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Introduction

Autophagy is an evolutionarily conserved homeostatic path-
way that is widely occurring in eukaryotic cells.1 Induction of 
autophagy can generate lots of amino acids and other building 
blocks, which are required for cellular homeostasis. Moreover, 
autophagy is necessary for quality control for both organelles and 
proteins.2-4 Autophagy is induced upon stimulation by various 
extrinsic and intrinsic cellular stress conditions, such as reactive 
oxygen species (ROS), endoplasmic reticulum stress, bacterial 
infection, and hypoxia, in order to clear damaged organelles, 
protein aggregates, and intracellular pathogens. Thus, auto-
phagy is crucial for the maintenance of cellular homeostasis.2-4 
Based on different functions and mechanisms, 3 major forms 
of autophagy have been described.5,6 Microautophagy allows for 

the degradation of portions of the cytoplasm, which are directly 
enwrapped by the lysosomal membrane. Macroautophagy (here-
after referred to as “autophagy”) is responsible for the degrada-
tion of bulk cytoplasm, long-lived proteins, and entire organelles, 
through the formation of a double-membrane compartment, 
called an autophagosome, which is subsequently targeted to lyso-
somal digestion. In contrast to these 2 types of autophagy, which 
mediate both selective and nonselective degradation, chaperone-
mediated autophagy only degrades individual, unfolded soluble 
proteins in a selective manner.7

The autophagic process (Fig.  1) requires a set of evolu-
tionarily conserved proteins, most of which are known as 
autophagy-related (ATG) proteins, functioning at different 
steps.8 A kinase complex containing ULK1/ATG1, ATG13, 
RB1CC1/FIP200, and C12orf44/ATG101 is critical for auto-
phagy induction.9 A different set of complexes, which contain 
BECN1/Beclin 1, PIK3C3/VPS34, PIK3R4/VPS15, and either 
ATG14 and AMBRA1 (autophagy/Beclin 1 regulator 1), or 
UVRAG (UV radiation resistance associated) and SH3GLB1/
Bif-1 (SH3-domain GRB2-like endophilin B1) is required for 
the nucleation and expansion of the phagophore, the initial 
sequestering compartment.6,10 Autophagosome formation then 
requires 2 ubiquitin-like conjugation systems, ATG12–ATG5 
and LC3/Atg8–phosphatidylethanolamine (LC3-II/Atg8–PE). 
In yeast, these proteins are involved in elongation and matu-
ration of the phagophore. In mammals, there are 2 subfami-
lies of Atg8 proteins; the LC3 subfamily acts at the elongation 
stage, whereas the GABARAP proteins function later in auto-
phagosome maturation.11 Autophagy regulation is partly based 
on the phosphorylation and dephosphorylation of ATG pro-
teins. The major upstream actor in these intracellular pathways 
is the MTOR (mechanistic target of rapamycin) kinase, which 
inhibits autophagy by regulating mRNA and protein levels of 
critical components, and also by direct phosphorylation of the 
autophagy machinery. For example, MTOR can phosphorylate 
ATG13, thus inhibiting the activity of ULK1 and autophagy. 
Given its critical role as a sensor for nutrients, MTOR is able 
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autophagy activating kinase

Autophagy is a highly conserved homeostatic pathway 
that plays an important role in tumor development and pro-
gression by acting on cancer cells in a cell-autonomous mecha-
nism. However, the solid tumor is not an island, but rather an 
ensemble performance that includes nonmalignant stromal 
cells, such as macrophages. A growing body of evidence indi-
cates that autophagy is a key component of the innate immune 
response. In this review, we discuss the role of autophagy in 
the control of macrophage production at different stages 
(including hematopoietic stem cell maintenance, monocyte/
macrophage migration, and monocyte differentiation into 
macrophages) and polarization and discuss how modulating 
autophagy in tumor-associated macrophages (TAMs) may 
represent a promising strategy for limiting cancer growth and 
progression.
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to regulate translation by controlling 
the activity of some specific molecules 
involved in protein synthesis, such as 
EIF4EBP1/4E-BP1 (eukaryotic transla-
tion initiation factor 4E binding protein 
1) and RPS6KB/p70S6K (ribosomal 
protein S6 kinase, 70 kDa, polypep-
tide 1). MTOR plays a major role in 
regulating switches between anabolic 
and catabolic metabolism, in order to 
stabilize cell viability in energy stress 
conditions.12 MTOR is also regulated 
by some extracellular growth factors, 
such as IGF1 (insulin-like growth fac-
tor 1 [somatomedin C]), through class 
III phosphatidylinositol 3-kinase, AKT/
PKB (v-akt murine thymoma viral onco-
gene homolog 1), and AMPK (AMP-
activated protein kinase) pathways.5

A large amount of experimental data 
demonstrates that autophagy functions 
as a key mechanism for the regulation 
of biological activities in both physi-
ological conditions (e.g., cell/tissue 
homeostasis and development) and 
pathological conditions (e.g., cancer 
and neurodegenerative diseases), and 
autophagy dysfunction is associated 
with various diseases.3,4,13 The role of 
autophagy in cancer is extremely com-
plex. On the one hand, autophagy can 
act as a tumor suppressor by eliminating 
oncogenic protein substrates, unfolded 
proteins, and damaged organelles, 
and by preventing oxidative stress and 
genomic instability. On the other hand, 
autophagy can function as a tumor promoter in established can-
cers, by providing substrates that allow tumor cells to overcome 
nutrient limitation and hypoxia.6,14 Most studies investigating 
the role of autophagy in tumors have sampled cancer cells.6,14,15 
However, the solid tumor also includes nonmalignant resident 
stromal cells, such as cancer-associated fibroblasts, endothelial 
cells, and bone marrow-derived cells, all of which extensively 
affect tumor growth and progression.16,17 Recent studies have 
begun to unveil the significance of autophagy in the tumor 
microenvironment, a condition defined as the “autophagic 
tumor stroma.”18 In established tumors, the autophagic tumor 
stroma is able to provide essential nutrients to cancer cells, 
remodel other components of the tumor microenvironment, 
and increase DNA damage and genetic instability of cancer 
cells, as well as decrease cancer cell apoptosis, thus represent-
ing an important regulator for tumor growth and progression.18 
Moreover, it was recently demonstrated that autophagy and 
inflammation work synergistically in the tumor microenviron-
ment to facilitate tumor growth and metastasis.19 These find-
ings highlight the role of autophagy in inflammatory cells in 

affecting tumor progression, thus pointing at this process as a 
target for cancer therapies.

Among the inflammatory cells, macrophages are the most 
prominent cell type in the tumor microenvironment. Both 
experimental and clinical findings over the past decade dem-
onstrated that tumor-associated macrophages (TAMs) favor 
malignant progression by suppressing antitumor immunity, by 
stimulating angiogenesis, and by enhancing tumor cell prolif-
eration, migration, and invasion.16,20,21 Autophagy is an impor-
tant component of innate immunity by macrophages regulated 
by both toll-like receptors (TLRs) and intracellular pathogens. 
For example, lipopolysaccharide (LPS) can induce the forma-
tion of autophagosomes in macrophages, which is regulated 
through a TICAM1/TRIF (toll-like receptor adaptor molecule 
1)-dependent TLR4 signaling pathway.22 Listeria monocytogenes 
is an intracellular pathogen that can activate the autophagy path-
way in macrophages via a MAPK/ERK (mitogen-activated pro-
tein kinase)-dependent TLR2 and Nucleotide Oligomerization 
domain 2 (NOD2) signaling pathways.23 Increasing evidence 
demonstrates that autophagy can modulate the activity of 

Figure  1. Schematic diagram summarizing the regulation of autophagy in mammalian cells. 
Following stimulation by growth factors, such as IGF1, MTOR is activated, whereas this pathway 
is inhibited upon stress conditions, such as starvation. MTOR inhibition is required to activate the 
ULK complex, since MTOR is able to induce the phosphorylation of ATG13, leading to reduction of 
ULK1 activity. By sensing the activation of the ULK complex, the BECN1 complex is activated leading 
to the nucleation of a phagophore. By means of 2 ubiquitin-like conjugation systems, generating 
ATG12–ATG5 and LC3-II, the membrane is elongated to form a double-membraned vesicle, the auto-
phagosome. Finally, the autophagosome fuses with the lysosome, forming an autolysosome, where 
the cargo is digested by lysosomal enzymes and the degraded material released into the cytoplasm 
for recycling by the cell.
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macrophages and their response to different stimuli,22,24,25 thus 
highlighting the connections among autophagy, macrophages, 
and cancer, and suggesting the potential to enhance an antitu-
mor response by modulating autophagy in macrophages. Given 
the major roles of macrophages and autophagy in tumor progres-
sion and their correlation in biological activities, it is valuable to 
clarify the contribution and underlying molecular mechanisms of 
autophagy-mediated regulation of macrophages, and their impli-
cations for cancer. In the next sections we will summarize the 
significance of autophagy in regulating macrophage production 
and polarization, and discuss the value of autophagy modulation 
with regard to the protumoral functions of TAMs.

Role of Autophagy in Macrophage Production

TAMs are a type of cells that have a short half-life and cannot 
proliferate in tumor tissues.26 In order to maintain high TAM 
levels, these cells require continuous replenishment throughout 
tumor growth and progression. TAMs are derived from bone 
marrow progenitor cells, a process that involves different steps, 
including the maintenance of hematopoietic stem cells (HSCs), 
the production of monocytes, the recruitment of monocytes into 
tumors, the differentiation of monocytes into macrophages, and 
the polarization of macrophages into TAMs.20,27 In this section, 
we discuss experimental evidence demonstrating that autophagy 
is necessary for macrophage production (Fig.  2), even in the 
absence of cancer.

Role of autophagy in hematopoietic stem cell 
maintenance

HSCs reside in the bone marrow niche and are gen-
erally in a quiescent state.28 However, HSCs undergo 
distinct programs in response to stimulation, including 
self-renewal and differentiation. The balance of quies-
cence, self-renewal, and differentiation is tightly regulated 
in HSCs in order to maintain their physiological func-
tions, and when this balance is not properly executed it 
may induce hematopoietic malignancies.29 Bone marrow 
that hosts HSCs is usually a hypoxic environment, where 
a low-oxygen niche limits ROS production, thus provid-
ing long-term protection of HSCs from ROS stress.30 ROS 
production and metabolic rate are increased when HSCs 
transit from a quiescent state to a proliferation/differen-
tiation state, a process that is mediated by the MTOR 
pathway.30,31 Activation of AKT, an upstream regulator 
of MTOR, decreases autophagy in HSCs and promotes 
myeloid proliferation,32 whereas deletion of Rptor/Raptor 

(regulatory-associated protein of MTOR, complex 1), encoding 
a component of MTORC1 (MTOR complex 1), enhances auto-
phagy and decreases this myeloid cell population (Table 1).33 
Moreover, HSC self-renewal can be restored by treatment with 
antioxidants or rapamycin.31,39 RB1CC1 is an important regulator 
of autophagy, and conditional ablation of Rb1cc1 in HSCs causes 
perinatal lethality and severe anemia, with a marked increase of 
HSC proliferation, ROS levels, and mitochondrial mass (Table 
1).34 These findings provide indirect evidence that autophagy is 
potentially involved in the maintenance of HSCs.

Notably, recent studies have provided direct evidence for the 
concept that autophagy functions as an important determinant 
for HSC fate. For example, a study demonstrated that autophagy 
is highly activated in HSCs in humans and that this process 
is required for the self-renewal and differentiation of HSCs.40 
Inhibition of autophagy by 3-methyladenine or by Atg5 siRNA-
mediated knockdown results in a complete blockade of the dif-
ferentiation and self-renewal of HSCs.40 Inhibition of autophagy 
in HSCs by conditional ablation of Atg7 impairs the production 
of lymphoid and myeloid progenitors, thus suggesting that Atg7 
is essential for HSC maintenance in a cell-autonomous fashion 
(Table 1).35,36 The effect of autophagy in HSC maintenance is 
also displayed under metabolic stress conditions, when auto-
phagy is robustly induced by a pathway regulated by FOXO3A 
to protect HSCs against apoptosis. Moreover, HSCs from aged 
mice have the ability to exhibit an intact FOXO3A-induced 
proautophagic gene program, and this ongoing autophagy is 

Figure 2. Schematic diagram of the roles of autophagy in macrophage produc-
tion. Autophagy is involved in the maintenance and differentiation of HSCs, as 
well as in the differentiation of monocytes into macrophages. It is not yet known 
whether autophagy also plays a role in mediating the differentiation of HSCs into 
monocytes (dotted line).

Table 1. Summary of studies related to the roles of autophagy in macrophage polarization using mouse models deficient in autophagic components

Mice Key findings Refs.

Rptor knockout Autophagy is enhanced, myeloid cell population is decreased 33

Rb1cc1 knockout in HSCs Increase of HSC proliferation, ROS levels, and mitochondrial mass 34

Atg7 knockout in HSCs Impaired production of lymphoid and myeloid progenitors 35, 36

Atg7 knockout CSF1-induced differentiation of monocytes into macrophages is significantly hampered 37, 38

Atg5 knockout M2-polarized macrophages are forced to produce a high level of M1-like cytokines 61, 62



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Autophagy	 195

required for protecting HSCs against apoptosis and mitigating 
metabolic stress.41 Altogether, these findings highlight autophagy 
as a key mechanism for the maintenance and for the proper func-
tion of HSCs. However, it is also very important to consider that 
targeting of autophagy in HSCs may lead to several side effects 
including loss of HSC function, anemia, myeloproliferation and, 
ultimately, development of leukemia.29,35,36 Thus, manipulation 
of autophagy in HSCs should be treated with extreme caution.

Autophagy in the regulation of monocyte/macrophage 
recruitment

In most solid tumors, TAM density is significantly higher 
than in the surrounding normal tissues. Generally, TAMs first 
originate from monocytes that are recruited into tumors by che-
moattractants, including chemokines and cytokines released 
from both tumor cells and stromal cells. Among these che-
moattractants, CCL2 (chemokine [C–C motif] ligand 2) is the 
one exerting a prominent activity in recruiting monocytes into 
tumors.16 Conversely, CCL2 is able to protect monocytes against 
apoptosis in the tumor microenvironment, by upregulating anti-
apoptotic proteins and inhibiting CASP8/caspase-8 cleavage, 
and it also induces hyperactivation of autophagy in these cells,42 
thus suggesting a role of autophagy in CCL2-induced monocyte 
recruitment. Cucurbitacin IIa (CuIIa), a member of the cucur-
bitacin family, exerts a wide spectrum of pharmacological activi-
ties including anticancer and anti-inflammatory activities, which 
can inhibit macrophage proliferation and migration as well as 
enhance LPS-induced autophagy in macrophages, suggesting 
that enhancement of autophagy may contribute to the anti- 
inflammatory activity of CuIIa in vitro.43 However, further stud-
ies are needed to investigate the potential role of autophagy in 
regulating the anticancer activity of CuIIa by inhibiting in vivo 
macrophage recruitment. Although these data suggest a possible 
role of autophagy in monocyte recruitment, the connections of 
autophagy with regulation of monocyte recruitment by CCL2 
and antiinflammatory activity of CuIIa are still uncertain and 
represent an intriguing subject for future investigation.

Recombinant capsid viral protein 1 (rVP1) suppresses 
growth and metastasis of tumor cells by inducing apoptosis 
and by modulating CCL2 production.44 Furthermore, rVP1 
also acts on host immune cells and promotes macrophage 
migration by inducing autophagy in these cells.45 Mechanistic 
studies suggested that the phosphorylation levels of MAPK3/
ERK1 and MAPK1/ERK2 and the activity of MMP9 (matrix 
metalloproteinase 9 [gelatinase B, 92 kDa gelatinase, 92 kDa 
type IV collagenase]) are increased upon rVP1 treatment, lead-
ing to autophagy upregulation and macrophage migration by a 
mechanism dependent on WIPI1 (WD repeat domain, phos-
phoinositide interacting 1), WIPI2, ATG5, and ATG7, but not 
on BECN1.45 In the larval wound model, autophagy is required 
for the recruitment of blood cells into wound sites and for the 
spreading of macrophages.46 Taken together, these findings pro-
vide evidence demonstrating that autophagy is an important 
mechanism for mediating macrophage migration. However, 
further studies are needed to investigate how autophagy con-
tributes to monocyte/macrophage recruitment in the tumor 
microenvironment.

Role of autophagy on monocyte differentiation into 
macrophages

The half-life of monocytes in blood is very short, with approx-
imately 3 days in humans and 1 day in mice, where they are 
programmed to undergo apoptosis in the absence of stimula-
tion.47 However, when stimulated by inflammatory factors, they 
activate survival pathways, migrate into distinct tissues, and then 
differentiate into macrophages, dendritic cells, or osteoclasts.48 
CSF1 (colony stimulating factor 1 [macrophage]) is the main fac-
tor that can induce monocyte differentiation into macrophages 
and activate survival pathways.49 Several lines of data imply the 
involvement of autophagy in monocyte differentiation into mac-
rophages. When monocytes are stimulated to differentiate into 
macrophages, autophagy is induced via increased expression and 
phosphorylation of ULK1.37,38 Studies involving the inhibition 
of autophagy by pharmacological agents, siRNA approaches or 
Atg7 knockout mice show that the CSF1-driven differentiation 
of monocytes into macrophages is significantly hampered (Table 
1).37,38 CSF2/GM-CSF (colony-stimulating factor 2 [granulo-
cyte-macrophage]) is another important factor that can drive 
the differentiation of monocytes into macrophages, and it was 
demonstrated that autophagy is induced during monocyte dif-
ferentiation into macrophages triggered by CSF2 in vitro and 
by thioglycolate in vivo.47 Interestingly, CSF2 is able to promote 
monocyte survival and differentiation into macrophages by 
MAPK/JNK and by inducing the dissociation of BECN1 from 
BCL2 (B-cell CLL/lymphoma 2), thus stimulating autophagy, 
whereas blockade of autophagy has an inhibitory effect on CSF2-
induced monocyte differentiation into macrophages.47

CSF1-induced monocyte differentiation into macrophages is 
a process that requires the activation of CASP3/caspase-3 and 
CASP8 by modulating the AKT signaling pathway,50 suggesting 
a role for properly regulated apoptosis in monocyte differentiation 
into macrophages. Even if CASP8 may cleave specific substrates 
required for monocyte differentiation, explaining the require-
ment for its limited activation during differentiation, CASP8 
is considered as the upstream enzyme in the proteolytic caspase 
cascade whose activation is required for monocyte differentiation 
into macrophages.51 Several studies have demonstrated that there 
is a crosstalk between apoptotic and autophagic pathways. For 
example, BCL2 can bind to BECN1 to inhibit BECN1-mediated 
autophagy,52 whereas BECN1 can be cleaved by caspases, and 
its C-terminal fragment has the ability to amplify the apop-
totic response.53,54 Moreover, death stimuli can trigger calpain-
mediated cleavage of ATG5 to promote mitochondrial-mediated 
apoptosis.55 Altogether, these findings point at autophagy as an 
essential mechanism for monocyte differentiation, and they sug-
gest that inhibition of autophagy may be a promising strategy for 
impairing macrophage production in tumors.

Autophagy-Mediated Control  
of Macrophage Polarization

Macrophages are heterogeneous and can display divergent 
phenotypes and functions dependent on distinct tissue micro-
environments.16,56 For instance, macrophages can be divided into 
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classically activated (M1 phenotype) and alternatively activated 
(M2 phenotype), according to the T helper cell type (Th)1/
Th2 dichotomy.16,48 M1 macrophages stimulate a Th1 response 
against intracellular microorganisms and tumor cells by activat-
ing an immune response, whereas M2 macrophages are immu-
nosuppressive cells, which promote angiogenesis as well as tissue 
repair and remodeling.16,56,57

We have recently reviewed the findings suggesting that mac-
rophage polarization is triggered by polarization-related factors 
in the tumor microenvironment.16 By sensing the stimulation, 
several intracellular signaling pathways, such as NFKB (nuclear 
factor of kappa light polypeptide gene enhancer in B-cells) and 
MTOR, are thought to modulate this process.16 NFKB is a tran-
scriptional factor that can be regarded as a pivotal link between 
inflammation and cancer,58,59 and it also plays a central role in the 
regulation of macrophage polarization. It has been shown that 
both M1 and M2 macrophage polarization in the tumor micro-
environment require the NFKB pathway,60 and isolated TAMs 
from various tumors exhibit low NFKB activity.60,61 However, 
the molecular mechanisms by which NFKB is essential for M2 
macrophage polarization and is downregulated in TAMs remain 
to be investigated experimentally. Interestingly, recent studies 
have demonstrated that hepatoma-derived TLR2-related ligands 

Figure 3. Schematic diagram of signaling pathways for tumor-derived factors contributing to macrophage 
polarization via induction of autophagy. Expression of IL6 and CCL2 in the tumor microenvironment is 
regulated in a reciprocal manner. Induction of autophagy triggered by binding of IL6 and CCL2 to IL6R 
(interleukin 6 receptor) and CCR2 (chemokine [C–C motif] receptor 2), respectively, is essential for mac-
rophage polarizaton to the M2 phenotype. Following binding to TLR2, the hepatoma-derived factors are 
able to stimulate macrophage polarization to the M2 phenotype by controlling NFKB homeostasis through 
selective autophagy. Moreover, M2 macrophages can be induced by autophagy triggered by LPS or bacte-
ria, which is modulated by the MTOR pathway via activation of TLR4.

are able to polarize macrophages 
toward the M2 phenotype by con-
trolling RELA/NFKB p65 (v-rel 
avian reticuloendotheliosis viral 
oncogene homolog A) through 
selective autophagy.62,63 Hepatoma-
derived TLR2 signals lead to the 
ubiquitination of RELA, thus 
forming aggresome-like structures 
in macrophages, which can be 
degraded by SQSTM1/p62-medi-
ated autophagy.62,63 Inhibition of 
autophagy through pharmaco-
logical and genetic approaches can 
rescue NFKB activity and force 
M2-polarized macrophages to pro-
duce a high level of M1-like cyto-
kines (Table 1).62,63 Furthermore, 
mechanistic studies demonstrated 
that TLR2 signals can promote 
the sustained phosphorylation 
of MAPK1 and MAPK3, thus 
stimulating autophagy-dependent 
NFKB regulation.62,63 These stud-
ies highlight that the role of NFKB 
in macrophage polarization is regu-
lated by SQSTM1/p62-mediated 
selective autophagy. However, it 
has been shown that the role of 
NFKB in regulating TAM polar-
ization and function is complex, 
which is exhibited in context-and 
gene-dependent manners.60 The 

specific role of NFKB with respect to the synthesis of tumor-
promoting genes and M2 macrophage polarization remains to be 
fully investigated.

MTOR is an evolutionarily conserved protein kinase regu-
lating autophagy,64,65 which is also critical in the regulation of 
monocyte polarization into TAMs. In LPS-stimulated mono-
cytes, inhibition of the MTOR pathway by rapamycin leads 
to polarization toward the M1 phenotype, whereas activation 
of this pathway by knockdown of the MTOR repressor TSC2 
(tuberous sclerosis 2) exerts the opposite effect.66 CCL2 and IL6 
(interleukin 6 [interferon, β 2]) are 2 abundant cytokines in 
the tumor microenvironment, and their expression in myeloid 
cells is induced in a reciprocal manner. CCL2 and IL6 have a 
potent effect in inducing autophagy and inhibiting apoptosis in 
macrophages, as well as in stimulating macrophage polarization 
toward the M2 phenotype. Inhibition of CASP8 is able to pro-
mote autophagy in macrophages and increase M2 macrophage 
polarization. Inhibition of autophagy under these circumstances 
attenuates M2 macrophage polarization, which directly indicates 
that autophagy plays a key role in macrophage polarization.67 
Sorafenib is an antiangiogenic agent that has been approved 
for cancer treatment. However, some studies also demonstrated 
that antiangiogenic drugs may, in some conditions, accelerate 
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cancer progression.68-70 Moreover, TAMs can be recruited when 
sorafenib is administered, thus promoting the progression of 
hepatocellular carcinoma.71 Interestingly, recent studies showed 
that sorafenib exerts a potent effect on macrophages by inducing 
autophagy and suppressing the expression of CD80, a marker of 
the M1 phenotype, suggesting the possible correlation between 
autophagy and macrophage polarization and highlighting the 
protumorigenic effect of sorafenib through modulation of mac-
rophage polarization by autophagy.72 Altogether, these findings 
support a key role of autophagy in the regulation of macrophage 
polarization in the tumor microenvironment (Fig. 3).

The Significance of Macrophage Autophagy  
for Cancer

Our current understanding of the contribution of autophagy 
in controlling macrophage production, polarization, and function 
in cancer remains limited. Nonetheless, as we discussed above, 
it is now well established that autophagy plays a crucial role in 
macrophage production by regulating HSC maintenance, mono-
cyte/macrophage recruitment, and monocyte differentiation into 
macrophages. Data obtained from patient biopsies indicate that 
TAM density is correlated with poor prognosis in most human 
cancers.16 Tumor angiogenesis and progression are also affected 
by macrophage density in animal cancer models. For instance, 
inhibition or enhancement of macrophage density in tumors by 
genetic and pharmacological approaches, respectively, inhibits 
or promotes tumor angiogenesis, growth, and progression.16,21 
These findings highlight the significance of autophagy-mediated 
macrophage production in promoting cancer progression. The 
induction of autophagy in macrophages is triggered by TLR 
ligands,22,63,73 suggesting the potential role of TLR signaling in 
modulating macrophage function by autophagy. Indeed, TLR2 
deficiency induces a significant reduction of autophagy and mac-
rophage infiltration in liver tissues, and promotes hepatocarcino-
genesis, suggesting a potential role of TLR2 in tumorigenesis 
by modulation of autophagy in macrophages.74 Future studies 
should aim at using genetic approaches that specifically inhibit 
or facilitate autophagy in macrophages or their precursors, thus 
helping to establish in detail the roles of autophagy in regulating 
macrophage production, tumor growth, and progression in vivo.

As discussed above, macrophages exhibit a spectrum of phe-
notypes including M1 and M2 phenotypes, which exert anti-
cancer activity and favor tumor progression, respectively.16,21,75,76 
TAMs are mainly polarized toward the M2 phenotype, that pro-
motes tumor angiogenesis, growth, and metastasis.16,21 However, 
it should be noted that some exceptions to this pattern exist. For 
instance, TAMs are biased toward the M1 phenotype in non-
progressing, regressing, and early-stage tumors,16,21,75,77 suggest-
ing that the phenotype of TAMs can be polarized by the local 
tumor microenvironment. Interestingly, recent studies demon-
strated that HRG (histidine-rich glycoprotein) inhibits tumor 
growth and metastasis by inducing TAM polarization toward 
the M1 phenotype through downregulation of PGF (placental 
growth factor).77 ADM/adrenomedullin(22–52), an antagonist 
of ADM receptors, suppresses tumor growth by skewing TAMs 

polarization to the M1 phenotype through downregulation 
of ADM in an autocrine-dependent manner.75 These findings 
suggest that the identification of potential targets that polarize 
TAMs toward the M1 phenotype should be a promising antican-
cer strategy. By sensing the stimulation from the tumor micro-
environment, macrophages are polarized to specific phenotypes 
through different signaling pathways, including the induction 
of autophagy.16 Several studies have shown that treatments tar-
geting autophagy can modify the activation states of macro-
phages.62,63,66,67,72 These findings should encourage studies to 
develop genetic and pharmacological approaches to skew TAM 
polarization to the M1 phenotype by targeting autophagy. For 
example, even if TLR2 deficiency causes a reduction of macro-
phage infiltration, this ablation also induces a significant sup-
pression of autophagy and a reduction in the expression of TNF/
TNFα (tumor necrosis factor), IFNG (interferon, gamma) and 
CXCL2 (chemokine [C–X–C motif] ligand 2) in liver tissues, 
indicating an increase of M2 macrophage polarization, which 
in turn promotes hepatocarcinogenesis.74 Notably, recent find-
ings highlight that activation of the MTOR-TSC2 pathway, a 
key regulator of autophagy, is critical for macrophage polariza-
tion toward the M2 phenotype to promote tumor angiogenesis 
and growth in mouse hepatocellular carcinoma models, whereas 
inhibition of this pathway exerts the opposite effects.66 Thus, the 
polarization of macrophages regulated by autophagy may repre-
sent a promising and effective strategy for liver cancer therapies. 
In this respect, it is important to consider that the role of auto-
phagy in cancer cells depends on different factors, such as tumor 
type, stage, and genetic context. Therefore, further studies are 
needed to assess whether and how these factors affect the func-
tion of autophagy modulation in macrophages.

Concluding Remarks and Future Perspectives

A number of studies indicate that autophagy extensively regu-
lates the response of macrophages to microenvironmental stim-
uli, and may modulate the function of TAMs in tumors. They 
also provide clear evidence that autophagy functions as a key 
determinant for macrophage production, by modulating HSC 
maintenance, monocyte differentiation into macrophages, and 
monocyte/macrophage recruitment, as well as for macrophage 
polarization. Macrophage production and polarization are 2 key 
events for the contribution of macrophages in promoting tumor 
growth and progression. Therefore, modulation of autophagy in 
macrophages by controlling these parameters represents a prom-
ising and effective strategy for anticancer therapies.

Although our knowledge of the role of autophagy in con-
trolling macrophages has increased in the last few years, several 
open questions remain to be addressed regarding the molecular 
mechanisms underlying the effects of autophagy in macrophage 
production and activation, and the effects of macrophage auto-
phagy in the context of tumors, as well as the value of macro-
phage autophagy as a target for anticancer therapies. Although 
autophagy is required for HSC maintenance and differentiation 
as discussed above, it remains to be defined whether autophagy 
is also required for HSC differentiation into monocytes, an 
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important stage for macrophage production. The role of auto-
phagy in the maturation of other types of hematopoetic cells has 
been clearly established. For instance, independent findings indi-
cate that autophagy is essential for the maturation of red blood 
cells by the clearance of mitochondria, and functional studies 
demonstrated that the impairment of mitochondrial autophagy 
by elimination of BNIP3L/Nix, ULK1, or ATG7 causes serious 
defects in the maturation and function of red blood cells.78-80 
Although a number of experiments indicate that autophagy is 
essential for macrophage production and activation, further stud-
ies are needed to validate this concept in the context of tumors 
in vivo by specifically targeting autophagy in TAMs. In addition 
to increasing the understanding of the mechanisms regulating 

macrophage autophagy during cancer progression, prospective 
findings in this field may provide novel therapeutic targets for 
cancer therapy.
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