treatments
targeting M2 formation and performance may be a viable strategy in

asthma treatment, synergistic with current asthma therapies.8”

4.4 | Kidney problems

During damage and repair, macrophage phenotypes are altered. After
damage, inflammation, repair/regeneration, and fibrosis are thus the
stages of injury resolution. At various stages, different macrophage
phenotypes coexist and certain phenotypes predominate. Following
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FIGURE 3 Immune cells in tumor immune microenvironment (TME) are activated by efferocytosis markers such as CD47, Axl, and MFG-E8.
Tumor associated macrophages (TAMs) are engaged in both innate and adaptive immune responses, and are a common form of cell in the
TME. Numerous important signaling pathways such as C-Jun N-terminal kinase (JNK), PI3K/Akt, Janus tyrosine kinase-signal transducer and
activator of transcription (JAK/STAT), and Notch are contributed to TAM polarization. In response to a variety of stimuli, TAM may be split into
M1 and M2 macrophages. Macrophages with the M1 phenotype have the innate ability to entrap, phagocytose, lyse tumor cells, surviving
stem cells, whereas M2 macrophages play a role in angiogenesis, tumor development, immune suppressant, and neovascularization.

an acute kidney injury (AKI), neutrophils and natural killer cells (NKCs)
are the initial cells recruited to the damaged kidney tissue. Later,
inflammatory monocytes are drawn to this tissue.84®” Numerous
pro-inflammatory mediators, such as IFN-y generated by NKCs,
neutrophils, and Th1 cells, also help polarize monocytes into M1
phenotype. This is characterized by the prevalence of M1 macro-
phage, which exacerbates inflammation.8% Thereafter, regulatory T
Tregs and Th2 cells are employed, and release IL-4 and IL-10, thereby
polarizing macrophages toward M2.87 At this stage, M2 macrophages
predominate and help in inflammation clearance and tissue
regeneration.8®

The rise in M2 macrophage during the healing phase has been
thus far validated in many AKI animal studies, such as sepsis-
mediated AKI, ischemia reperfusion injury (IRI), diphtheria toxin-
mediated AKI, and rhabdomyolysis-associated AKI.”° Based on strong
evidence, the repair process is inhibited by the depletion of
macrophages, which points to the potential protective function of
M2 macrophages. In kidney IRI, tubular cell proliferation and recovery
further decrease by macrophage depletion within the repair stage.”*
In patients with lupus nephritis, macrophage depletion in the process
of healing also intensifies the damage.’? The repair process is thus
controlled by M2 macrophages.”® Of note, such macrophages are
recognized by CX3CR1 upregulation, which promotes their migration
to the damaged areas of the kidney.”* Furthermore, M1 macrophages
have the ability to alter phenotypically and become M2 ones both in
vivo and in vitro.”” In situations where Th2 inflammation dominates,
and M2 macrophages have the main performance, the immune
responses are controlled by local expansion rather than bone marrow
recruitment.”® Among the AKI models, the local proliferation of M2

macrophages has been to date discovered as a method of repair
following diphtheria toxin-induced AKI, whereas in IRI, M2 macro-
phage population has been increased by the recruitment of

monocytes.””

45 | Cancer

Numerous efferocytosis-related markers, including CD47, Axl,
PtdSer, MFG-E8, MER proto-oncogene, tyrosine kinase (MerTK), IL-
10, growth arrest-specific 6, and TGF-B, are associated with cancer
development and greatly regulate immune cells in tumor immune
microenvironment (TME)?®?? (Figure 3).

Previous studies have further shown that, cytokine storms have
been simulated by chemotherapy and irradiation in tumor stroma,
thereby releasing tumor-inducing cytokines, such as IL-6 and TNF-q,
and inducing macrophages to produce pro-inflammatory indicators
via ascites tumor cells (ATCs).1°%%01 Antitumor immunity caused by
the remnants of dead and dying tumor cells can also alter the
microenvironment to enhance tumor spread.°? It is noteworthy that
the immunosuppressive influence of cytokines in the process of
efferocytosis may upregulate cytokines, boost TME, increase cancer
metastasis, and raise the evasion of antitumor immunity.'°® It has
been further demonstrated that cell death frequently occurs
throughout the progression of solid tumors, which may persist even
in the face of cytotoxic treatments. Thus, efferocytosis is an
immunosuppressive mechanism for clearing dead or dying cells from
TME.'®* The efferocytosis-mediated immunosuppressive phenotype
in tumors also ensues via a coordinated sequence of signaling events,
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like that from many sections of the tumor milieu.2°®> The phagocytic
engulfment effects of ACs also modulate cytokines, influence
immune inhibitory level, and ensure that inflammation is not induced
and tissues are not damaged.®® In addition, efferocytosis with its
effects on the phenotype of antigen-presenting macrophages and
DCs, promotes a tolerogenic microenvironment, thereby declining
antigen cross-presentation to T cells, T-cell clonal expansion, and
development of antigen-dependent antitumor immunity.®® Cyto-
kines are also connected to wound-healing and immune suppression.
In this regard, efferocytosis may stimulate the secretion of cytokines
involved in wound-healing and immunosuppression, such as IL-4,
IL-10, IL-13, and TGF-B, but inhibit the production of pro-
inflammatory cytokines, such as IL-12 and IFN-y.1%7

The macrophage phenotypes found inside tumor tissues also
exhibit both innate and adaptive immunity. Due to their function in
cancer formation, tumor associated macrophages (TAMs) are the
common cells in TME and can be even a desirable target for cancer
treatments.'®® Both M1 and M2 macrophages also function in the
inflammatory response caused by tumors and M2 can cause
angiogenesis, stromal induction, as well as neovascularization and
regeneration, thus favorably affecting cancer development and
adversely influencing patient prognosis.'®?*1° Theoretically, TAM
are divided into functional subtypes, most notably into M1
phenotypic macrophages via T1 (IFN- y, TNF-a, and LPS) and M2
macrophages by T2 (IL-4, IL-10, TGF-B1, and PGE2) cytokines and
immunocomplexes in response to diverse stimuli.!!! M1 macro-
phages also show the presence of CD197 and MHC Il cell surface
receptor (Human Leukocyte Antigen DR), and M2 macrophages have
high expression levels of CD209, CD163, CCL2, and CD206.1*? The
underlying processes of TAM polarization have been further related
to numerous signaling routes, such as C-Jun N-terminal kinase,
protein kinase B (PKB/Akt) pathway, the Notch signaling, and the
Janus tyrosine kinase-signal transducer and activator of transcrip-
tion signaling route.**® M1 phenotype macrophages are intrinsically
capable of trapping, phagocytosing, and lysing tumor cells.}'*
Furthermore, other leukocytes cytotoxic actions have been promoted
by increased tumor antigen presentation capabilities of M1. For
example, CD8+ T cells and NKCs have been boosted by immunos-
timulatory cytokines (viz., IL-6, IL-12, and TNF) from M1 macro-
phages.115 Consequently, tumor cell apoptosis has been promoted at
this stage. Although tumor stem cells contain low immunogenic
antigens, they can significantly proliferate and differentiate. Taking
into account heterogeneity and tumor-intrinsic ways of immune
evasion, tumor stem cells may further employ M1 macrophages as a
natural filter to prevent resection and subsequent survival.}1611”

According to immunoediting, and in opposition to M1 pheno-
type, numerous macrophages are altered to the M2 phenotype after
interacting with tumor cells, which shows their immunosuppression
potential (Figures 2 and 3). In contrast, M2 can serve as an
immunosuppressor tumor nest. The pro-inflammatory capacity of
M2 phenotype macrophages significantly reduce, owing to their poor
ability to present tumor antigen'® and the release of suppressive
elements, such as IL-12.1” The M2 macrophages may be further
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programmed to promote tumor development via secreting growth

factors, such as platelet-derived growth factor, TGFf1, hepatocyte
growth factor, and basic fibroblast growth factor,*2° generating a
positive feedback-loop on the basis of tumor cell factors and
cytokines (namely IL-4/-6/-10, PGE2, MDF, and TGF1)*?
(Figure 3). In reality, all macrophages play a critical role in tumor
growth at the initial tumor nest and during tumor metastasis
progression. Thus, tumor growth might be predicted as a series of
immunological clearance, equilibrium, and escape phases based on
the M1/M2 ratio and immunoediting.??

4.6 | Other diseases

Natural monosaccharide (L-fucose) can be further utilized by
fucosyltransferases to regulate polarization and macrophage function
without adverse side effects.??® Since M1 and M2 macrophages
require diverse bioenergetics, different macrophage phenotypes are
often required to maintain the nutritional condition of tissues. Based
on aerobic glycolysis, M1 macrophages produce ATP and increase
glucose and glutamine consumption, but they prevent oxidative
metabolism. By interrupting the tricarboxylic acid (TCA) cycle, M1
macrophages also enhance the accumulation of citrate and succinate,
which are beneficial for the formation of antimicrobial molecular fatty
acids and itaconic acid.}?*12°

Additionally, M2 macrophages are largely employed to maintain
TCA cycling and induce fatty acid oxidation, as a prototype for ATP
synthesis.'?®  Glutaminase-derived a-ketoglutarate (aKG) is also
known as an anti-inflammatory molecule that plays a major role in
regulating macrophage polarization.!?”  The pro-inflammatory
response of M1 macrophages is further disturbed by inhibiting
nuclear factor-kB (NF-kB) pathway through aKG. Overall, the NF-kB
signaling pathway may be employed to regulate macrophage

polarization.2®

5 | TREATMENTS
51 | AD

As reported, pathogenic damage in AD patients is alleviated by the
inhibitors of extra neuroinflammation. According to in vitro investi-
gations, nonselective COX inhibitors may selectively reduce the
levels of the highly amyloidogenic AB1-42 peptides. In the murine
models of AD, AB plaque deposition had been also reduced by
nonselective nonsteroidal anti-inflammatory drugs (NSAIDs) in the rat
brain.*?? A prospective article had further indicated the protective
effect of long-term NSAID use for AD, but not vascular dementia.*°
Some other inflammatory regulators, such as phosphordiesterases,**!
histone deacetylase,*®? and NADPH oxidase also have neuroprotec-
tive activities in AD.'%® Anti-inflammatory medications, such as
naproxen, could also delay cognitive decline in slow decliners, but

accelerate it in rapid ones.'®* Additionally, increasing data have
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suggested that the regulators of microglial phenotypes might be a

potent strategy for AD therapy.

5.2 | Asthma

In a recent study on mice, alveolar macrophage efferocytosis had
caused the remission of allergic airway inflammatory responses, so
AC clearance might be a promising treatment method. As this is
based on the MerTK process, increasing Mer activity may be a novel
strategy for targeting efferocytosis. Similarly, the macrophage
efferocytosis of ACs have been promoted by angiotensin-(1-7) in
mice with induced asthma.’®> Hence, eosinophil counts, NF-kB
phosphorylation, airway remodeling, and collagen deposition are
reduced, but apoptotic eosinophils are increased, leading to
inflammation resolution and homeostasis restoration. Additionally,
efferocytosis has been simulated by treatment through galectin-3.1%¢
Based on galectin-3 therapy, efferocytosis by monocyte-derived
macrophages has elevated in asthmatic patients. Notably, however,
this effect has been only on non-eosinophilic asthmatics not on
eosinophilic ones with regard to asthma phenotype classification.
Accordingly, Escherichia coli phagocytosis via alveolar macrophage
induced by ovalbumin had been improved by the inhalation of
hydrogen gas in asthmatic mouse models, and then airway hyper-
responsiveness and inflammatory responses had been alleviated,
potentially due to its antioxidant influences and triggering nuclear
factor erythroid 2-related factor two.'®” Asthma therapy accordingly
focuses on reducing inflammation as a primary objective. Cortico-
steroids, for instance, have anti-inflammatory impacts on macro-
phages through blocking IL-1b as well as increasing IL-10.7¢ Recently,
a few more studies have indicated that protostemonine and emodin
have reduced the inflammatory effects of macrophages on asthma. In
a mouse model, they reduced asthmatic inflammation induced by
dust mites, ragweed, and aspergillus, and inhibited the polarization of
activated macrophages.*®’

Additionally, it has been established that allergic airway
inflammation in mice has been alleviated by blocking resistin-like
molecule-an and arginase-1-producing M2 macrophages through
muscarinic M3 receptor antagonist tiotropium, demonstrating the
critical role of M2 macrophage polarization in pathogenesis.**®
Likewise, RAW 264.7 macrophages have been treated by anti-
inflammatory drugs, suggesting that the expression levels of CD86
(M1-associated) and CD206 (M2-associated) decreased, so active
status was declined, and pro-inflammatory cytokines were slightly
released.’®” One other study in mice lung macrophages also found
that the recruitment of inflammatory cells and the expression levels
of chitinase-like protein three (YM1) and resistin-like molecule-a
would decrease if sirtuin-2 could be inhibited pharmacologically,
which were associated with M2 polarization.2*® Targeting the NLR
family pyrin domain containing 3 (NLRP3) inflammasome is another
effective asthma therapy. In mice with severe asthma, airway hyper-
responsiveness and inflammation are prevented by inhibitory drug,
CRID3, via blocking the NLRP3 inflammasome, accompanied by

reduction in the expression levels of IL-1b, Th2 cytokines, and

chemokines related to macrophages, neutrophils, and eosinophils.14!

5.3 | Kidney problems

To acquire an M2 phenotype for the treatment of renal disorders,
macrophages may be altered ex vivo or in vivo. Recent studies have
thus indicated that macrophages in spleen triggered via IL-4/-13 had
been administered to mice with severe combined immunodeficiency
with adriamycin nephropathy (AN). Consequently, M macrophages
(IL-4) had improved renal damage and IL-10/TGF-B-modified macro-
phages in the spleen had been protected versus AN.1#2143

A main problem regarding such modified M2 macrophages as a
therapy is that their phenotype may transition to M1 throughout the
progression under in vivo conditions. The macrophage source also
influences the phenotypic persistence. Unlike M macrophages in
spleen (IL-4), those in the bone marrow (IL-4) go through phenotype
shift to inflammatory one and fail to protect against AN.1%*
Furthermore, the M macrophages from mice peritoneum (IL-4),
experiencing peritoneal dialysis, could maintain their M2 phenotype
and protect against AN in vivo.'*® IL-10/TGF-B-induced macro-
phages have been further effective in decreasing renal injury
compared with IL-4/IL-13-mediated macrophages, probably due to
their capacity to promote Tregs.1#® Recently, scientists have been
investigating whether it is possible to treat solid tumors using
chimeric antigen receptor macrophages.**” Currently, further atten-
tion has been drawn to the use of MSCs, which have positive effects
on some AKI models due to their inherent reparative characteristics.
Moreover, they have exerted their beneficial impacts on M2
phenotype through polarizing macrophages. Numerous sources of
MSCs, including MSCs derived from the bone marrow, stromal cells
from serum-starved adipose, and mesenchymal stromal cells
stemmed from the umbilical cord have been accordingly explored.*®
It has been shown that all promote M2 polarization in a wide variety
of renal injury models and reduce damage.'*® Additionally, ILC2s have
been recognized as a new subset of innate immune cells, as they are
activated by IL-33 or IL-25, and have renoprotective effects induced
by M2 macrophage polarization.*>® M-CSF mainly targets tissue-
resident macrophages instead of bone marrow-derived monocytes,
and then modulates macrophage proliferation and turnover.'!

Thiazolidinedione, zoledronic acid, and trabectedin, as the
examples of medicines regarding M2 polarization, have not still been

tested in renal injuries.>?

5.4 | Cancer

In fact, radiotherapy mainly aims to destroy tumor cells and reduce
tumor size. Cytotoxic treatment also directly impacts tumor cells as a
determinant whether radiotherapy would succeed or not. The
therapeutic outcomes also depend on the next inherent and adaptive
immunity, which can choose local radiation-resistant tumor cells.
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Moreover, the elimination of dead or dying tumor cells through
phagocytes of the innate immunity is another critical factor. Adaptive
immune responses have been thus simulated, suppressed, and
skewed by mature DCs and macrophages, capable of engulfing,
processing, and presenting antigens of ATCs to the adaptive immune
system.?>>154 Conventional cancer therapies are extremely based on
chemotherapy and radiotherapy. Such techniques aim to directly
destroy tumor cells, however, as stated earlier, their success rate is
dependent on intrinsic and adaptive antitumor immune responses.*>®
Within the process of such treatments, signaling between DCs and
TLR-4 and the respective adaptor myeloid differentiation primary
response 88 are required to process and cross-present the ATC-
related antigen effectively. In a recent work on individuals with breast
cancer, TLR4 loss-of-function allele had recurred rapidly after
radiation or chemotherapy. TLR-4 and high-mobility group box 1
have been further demonstrated to be critical in initiating immune
responses against dying tumor cells, induced by chemotherapy and
radiation, possibly through modifying the potential of DC process and

displaying tumor-mediated antigens under in vivo conditions.?>¢>”

6 | CONCLUSION

Efferocytosis is vital for cell homeostasis in tissues and proper cell
debris clearance seems essential for preventing unnecessary inflam-
matory responses. If phagocytes, such as macrophages, do not
quickly remove ACs, owning to disintegrated cell membranes, they
transform into secondary necrotic cells. Upon releasing cell contents
and DNA from necrotic cells into the environment, these cells can
thus promote an inflammatory response. Macrophages, as the
professional phagocytes, accordingly play a leading role in proper
efferocytosis. Owing to their phagocytic activity and capability for
expressing mediators and cytokines, macrophages also establish
inflammatory responses. Interpreting signs from the environment,
they further control early pro-inflammatory reactions to pathogens
and tissue damage, and then express anti-inflammatory cytokines and
lipids to actively block the inflammatory response and homeostasis
restoration of tissues. The precise regulation of polarization in
macrophages under pathological and physiological conditions is thus
of great importance during proper efferocytosis. Any insufficiency in
macrophage efferocytosis thus facilitates the spread of a wide variety
of diseases, including autoimmune disorders, NDDs, kidney problems,
types of cancer, asthma, and the like. Macrophage polarization also
means the production of macrophages with special phenotypes
versus micro-environmental actions. M1/M2 macrophages are also
two main and opposite subtypes. Accordingly, M1 macrophage can
begin and maintain inflammation, express pro-inflammatory cyto-
kines, trigger endothelial cells, and recruit other immune cells toward
the inflammation site. M2 macrophage can further cause the
resolution of inflammation. Detailed information about efferocytosis,
in particular, the relationship between M1/M2 macrophage polariza-
tion and efferocytosis, can accordingly render promising curative

approaches, and even potent targeted or combinatorial therapies.

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—‘ﬁ

DATA AVAILABILITY STATEMENT

Data sharing not applicable to this article as no data sets were

generated or analyzed during the current study.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORCID
Seyed Mohammad Gheibihayat
1378-118X

http://orcid.org/0000-0002-

REFERENCES

1. Henson PM, Bratton DL, Fadok VA. Apoptotic cell removal. Curr
Biol. 2001;11(19):R795-R805.

2. Parnaik R, Raff MC, Scholes J. Differences between the clearance
of apoptotic cells by professional and non-professional phagocytes.
Curr Biol. 2000;10(14):857-860.

3. Arandjelovic S, Ravichandran KS. Phagocytosis of apoptotic cells in
homeostasis. Nat Immunol. 2015;16(9):907-917.

4. Abdolmaleki F, Farahani N, Gheibi Hayat SM, et al. The role of
efferocytosis in autoimmune diseases. Front Immunol. 2018;9:
1645.

5. Karaji N, Sattentau QJ. Efferocytosis of pathogen-infected cells.
Front Immunol. 2017;8:1863.

6. Tajbakhsh A, Yousefi F, Abedi SM, et al. The cross-talk between
soluble “Find me” and “Keep out” signals as an initial step in
regulating efferocytosis. J Cell Physiol. 2022;237(n/a):3113-3126.

7. ParkS-Y, Kim I-S. Engulfment signals and the phagocytic machinery
for apoptotic cell clearance. Exp Mol Med. 2017;49(5):331.

8. Birge RB, Boeltz S, Kumar S, et al. Phosphatidylserine is a global
immunosuppressive signal in efferocytosis, infectious disease, and
cancer. Cell Death Differ. 2016;23(6):962-978.

9. Hochreiter-Hufford A, Ravichandran KS. Clearing the dead:
apoptotic cell sensing, recognition, engulfment, and digestion.
Cold Spring Harbor Perspect Biol. 2013;5(1):a008748.

10. Martin CJ, Peters KN, Behar SM. Macrophages clean up:
efferocytosis and microbial control. Curr Opin Microbiol. 2014;17:
17-23.

11. Atri C, Guerfali F, Laouini D. Role of human macrophage
polarization in inflammation during infectious diseases. Int J Mol
Sci. 2018;19(6):1801.

12. Bergmann A, Steller H. Apoptosis, stem cells, and tissue regenera-
tion. Sci Signal. 2010;3(145):re8.

13. Suzanne M, Steller H. Shaping organisms with apoptosis. Cell Death
Differ. 2013;20(5):669-675.

14. Fuchs Y, Steller H. Programmed cell death in animal development
and disease. Cell. 2011;147(4):742-758.

15. Boada-Romero E, Martinez J, Heckmann BL, Green DR. The
clearance of dead cells by efferocytosis. Nat Rev Mol Cell Biol.
2020;21(7):398-414.

16. Ovchinnikov DA. Macrophages in the embryo and beyond: much
more than just giant phagocytes. Genesis. 2008;46(9):447-462.

17. Tajbakhsh A, Hayat SMG, Movahedpour A, et al. The complex roles
of efferocytosis in cancer development, metastasis, and treatment.
Biomed Pharmacother. 2021;140:111776.

18. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The
chemokine system in diverse forms of macrophage activation and
polarization. Trends Immunol. 2004;25(12):677-686.

19. Lee KY. M1 and M2 polarization of macrophages: a mini-review.
Med Biol Sci Eng. 2019;2(1):1-5.

20. Shi R, Wang P-Y, Li X-Y, et al. Exosomal levels of miRNA-21 from
cerebrospinal fluids associated with poor prognosis and tumor

95U8017 SUOUIOD A8 3cfedt dde 8y} Aq paueA0B 812 Sa[o1Le YO ‘8S J0 S9INJ 10) AleIq1 BUIIUQ AB]IAN UO (SUOTIPUO-PUE-SWLBIALID"AB | 1M Aleq Ul |Uo//:SdnY) SUONIPUOD pue sWie | 8y} 88S *[202/20/52] U0 ARiq1Tauljuo AS|IM *|1zeig - Ofted 0eS Jo AN Ad 08/E 169/200T 0T/I0P/W0D" A3 | 1M Ale1q1jBul UO'S euIN0 oUB 10s o A feue//:sANY WO pepeojumoq ‘2 ‘€202 ‘Y¥80660T


http://orcid.org/0000-0002-1378-118X
http://orcid.org/0000-0002-1378-118X

ﬂk—Wl | AG CELL BIOCHEMISTRY & FUNCTION

21.
22.

23.

24,
25.

26.

27.

28.

29.

30.
31

32.
33.
34.
35.
36.
37.
38.
39.

40.

RAZI ET AL.

recurrence  of patients. 2015;6(29):
26971-26981.

Mostafa GA, Al-Ayadhi LY. Reduced serum concentrations of
25-hydroxy vitamin D in children with autism: relation to
autoimmunity. J Neuroinflammation. 2012;9(1):686.

De Gaetano M, Crean D, Barry M, Belton O. M1-and M2-type
macrophage responses are predictive of adverse outcomes in
human atherosclerosis. Front Immunol. 2016;7:275.

Mauro A, Russo V, Di Marcantonio L, et al. M1 and M2
macrophage recruitment during tendon regeneration induced by
amniotic epithelial cell allotransplantation in ovine. Res Vet Sci.
2016;105:92-102.

Chylikova J, Dvorackova J, Tauber Z, Kamarad V. M1/M2
macrophage polarization in human obese adipose tissue. Biomed
Papers. 2018;162(2):79-82.

Yang Y, Qin J, Lan L, et al. M-CSF cooperating with NFkB induces
macrophage transformation from M1 to M2 by upregulating c-Jun.
Cancer Biol Ther. 2014;15(1):99-107.

Duluc D, Corvaisier M, Blanchard S, et al. Interferon-y reverses the
immunosuppressive and protumoral properties and prevents the
generation of human tumor-associated macrophages. Int J Cancer.
2009;125(2):367-373.

Labonte AC, Tosello-Trampont A-C, Hahn YS. The role of
macrophage polarization in infectious and inflammatory diseases.
Mol Cells. 2014;37(4):275-285.

Chistiakov DA, Bobryshev YV, Nikiforov NG, Elizova NV,
Sobenin |A, Orekhov AN. Retracted: macrophage phenotypic
plasticity in atherosclerosis: the associated features and the
peculiarities of the expression of inflammatory genes. Int
J Cardiol. 2015;184:436-445.

Melton DW, McManus LM, Gelfond JAL, Shireman PK. Temporal
phenotypic features distinguish polarized macrophages in vitro.
Autoimmunity. 2015;48(3):161-176.

Sica A, Larghi P, Mancino A, et al. Macrophage polarization in
tumour progression. Semin Cancer Biol. 2008;18(5):349-355.
Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 2014;6:13.

Li J, Liu Y, Xu H, Fu Q. Nanoparticle-delivered IRF5 siRNA
facilitates M1 to M2 transition, reduces demyelination and
neurofilament loss, and promotes functional recovery after spinal
cord injury in mice. Inflammation. 2016;39(5):1704-1717.
Grivennikov Sl, Greten FR, Karin M. Immunity, inflammation, and
cancer. Cell. 2010;140(6):883-899.

Martinez FO, Helming L, Gordon S. Alternative activation of
macrophages: an immunologic functional perspective. Annu Rev
Immunol. 2009;27(1):451-483.

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage
polarization: tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends Immunol.
2002;23(11):549-555.

Gordon S, Martinez FO. Alternative activation of macrophages:
mechanism and functions. Immunity. 2010;32(5):593-604.

Raes G, Van den Bergh R, De Baetselier P, Ghassabeh GH.
Arginase-1 and Ym1 are markers for murine, but not human,
alternatively activated myeloid cells. J Immunol. 2005;174(11):
6561-6562.

Mantovani A, Germano G, Marchesi F, Locatelli M, Biswas SK.
Cancer-promoting tumor-associated macrophages: new vistas and
open questions. Eur J Immunol. 2011;41(9):2522-2525.

Részer T. Understanding the mysterious M2 macrophage through
activation markers and effector mechanisms. Mediat Inflamm.
2015;2015:816460.

Mills CD. M1 and M2 macrophages: oracles of health and disease.
Crit Rev Immunol. 2012;32:463-488.

glioma Oncotarget.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Biswas SK, Chittezhath M, Shalova IN, Lim J-Y. Macrophage
polarization and plasticity in health and disease. Immunol Res.
2012;53(1):11-24.

Wang N, Liang H, Zen K. Molecular mechanisms that influence the
macrophage M1-M2 polarization balance. Front Immunol. 2014;5:614.
Bianconi E, Piovesan A, Facchin F, et al. An estimation of the
number of cells in the human body. Ann Hum Biol. 2013;40(6):
463-471.

Back M, Yurdagul A, Tabas I, O6rni K, Kovanen PT. Inflammation
and its resolution in atherosclerosis: mediators and therapeutic
opportunities. Nat Rev Cardiol. 2019;16(7):389-406.

Yurdagul Jr. A, Doran AC, Cai B, Fredman G, Tabas IA. Mechanisms
and consequences of defective efferocytosis in atherosclerosis.
Front Cardiovasc Med. 2018;4:86.

Kawano M, Nagata S. Efferocytosis and autoimmune disease. Int
Immunol. 2018;30(12):551-558.

Szondy Z, Garabuczi A, JoA’s G, Tsay GJ, Sarang Z. Impaired
clearance of apoptotic cells in chronic inflammatory diseases:
therapeutic implications. Front Immunol. 2014;5:354.

Witting A, Mdiller P, Herrmann A, Kettenmann H, Nolte C. Phagocytic
clearance of apoptotic neurons by microglia/brain macrophages in
vitro: involvement of lectin-, integrin-, and phosphatidylserine-
mediated recognition. J Neurochem. 2000;75(3):1060-1070.
Tajbakhsh A, Read M, Barreto GE, Avila—Rodriguez M, Gheibi-Hayat
SM, Sahebkar A. Apoptotic neurons and amyloid-beta clearance by
phagocytosis in Alzheimer's disease: pathological mechanisms and
therapeutic outlooks. Eur J Pharmacol. 2021;895:173873.

Galloway DA, Phillips AEM, Owen DRJ, Moore CS. Phagocytosis in
the brain: homeostasis and disease. Front Immunol. 2019;10:790.
Michaud J-P, Hallé M, Lampron A, et al. Toll-like receptor 4
stimulation with the detoxified ligand monophosphoryl lipid A
improves Alzheimer's disease-related pathology. Proc Natl Acad Sci
USA. 2013;110(5):1941-1946.

McDonald DR, Brunden KR, Landreth GE. Amyloid fibrils activate
tyrosine kinase-dependent signaling and superoxide production in
microglia. J Neurosci. 1997;17(7):2284-2294.

Lue L-F, Kuo Y-M, Beach T, Walker DG. Microglia activation and
anti-inflammatory regulation in Alzheimer's disease. Mol Neurobiol.
2010;41(2):115-128.

Maragakis NJ, Rothstein JD. Mechanisms of disease: astrocytes in
neurodegenerative disease. Nat Clin Pract Neurol. 2006;2(12):
679-689.

Wyss-Coray T. Inflammation in Alzheimer disease: driving force,
bystander or beneficial response? Nat Med. 2006;12(9):
1005-1015.

Sheng JG, Mrak RE, Griffin WS. Glial-neuronal interactions in
Alzheimer disease: progressive association of IL-1alpha+ microglia
and S100beta+ astrocytes with neurofibrillary tangle stages.
J Neuropathol Exp Neurol. 1997;56(3):285-290.

Sheffield LG, Marquis JG, Berman NEJ. Regional distribution of
cortical microglia parallels that of neurofibrillary tangles in
Alzheimer's disease. Neurosci Lett. 2000;285(3):165-168.

Bhaskar K, Konerth M, Kokiko-Cochran ON, Cardona A,
Ransohoff RM, Lamb BT. Regulation of tau pathology by the
microglial fractalkine receptor. Neuron. 2010;68(1):19-31.

Giulian D, Haverkamp LJ, Li J, et al. Senile plaques stimulate
microglia to release a neurotoxin found in Alzheimer brain.
Neurochem Int. 1995;27(1):119-137.

Leipnitz G, Schumacher C, Dalcin KB, et al. In vitro evidence for an
antioxidant role of 3-hydroxykynurenine and 3-hydroxyanthranilic
acid in the brain. Neurochem Int. 2007;50(1):83-94.
Koenigsknecht-Talboo J. Microglial phagocytosis induced by
fibrillar B-amyloid and 1gGs are differentially regulated by proin-
flammatory cytokines. J Neurosci. 2005;25(36):8240-8249.

95U8017 SUOUIOD A8 3cfedt dde 8y} Aq paueA0B 812 Sa[o1Le YO ‘8S J0 S9INJ 10) AleIq1 BUIIUQ AB]IAN UO (SUOTIPUO-PUE-SWLBIALID"AB | 1M Aleq Ul |Uo//:SdnY) SUONIPUOD pue sWie | 8y} 88S *[202/20/52] U0 ARiq1Tauljuo AS|IM *|1zeig - Ofted 0eS Jo AN Ad 08/E 169/200T 0T/I0P/W0D" A3 | 1M Ale1q1jBul UO'S euIN0 oUB 10s o A feue//:sANY WO pepeojumoq ‘2 ‘€202 ‘Y¥80660T



RAZI ET AL.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Yamamoto M, Kiyota T, Walsh SM, Liu J, Kipnis J, lkezu T.
Cytokine-mediated inhibition of fibrillar amyloid-p peptide degra-
dation by human mononuclear phagocytes. J Immunol.
2008;181(6):3877-3886.

Michelucci A, Heurtaux T, Grandbarbe L, Morga E, Heuschling P.
Characterization of the microglial phenotype under specific pro-
inflammatory and anti-inflammatory conditions: effects of oligo-
meric and fibrillar amyloid-B. J Neuroimmunol. 2009;210(1-2):3-12.
Séllvander S, Nikitidou E, Brolin R, et al. Accumulation of amyloid-
by astrocytes result in enlarged endosomes and microvesicle-
induced apoptosis of neurons. Mol Neurodegener. 2016;11(1):38.
Hansen DV, Hanson JE, Sheng M. Microglia in Alzheimer's disease.
J Cell Biol. 2018;217(2):459-472.

D'Andrea MR, Cole GM, Ard MD. The microglial phagocytic role
with specific plaque types in the Alzheimer disease brain. Neurobiol
Aging. 2004;25(5):675-683.

Liu M, Jevtic S, Markham-Coultes K, et al. Investigating the efficacy
of a combination AB-targeted treatment in a mouse model of
Alzheimer's disease. Brain Res. 2018;1678:138-145.

Kawahara K, Suenobu M, Yoshida A, et al. Intracerebral micro-
injection of interleukin-4/interleukin-13 reduces B-amyloid accu-
mulation in the ipsilateral side and improves cognitive deficits in
young amyloid precursor protein 23 mice. Neuroscience. 2012;207:
243-260.

Majumdar A, Cruz D, Asamoah N, et al. Activation of microglia
acidifies lysosomes and leads to degradation of Alzheimer amyloid
fibrils. Mol Biol Cell. 2007;18(4):1490-1496.

Mecha M, Felitl A, Carrillo-Salinas FJ, et al. Endocannabinoids drive
the acquisition of an alternative phenotype in microglia. Brain
Behav Immun. 2015;49:233-245.

Sackmann V, Ansell A, Sackmann C, et al. Anti-inflammatory (M2)
macrophage media reduce transmission of oligomeric amyloid beta
in differentiated SH-SY5Y cells. Neurobiol Aging. 2017;60:173-182.
Jiang T, Zhang Y-D, Chen Q, et al. TREM2 modifies microglial
phenotype and provides neuroprotection in P301S tau transgenic
mice. Neuropharmacology. 2016;105:196-206.

Colton CA. Heterogeneity of microglial activation in the innate
immune response in the brain. J Neuroimmune Pharmacol.
2009;4(4):399-418.

Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nat
Rev Immunol. 2004:4(3):181-189.

Gandy S, Heppner FL. Microglia as dynamic and essential
components of the amyloid hypothesis. Neuron. 2013;78(4):
575-577.

Draijer C, Boorsma CE, Robbe P, et al. Human asthma is
characterized by more IRF5+ M1 and CD206+ M2 macrophages
and less IL-10+ M2-like macrophages around airways compared
with healthy airways. J Allergy Clin Immunol. 2017;140(1):
280-283.

Kim J, Chang Y, Bae B, et al. Innate immune crosstalk in asthmatic
airways: innate lymphoid cells coordinate polarization of lung
macrophages. J Allergy Clin Immunol. 2019;143(5):1769-1782.
el711.

Draijer C, Boorsma CE, Reker-Smit C, Post E, Poelstra K,
Melgert BN. PGE2-treated macrophages inhibit development of
allergic lung inflammation in mice. J Leukoc Biol. 2016;100(1):
95-102.

Nabe T, Wakamori H, Yano C, et al. Production of interleukin
(IL)-33 in the lungs during multiple antigen challenge-induced
airway inflammation in mice, and its modulation by a gluco-
corticoid. Eur J Pharmacol. 2015;757:34-41.

Joshi AD, Oak SR, Hartigan AJ, et al. Interleukin-33 contributes to
both M1 and M2 chemokine marker expression in human
macrophages. BMC Immunol. 2010;11(1):52.

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—‘ﬁ

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Kurowska-Stolarska M, Stolarski B, Kewin P, et al. IL-33 amplifies
the polarization of alternatively activated macrophages that
contribute to airway inflammation. J Immunol. 2009;183(10):
6469-6477.

DeNardo DG, Andreu P, Coussens LM. Interactions between
lymphocytes and myeloid cells regulate pro-versus anti-tumor
immunity. Cancer Metastasis Rev. 2010;29(2):309-316.

Molofsky AB, Nussbaum JC, Liang H-E, et al. Innate lymphoid
type 2 cells sustain visceral adipose tissue eosinophils and
alternatively activated macrophages. J Exp Med. 2013;210(3):
535-549.

Braza F, Dirou S, Forest V, et al. Mesenchymal stem cells induce
suppressive macrophages through phagocytosis in a mouse model
of asthma. Stem Cells. 2016;34(7):1836-1845.

Song X, Xie S, Lu K, Wang C. Mesenchymal stem cells alleviate
experimental asthma by inducing polarization of alveolar macro-
phages. Inflammation. 2015;38(2):485-492.

Cao Q, Harris DCH, Wang Y. Macrophages in kidney injury,
inflammation, and fibrosis. Physiology. 2015;30(3):183-194.

Li L, Huang L, Sung SJ, et al. NKT cell activation mediates
neutrophil IFN-y production and renal ischemia-reperfusion injury.
J Immunol. 2007;178(9):5899-5911.

Ranganathan PV, Jayakumar C, Mohamed R, Dong Z, Ramesh G.
Netrin-1 regulates the inflammatory response of neutrophils and
macrophages, and suppresses ischemic acute kidney injury by
inhibiting COX-2-mediated PGE2 production. Kidney Int.
2013;83(6):1087-1098.

Liu G, Ma H, Qiu L, et al. Phenotypic and functional switch of
macrophages induced by regulatory CD4+ CD25+ T cells in mice.
Immunol Cell Biol. 2011;89(1):130-142.

Xing L, Zhonggian L, Chunmei S, et al. Activation of M1
macrophages in sepsis-induced acute kidney injury in response to
heparin-binding protein. PLoS One. 2018;13(5):e0196423.

Kim M-G, Su Boo C, Sook Ko Y, et al. Depletion of kidney CD11c+
F4/80+ cells impairs the recovery process in ischaemia/
reperfusion-induced acute kidney injury. Nephrol Dial Transplant.
2010;25(9):2908-2921.

Li F, Yang Y, Zhu X, Huang L, Xu J. Macrophage polarization
modulates development of systemic lupus erythematosus. Cell
Physiol Biochem. 2015;37(4):1279-1288.

Li L, Huang L, Sung S-SJ, et al. The chemokine receptors CCR2 and
CX3CR1 mediate monocyte/macrophage trafficking in kidney
ischemia-reperfusion injury. Kidney Int. 2008;74(12):1526-1537.
Stout RD, Jiang C, Matta B, Tietzel I, Watkins SK, Suttles J.
Macrophages sequentially change their functional phenotype in
response to changes in microenvironmental influences. J Immunol.
2005;175(1):342-349.

Jenkins SJ, Ruckerl D, Cook PC, et al. Local macrophage
proliferation, rather than recruitment from the blood, is a signature
of TH2 inflammation. Science. 2011;332(6035):1284-1288.

Llodrd J, Angeli V, Liu J, Trogan E, Fisher EA, Randolph GJ.
Emigration of monocyte-derived cells from atherosclerotic lesions
characterizes regressive, but not progressive, plaques. Proc Natl
Acad Sci USA. 2004;101(32):11779-11784.

Wang Y, Chang J, Yao B, et al. Proximal tubule-derived colony
stimulating factor-1 mediates polarization of renal macrophages
and dendritic cells, and recovery in acute kidney injury. Kidney Int.
2015;88(6):1274-1282.

Li Z, Li Y, Gao J, et al. The role of CD47-SIRPa immune checkpoint
in tumor immune evasion and innate immunotherapy. Life Sci.
2021;273:119150.

Werfel TA, Cook RS. Efferocytosis in the tumor microenvironment.
Paper presented at: Seminars in immunopathology. Semin
Immunopathol. 2018;40(6):545-554.

95U8017 SUOUIOD A8 3cfedt dde 8y} Aq paueA0B 812 Sa[o1Le YO ‘8S J0 S9INJ 10) AleIq1 BUIIUQ AB]IAN UO (SUOTIPUO-PUE-SWLBIALID"AB | 1M Aleq Ul |Uo//:SdnY) SUONIPUOD pue sWie | 8y} 88S *[202/20/52] U0 ARiq1Tauljuo AS|IM *|1zeig - Ofted 0eS Jo AN Ad 08/E 169/200T 0T/I0P/W0D" A3 | 1M Ale1q1jBul UO'S euIN0 oUB 10s o A feue//:sANY WO pepeojumoq ‘2 ‘€202 ‘Y¥80660T



&‘—Wl | AG CELL BIOCHEMISTRY & FUNCTION

100.
101.
102.
103.

104.

105.

106.
107.

108.

109.

110.

111.

112.
113.
114.
115.

116.
117.
118.

119.

120.

RAZI ET AL.

Vyas D, Laput G, Vyas A. Chemotherapy-enhanced inflammation
may lead to the failure of therapy and metastasis. Onco Targets
Ther. 2014,7:1015.

Ley S, Weigert A, Weichand B, et al. The role of TRKA signaling in
IL-10 production by apoptotic tumor cell-activated macrophages.
Oncogene. 2013;32(5):631-640.

Casares N, Pequignot MO, Tesniere A, et al. Caspase-dependent
immunogenicity of doxorubicin-induced tumor cell death. J Exp
Med. 2005;202(12):1691-1701.

Sarode GS, Sarode SC, Maniyar N, Sharma NK, Patil S.
Carcinogenesis-relevant biological events in the pathophysiology
of the efferocytosis phenomenon. Oncol Rev. 2017;11(2):343.
Ichim G, Tait SWG. A fate worse than death: apoptosis as an
oncogenic process. Nat Rev Cancer. 2016;16(8):539-548.

Graham DK, DeRyckere D, Davies KD, Earp HS. The TAM family:
phosphatidylserine-sensing receptor tyrosine kinases gone awry in
cancer. Nat Rev Cancer. 2014;14(12):769-785.

Vaught DB, Cook RS. Clearance of dying cells accelerates
malignancy. Oncotarget. 2015;6(28):24590-24591.

Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat
Rev Immunol. 2008;8(5):327-336.

Ries CH, Cannarile MA, Hoves S, et al. Targeting tumor-associated
macrophages with anti-CSF-1R antibody reveals a strategy for
cancer therapy. Cancer Cell. 2014;25(6):846-859.

Tiainen S, Tumelius R, Rilla K, et al. High numbers of macrophages,
especially M2-like (CD 163-positive), correlate with hyaluronan
accumulation and poor outcome in breast cancer. Histopathology.
2015;66(6):873-883.

Ruffell B, Coussens LM. Macrophages and therapeutic resistance in
cancer. Cancer Cell. 2015;27(4):462-472.

Enderlin Vaz da Silva Z, Lehr H-A, Velin D. In vitro and in vivo repair
activities of undifferentiated and classically and alternatively
activated macrophages. Pathobiology. 2014;81(2):86-93.

Zhou D, Huang C, Lin Z, et al. Macrophage polarization and
function with emphasis on the evolving roles of coordinated
regulation of cellular signaling pathways. Cell Signal. 2014;26(2):
192-197.

Feriotti C, Loures FV, Frank de Araljo E, Costa TA, Calich VLG.
Mannosyl-recognizing receptors induce an M1-like phenotype in
macrophages of susceptible mice but an M2-like phenotype in mice
resistant to a fungal infection. PLoS One. 2013;8(1):e54845.

Su Z, Zhang P, Yu Y, et al. RETRACTED ARTICLE: HMGB1
facilitated macrophage reprogramming towards a proinflammatory
M1-like henotype in experimental autoimmune myocarditis devel-
opment. Sci Rep. 2016;6(1):21884.

Dungan LS, McGuinness NC, Boon L, Lynch MA, Mills KHG. Innate
IFN-y promotes development of experimental autoimmune en-
cephalomyelitis: a role for NK cells and M1 macrophages. Eur
J Immunol. 2014;44(10):2903-2917.

Luen SJ, Savas P, Fox SB, Salgado R, Loi S. Tumour-infiltrating
lymphocytes and the emerging role of immunotherapy in breast
cancer. Pathology. 2017;49(2):141-155.

Lu H, Clauser KR, Tam WL, et al. A breast cancer stem cell niche
supported by juxtacrine signalling from monocytes and macro-
phages. Nat Cell Biol. 2014;16(11):1105-1117.

Zhou D, Yang K, Chen L, et al. Promising landscape for regulating
macrophage polarization: epigenetic viewpoint. Oncotarget.
2017;8(34):57693-57706.

Ruffell B, Chang-Strachan D, Chan V, et al. Macrophage IL-10
blocks CD8+ T cell-dependent responses to chemotherapy by
suppressing IL-12 expression in intratumoral dendritic cells. Cancer
Cell. 2014;26(5):623-637.

Ho VW, Hofs E, Elisia I, et al. All trans retinoic acid, transforming
growth factor B and prostaglandin E2 in mouse plasma synergize

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

with basophil-secreted interleukin-4 to M2 polarize murine
macrophages. PLoS One. 2016;11(12):e0168072.

Potas JR, Haque F, Maclean FL, Nisbet DR. Interleukin-10
conjugated electrospun polycaprolactone (PCL) nanofibre scaffolds
for promoting alternatively activated (M2) macrophages around the
peripheral nerve in vivo. J Immunol Methods. 2015;420:38-49.
Muenst S, Laubli H, Soysal SD, Zippelius A, Tzankov A, Hoeller S.
The immune system and cancer evasion strategies: therapeutic
concepts. J Intern Med. 2016;279(6):541-562.

Becerra JE, Yebra MJ, Monedero V. An I|-fucose operon in the
probiotic Lactobacillus rhamnosus GG is involved in adaptation to
gastrointestinal conditions. Appl Environ Microbiol. 2015;81(11):
3880-3888.

O'Neill LAJ, Kishton RJ, Rathmell J. A guide to immunometabolism
for immunologists. Nat Rev Immunol. 2016;16(9):553-565.

O'Neill LAJ, Pearce EJ. Immunometabolism governs dendritic cell
and macrophage function. J Exp Med. 2016;213(1):15-23.

Huang SC-C, Everts B, lvanova Y, et al. Cell-intrinsic lysosomal
lipolysis is essential for alternative activation of macrophages. Nat
Immunol. 2014;15(9):846-855.

Ding S, Lin N, Sheng X, et al. Melatonin stabilizes rupture-prone
vulnerable plaques via regulating macrophage polarization in a
nuclear circadian receptor RORa-dependent manner. J Pineal Res.
2019;67(2):e12581.

Ma W, Zhang J, Guo L, et al. Suppressed androgen receptor
expression promotes M2 macrophage reprogramming through the
STAT3/SOCS3 pathway. EXCLI J. 2019;18:21-29.

Pasinetti GM. From epidemiology to therapeutic trials with anti-
inflammatory drugs in Alzheimer's disease: the role of NSAIDs and
cyclooxygenase in B-amyloidosis and clinical demential.
J Alzheimer's Dis. 2002;4(5):435-445.

Fu Q, Hue J, Li S. Nonsteroidal anti-inflammatory drugs promote
axon regeneration via RhoA inhibition. J Neurosci. 2007;27(15):
4154-4164.

Zhang J, Guo J, Zhao X, et al. Phosphodiesterase-5 inhibitor
sildenafil prevents neuroinflammation, lowers beta-amyloid levels
and improves cognitive performance in APP/PS1 transgenic mice.
Behav Brain Res. 2013;250:230-237.

Xu K, Dai X-L, Huang H-C, Jiang Z-F. Targeting HDACsS:
a promising therapy for Alzheimer's disease. Oxid Med Cell
Longevity. 2011; 2011.

Park L, Zhou P, Pitstick R, et al. Nox2-derived radicals contribute to
neurovascular and behavioral dysfunction in mice overexpressing
the amyloid precursor protein. Proc Natl Acad Sci USA. 2008;105(4):
1347-1352.

Ji J, Xue TF, Guo XD, et al. Antagonizing peroxisome proliferator-
activated receptor y facilitates M1-to-M2 shift of microglia by
enhancing autophagy via the LKB 1-AMPK signaling pathway.
Aging Cell. 2018;17(4):e12774.

Magalhaes GS, Barroso LC, Reis AC, et al. Angiotensin-(1-7)
promotes resolution of eosinophilic inflammation in an experi-
mental model of asthma. Front Immunol. 2018;9:58.

Erriah M, Pabreja K, Fricker M, et al. Galectin-3 enhances
monocyte-derived macrophage efferocytosis of apoptotic granulo-
cytes in asthma. Respir Res. 2019;20(1):1-11.

Huang P, Wei S, Huang W, et al. Hydrogen gas inhalation enhances
alveolar macrophage phagocytosis in an ovalbumin-induced
asthma model. Int Immunopharmacol. 2019;74:105646.

Ohta S, Jinno M, Tanaka A, et al. The effect of muscarinic M3
receptor blockage in development of M2 macrophages in allergic
inflammation. J Allergy Clin Immunol. 2019;143(2):AB293.

Keeler D, Grandal M, McCall J. Brevenal, a marine natural product,
is anti-inflammatory and an immunomodulator of macrophage and
lung epithelial cells. Mar Drugs. 2019;17(3):184.

95U8017 SUOUIOD A8 3cfedt dde 8y} Aq paueA0B 812 Sa[o1Le YO ‘8S J0 S9INJ 10) AleIq1 BUIIUQ AB]IAN UO (SUOTIPUO-PUE-SWLBIALID"AB | 1M Aleq Ul |Uo//:SdnY) SUONIPUOD pue sWie | 8y} 88S *[202/20/52] U0 ARiq1Tauljuo AS|IM *|1zeig - Ofted 0eS Jo AN Ad 08/E 169/200T 0T/I0P/W0D" A3 | 1M Ale1q1jBul UO'S euIN0 oUB 10s o A feue//:sANY WO pepeojumoq ‘2 ‘€202 ‘Y¥80660T



RAZI ET AL.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Lee YG, Reader BF, Herman D, et al. Sirtuin 2 enhances allergic
asthmatic inflammation. JCI Insight. 2019;4:4.

Tomani JCD, Gainkam LOT, Nshutiyayesu S, et al. An ethnobota-
nical survey and inhibitory effects on NLRP3 inflammasomes/
Caspase-1 of herbal recipes' extracts traditionally used in Rwanda
for asthma treatment. J Ethnopharmacol. 2018;227:29-40.

Wang Y, Wang YP, Zheng G, et al. Ex vivo programmed
macrophages ameliorate experimental chronic inflammatory renal
disease. Kidney Int. 2007;72(3):290-299.

Cao Q, Wang Y, Zheng D, et al. IL-10/TGF-B-modified macro-
phages induce regulatory T cells and protect against adriamycin
nephrosis. JASN. 2010;21(6):933-942.

Cao Q, Wang Y, Wang C, et al. Therapeutic potential of regulatory
macrophages generated from peritoneal dialysate in adriamycin
nephropathy. Am J Physiol Renal Physiol. 2018;314(4):F561-F571.
Cao Q, Wang Y, Zheng D, et al. Failed renoprotection by
alternatively activated bone marrow macrophages is due to a
proliferation-dependent phenotype switch in vivo. Kidney Int.
2014,85(4):794-806.

Lu J, Cao Q, Zheng D, et al. Discrete functions of M2a and M2c
macrophage subsets determine their relative efficacy in treating
chronic kidney disease. Kidney Int. 2013;84(4):745-755.
Morrissey MA, Williamson AP, Steinbach AM, et al. Chimeric
antigen receptors that trigger phagocytosis. elLife. 2018;7:€36688.
Geng Y, Zhang L, Fu B, et al. Mesenchymal stem cells ameliorate
rhabdomyolysis-induced acute kidney injury via the activation of
M2 macrophages. Stem Cell Res Ther. 2014;5(3):1-14.

Li W, Zhang Q, Wang M, et al. Macrophages are involved in the
protective role of human umbilical cord-derived stromal cells in renal
ischemia-reperfusion injury. Stem Cell Res. 2013;10(3):405-416.

Cao Q, Wang Y, Niu Z, et al. Potentiating tissue-resident type 2
innate lymphoid cells by IL-33 to prevent renal ischemia-
reperfusion injury. JASN. 2018;29(3):961-976.

CELL BIOCHEMISTRY & FUNCTIONg%YA| LEY—‘ﬁ

151.

152.

153.

154.

155.

156.

157.

MacDonald KPA, Palmer JS, Cronau S, et al. An antibody against
the colony-stimulating factor 1 receptor depletes the resident
subset of monocytes and tissue- and tumor-associated macro-
phages but does not inhibit inflammation. Blood. 2010;116(19):
3955-3963.

Coscia M, Quaglino E, lezzi M, et al. Zoledronic acid repolarizes
tumour-associated macrophages and inhibits mammary carcino-
genesis by targeting the mevalonate pathway. J Cell Mol Med.
2010;14(12):2803-2815.

Lauber K, Ernst A, Orth M, Herrmann M, Belka C. Dying cell
clearance and its impact on the outcome of tumor radiotherapy.
Front Oncol. 2012;2:116.

Lei H, Shi M, Xu H, et al. Combined treatment of radiotherapy and
immunotherapy for urological malignancies: current evidence and
clinical considerations. Cancer Manag Res. 2021;13:1719-1731.
Koukourakis MlI, Giatromanolaki A. Tumor microenvironment,
immune response and post-radiotherapy tumor clearance. Clin
Transl Oncol. 2020;22(12):2196-2205.

Apetoh L, Ghiringhelli F, Tesniere A, et al. Toll-like receptor
4-dependent contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nat Med. 2007;13(9):1050-1059.
Asadzadeh Z, Safarzadeh E, Safaei S, et al. Current approaches for
combination therapy of cancer: the role of immunogenic cell death.
Cancers. 2020;12(4):1047.

How to cite this article: Razi S, Yaghmoorian Khojini J,
Kargarijam F, et al. Macrophage efferocytosis in health and
disease. Cell Biochem Funct. 2023;41:152-165.
doi:10.1002/cbf.3780

95U8017 SUOUIOD A8 3cfedt dde 8y} Aq paueA0B 812 Sa[o1Le YO ‘8S J0 S9INJ 10) AleIq1 BUIIUQ AB]IAN UO (SUOTIPUO-PUE-SWLBIALID"AB | 1M Aleq Ul |Uo//:SdnY) SUONIPUOD pue sWie | 8y} 88S *[202/20/52] U0 ARiq1Tauljuo AS|IM *|1zeig - Ofted 0eS Jo AN Ad 08/E 169/200T 0T/I0P/W0D" A3 | 1M Ale1q1jBul UO'S euIN0 oUB 10s o A feue//:sANY WO pepeojumoq ‘2 ‘€202 ‘Y¥80660T


https://doi.org/10.1002/cbf.3780

	Macrophage efferocytosis in health and disease
	1 INTRODUCTION
	2 EFFEROCYTOSIS AND MACROPHAGE POLARIZATION
	3 MACROPHAGE-RELATED EFFEROCYTOSIS
	3.1 Naïve macrophages (Mφ)
	3.2 M1 macrophages (pro-inflammatory mediators)
	3.3 M2 macrophages (anti-inflammatory mediators)

	4 EFFECT OF MACROPHAGE EFFEROCYTOSIS ON HEALTH AND DISEASE
	4.1 NDDs
	4.2 Alzheimer's disease (AD)
	4.3 Asthma
	4.4 Kidney problems
	4.5 Cancer
	4.6 Other diseases

	5 TREATMENTS
	5.1 AD
	5.2 Asthma
	5.3 Kidney problems
	5.4 Cancer

	6 CONCLUSION
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES




