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Autophagy is a constitutive pathway that allows the lysosomal degradation of damaged
components. This conserved process is essential for metabolic plasticity and tissue
homeostasis and is crucial for mammalian post-mitotic cells. Autophagy also controls
stem cell fate and defective autophagy is involved in many pathophysiological
processes. In this review, we focus on established and recent breakthroughs aimed
at elucidating the impact of autophagy in differentiation and homeostasis maintenance
of endothelium, muscle, immune system, and brain providing a suitable framework of
the emerging results and highlighting the pivotal role of autophagic response in tissue
functions, stem cell dynamics and differentiation rates.
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INTRODUCTION

In the 1990s, the discovery of Atg genes paved the way to the awareness of the role of autophagy in
embryonic differentiation and development of both invertebrates and vertebrates (Mizushima and
Levine, 2010; Agnello et al., 2015). Actually, autophagy is an evolutionarily conserved process, and
the orthologs of most Atg genes, originally discovered in Saccharomyces cerevisiae (Ohsumi, 2001),
have been isolated and functionally characterized in higher eukaryotes. Genetic knockout of Atg
genes has revealed the dependence on autophagy for the formation of spores in yeast (Tsukada and
Ohsumi, 1993) and dauer larvae in Caenorhabditis elegans (Melendez et al., 2003), and for insect
metamorphosis in Lepidoptera and Drosophila melanogaster (Romanelli et al., 2016). Systemic and
tissue-specific knockout of Atg genes in murine models has proven the involvement of autophagy
also in mammalian development and differentiation (Mizushima and Levine, 2010).

Autophagy process can be distinguished according to how cargo enters the lysosome
compartment. Consistently, three different pathways can be recognized: chaperone-mediated
autophagy (CMA), microautophagy and macroautophagy. In CMA, proteins with a specific
motif, that are typically subjected to unfolding or denaturation, are recognized by molecular
chaperones and directly driven into lysosomes. In microautophagy, cytoplasmic components are
directly engulfed into the lysosomal compartment, while in macroautophagy, autophagosomes,
characterized by a double membrane structure, surround the cytoplasmic components (Mizushima
et al., 2008) and fuse with lysosomes, where their content is degraded. Macroautophagy, commonly
and hereafter referred to as autophagy, provides amino acids and energy from the bulk degradation
and recycling of intracellular components (Klionsky, 2007).

At first autophagy activation was identified as the response to starvation (Mortimore and
Schworer, 1977); currently, we know that autophagy is activated in response to different
cellular stressors including exercise, endoplasmic reticulum stress, infection, and hypoxia
(Kroemer et al., 2010). Autophagy is a multi-step process with an ordered sequence of events that
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include induction, nucleation of a phagophore structure,
formation and maturation of autophagosome, and finally
autophagosome fusion with lysosome to degrade and recycle
nutrients (Mizushima, 2007). The proper execution of autophagy
relies on the formation of two crucial protein complexes
and two sequential conjugation steps. The UNC51-like kinase
1 (ULK1) kinase protein complex is responsible for the
initiation step of the process and it is directly regulated by
the nutrient-sensing mammalian target of rapamycin (mTOR)
that, phosphorylating ULK1, prevents its interaction with
the energy-sensing AMP-activated protein kinase (AMPK)
and blocks the complex assembling. Moreover, AMPK can
directly phosphorylate ULK1 promoting the formation of the
complex (Kim et al., 2011) that additionally requires Atg13
phosphorylation and the scaffold protein FAK family kinase
interacting protein of 200 kDa (FIP200) resulting in a multi-
protein complex composed of ULK1-Atg13-FIP200-ATG101.
This accounts for the activation of another multi-protein system,
the phosphatidylinositol 3-kinase (PI3K) complex. This complex
consists of VPS34, VPS15, beclin-1, Atg14L, and AMBRA1
and is involved in autophagosomes biogenesis (Simonsen and
Tooze, 2009). The PI3K complex provides phosphatidylinositol
3-phosphate (PI(3)P) enrichment at specific membrane sites
called omegasomes or phagophore assembly site (PAS), that
are dynamically connected to the endoplasmic reticulum (ER).
Omegasomes are in contact with both conjugation systems
and are well-suited for nucleation step, while the connection
with ER ensures a good source of the lipids that are used
in the conjugation step; moreover, omegasomes are important
for recruiting effectors such as Atg18, Atg20, Atg21 (Axe
et al., 2008). However, not only ER but other different
organelles have been suggested to supply membrane to form
phagophores, including plasma membrane, Golgi, mitochondria,
and recycling endosomes.

The occurrence of ubiquitin-like conjugation reactions is
crucial for elongation and closure of autophagosomes. There
are two ubiquitin-like Atg conjugation systems, Atg5–Atg12 and
microtubule-associated protein 1 light chain 3 (LC3/Atg8). The
conjugation of Atg12 and Atg5 is mediated by Atg7 and Atg10.
Next, Atg12-Atg5 associates with Atg16L1 forming a complex
that acts as an E3-like ligase. LC3 is first cleaved by Atg4,
then in response to autophagy induction is conjugated with
phosphatidylethanolamine, by Atg7 together with Atg3 and the
complex Atg5–Atg12:Atg16L1. This lipidated form of LC3, also
known as LC3II, is incorporated into the autophagosomes during
the elongation process (Mehrpour et al., 2010) and it is a common
marker of autophagy induction.

Finally, autophagosomes, carrying cytosolic components and
dysfunctional organelles, fuse with lysosomes with a mechanism
that requires SNARE, Rab and membrane tethering proteins;
however, they can also merge with endocytic compartments
before reaching the lysosomes. In the lysosomes, the content
of autophagosomes is degraded and exported back to the
cytosol to fuel new nutrients. Several molecular signals drive
and control this complex process including the transcription
factors c-Jun N-terminal kinase (JNK), NFKappaB, Hypoxia-
Inducible Factor 1(HIF-1), E2F Transcription Factor 1 (E2F1),

Forkhead Box proteins (FoxOs) and p53 (Mehrpour et al., 2010)
that act at nuclear levels regulating the expression of genes
important for autophagy.

Under normal conditions, autophagy enables long-lived
protein breakdown, therefore complementing proteasomal
activity on short-lived proteins and helps the cell to remove
damaged organelles, such as mitochondria. However, autophagy
functions can be extended beyond and here we review its
essential role in maintaining cell survival and tissue homeostasis
under physiological or stressed conditions focusing on how
modification of its levels can be useful for tissues adaptations or
detrimental, altering their functions.

In this review, we explore autophagy process in endothelium,
muscle, immune system, and brain providing a suitable
framework of the emerging results and highlighting the pivotal
role of autophagic response in tissue differentiation, functions,
and remodeling after stimuli.

AUTOPHAGY AND ENDOTHELIUM
HOMEOSTASIS

The ability of autophagy to drive rapid cellular changes and
tissue remodeling in response to environmental and hormonal
cues favors the main role of this process in the formation
of new blood vessels and vascular homeostasis. A strictly
regulated cellular and tissue remodeling is indeed required either
for vasculogenesis - that is the differentiation of endothelial
precursor cells into endothelial cells (ECs) and de novo formation
of a primitive vascular network that remodels to acquire tissue-
and organ-specific functionality – or angiogenesis, the growth
of new blood vessels from pre-existing ones via sprouting
or intussusception. Specific ECs can also derive from local
progenitors in different organs or tissues, further enhancing the
complexity and diversity of the endothelial response to injury
and regenerative capacity (Marcu et al., 2018). Nonetheless, albeit
the phenotypical plasticity characterizing ECs is suggestive of
a key role for autophagy in development, differentiation and
homeostasis of the endothelium, knowledge about this issue is
still sparse and incomplete. Table 1 summarizes the present
understanding on the role of autophagy in endothelial behavior,
focusing on the genetic or pharmacological approaches currently
available to modulate the autophagic process both in vitro and
in vivo. All the data presented in Table 1 are deeply discussed in
the sections below.

Autophagy and Vasculogenesis
The formation of blood vessels via vasculogenesis is critical
for the development of any new tissue during embryogenesis
(Sweeney and Foldes, 2018). The early identifiable vessels arise in
the yolk sac where primitive ECs - derived from the mesodermal
layer of the embryo and expressing endothelial markers including
Vascular Endothelial Growth Factor Receptor (VEGFR), VE-
cadherin and CD31 (Breier et al., 1996) – aggregate to form blood
islands, and then migrate to the fetus where vascular networks
are formed. The expression of Atg7, Atg8, and beclin-1 has
been described in the vascular plexus of the chick yolk sac and
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TABLE 1 | A summary of the current knowledge on the role of autophagy in the maintenance of endothelial behavior and functions.

In vitro genetic or pharmacological
modulation

Autophagy Cell type Biological effect References

Atg3 silencing ↓ ECs Decrease eNOS expression, and increase ROS and inflammation Bharath et al., 2014

Resveratrol ↑ ECs Reduce vascular inflammation Chen et al., 2013

Rapamycin ↑ ECs Increase hemodynamic shear stress-induced eNOS expression Guo et al., 2014

Atg5 overexpression ↑ ECs Increase sprouting Du et al., 2012

Atg5 silencing or 3-MA treatment ↓ ECs Reduce sprouting Du et al., 2012

ULK1 silencing ↓ ECs Reduce VEGF- or AGGF1-induced sprouting Lu Q. L. et al., 2016;
Spengler et al., 2020

Beclin-1 silencing ↓ ECs Reduce EC-haematopoiesis supporting ability Lyu et al., 2020

3-MA ↓ MSCs Favor stemness maintenance Chang et al., 2015

Rapamycin ↑ MSCs Exert a protective effect against senescence Zhang et al., 2020

Increase VEGF secretion and angiogenesis An et al., 2018

Beclin-1 silencing ↓ MSCs Reduce VEGF-proangiogenic effect An et al., 2018

In vivo genetic or

pharmacological modulation

EC-selective Atg7 knock out ↓ Mice Reduce postnatal microvessel brain density Zhuang et al., 2017

ApoE–/–
mice

Favor development of atherosclerotic lesions Torisu et al., 2016

EC-selective Atg5 knock out or
chloroquine

↓ Mice No effect in retinal vasculogenesis Sprott et al., 2019;
Zhao et al., 2019

Mice Larger atherosclerotic lesions in area exposed to shear stress Vion et al., 2017

Chloroquine ↓ Melanoma
mouse
model

Normalize tumoral vessels Maes et al., 2014

Preconditioning hypoxia or atorvastatin ↑ Engrafted
MSCs

Promote survival Zhang Y. et al., 2012

chorioallantoic membrane, and developing chick embryos reveal
a hemorrhage phenotype – due to failure of capillary endothelium
- when exposed to either inducer or inhibitor of autophagy (Lu
W. H. et al., 2016). A reduced brain microvessel density has been
reported in transgenic mice with endothelial-selective knockout
of Atg7 (Zhuang et al., 2017). This inhibitory effect on cerebral
vascular density seems to mostly rely, however, on defective
postnatal angiogenesis rather than embryonal vasculogenesis
(Zhuang et al., 2017). More recently, it has been observed that
the physiological development of retinal vasculature is unaffected
by endothelium-specific Atg5 deletion (Sprott et al., 2019) or
by pharmacological inhibition of autophagy (Zhao et al., 2019).
Therefore, the role of autophagy in vasculogenesis is still obscure,
and further studies will be required to fully understand its impact
on embryonic vascularization.

Autophagy and Angiogenesis
Blood vessels carry oxygen, nutrients, and immune cells to
all the body’s tissues and are crucial for tissue growth and
physiology also in adult vertebrates. In healthy organisms, ECs
lining blood vessels are quiescent but still retain the ability
to respond to micro-environmental changes or pro-angiogenic
signals to form new blood vessels. Inadequate vessel formation
and maintenance as well as abnormal vascular remodeling
underlie various diseases including myocardial infarct, stroke,
cancer, and inflammatory disorders.

Several findings in cellular and animal models suggest
that autophagy may critically regulate vascular sprouting.

Overexpression of the Atg5 gene induces in vitro tubulogenesis
whereas Atg5 silencing or drug-induced inhibition of autophagy
suppress sprouting (Du et al., 2012). Functional autophagy is
required for in vitro angiogenesis induced by VEGF (Spengler
et al., 2020) or by the angiogenic factor AGGF1 (Lu Q. L.
et al., 2016), even if different molecular pathways are engaged
by the two factors to activate autophagy. Notably, the expression
of AGGF1 is induced in ischemic myocardium, and AGGF1
knockout mice show reduced autophagy and angiogenesis and
larger damaged areas after myocardial infarction (Lu Q. L.
et al., 2016). Angiogenic factors can therefore induce autophagy,
and autophagy, acting upstream of angiogenesis, is essential for
neovascularization. Angiogenesis also relies on EC autophagy in
a rat model of burn wound (Liang et al., 2018). Consequently,
induction of autophagy might provide a novel approach to boost
the efficacy of therapeutic angiogenesis in ischemic diseases and
tissue regeneration.

Autophagy and the Angiogenic Potential
of Stem Cells
Different types of stem cells (SCs), especially mesenchymal
stem/stromal cells (MSCs), have been extensively investigated
for proangiogenic cell therapy in hypo-vascular injuries, such
as peripheral artery disease, myocardial infarction, and stroke
(Bronckaers et al., 2014). A crucial issue in SC biology
concerns the balance between stemness and differentiation,
and accumulating evidence suggests that autophagy is critical
for the maintenance of self-renewal properties of long-lived
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SCs and for the differentiation of either embryonic or adult
SCs (Ho et al., 2017; Boya et al., 2018; Chen X. H. et al.,
2018; Chang, 2020). Likewise, stemness and differentiation are
regulated by autophagy in MSCs (Sbrana et al., 2016; Jakovljevic
et al., 2018) with the autophagic activity of old bone marrow-
derived MSCs reduced in comparison with young MSCs (Ma
et al., 2018). However, the relationship between autophagy and
senescence has not been totally elucidated in MSCs (Rastaldo
et al., 2020). The pharmacological inhibition of autophagy by
3-methyladenine (3-MA) maintains stemness in high glucose-
treated MSCs (Chang et al., 2015). Accordingly, upregulation
of autophagy in hyperglycemic conditions correlates with ROS
accumulation and premature senescence (Chang et al., 2015),
and increased levels of autophagy-related genes have been found
in senescent MSCs (Fafian-Labora et al., 2019). At variance, a
protective role for rapamycin-induced autophagy accompanied
by a decrease in ROS production has been shown in a D-
galactose-mediated model of MSC aging (Zhang et al., 2020),
and the autophagic flux is compromised in other models of
acute senescence, suggesting that functional autophagy may
be required to counteract detrimental pathways whereas its
negative modulation favors the establishment of cellular aging
(Song et al., 2014; Capasso et al., 2015). The protective effect
of autophagy may be decisive when MSCs are engrafted in
regions characterized by a severe oxidative environment, such
as infarcted hearts, where most of transplanted MSCs die in
a few days due to hypoxic stress-induced apoptosis (Miao
et al., 2017). Notably, induction of autophagy by preconditioning
MSCs with brief hypoxia prior to transplantation in ischemic
myocardium promotes their survival (Zhang Q. et al., 2012).
Also drugs that activate autophagy, such as atorvastatin, decrease
hypoxia-induced apoptosis and enhance survival of transplanted
MSCs (Zhang Q. et al., 2012). Remarkably, hypoxic priming
of MSCs before transplantation improves viability and pro-
angiogenic potential of engrafted MSCs also in the treatment
of diabetic complications such as lower limb ischemia (Qadura
et al., 2018). Collectively, all these studies suggest that modulation
of autophagy may be a general approach to protect MSCs
from external/internal stressors, thus enhancing their survival in
engrafted tissues, and finally their regenerative and therapeutic
potential (Ceccariglia et al., 2020). The pro-angiogenic potential
of MSCs is also controlled by their paracrine activities that
are due to all the factors released from cells, collectively
defined as secretome (Maacha et al., 2020). Rapamycin-induced
autophagy increases VEGF secretion from MSCs and accelerates
regeneration in a murine model of wound healing whereas
beclin-1 silencing blunts VEGF-mediated MSC pro-angiogenic
effects (An et al., 2018). Consequently, the ability of autophagy
to influence secretome may represent a further level of control
of the regenerative/therapeutic potential of MSCs. It is therefore
possible to summarize that autophagy favors revascularization of
ischemic areas either by directly promoting angiogenesis or by
supporting the angiogenic potential of MSCs through multiple
mechanisms.

Endothelial cells are also essential elements of the
hematopoietic SC (HSC) niche by providing critical signals
to support blood cell production in the bone marrow

(Mendelson and Frenette, 2014). Again, autophagy has been
proposed as a key regulator of this process because beclin-1
knockdown reduces the hematopoiesis-supporting ability of ECs
that can be restored by beclin-1 upregulation (Lyu et al., 2020).
Notably, a prospective case-control study illustrates that defective
autophagy of ECs in the HSC niche may be involved in the post-
allotransplant pancytopenia characteristic of poor graft function
(PGF), suggesting the possibility of treating PGF patients with
drugs able to promote autophagy (for example, rapamycin).

Autophagy and the Physiopathology of
ECs
At variance with post-ischemic angiogenesis, that restores
blood flow in hypo-vascularized areas, overgrowth of abnormal
vessels results in pathological angiogenesis and underlies various
diseases including retinopathies, cancer, and inflammatory
disorders. Endothelium-specific deletion of Atg5 reduces
pathological neo-vascularization in a mouse model of retinopathy
(Sprott et al., 2019), and the retinal vascular hyper-sprouting
phenotype induced by PKA deficiency is partially rescued by
inhibition of autophagy or endothelium-specific Atg5 deletion
(Zhao et al., 2019). Outstanding, defective autophagy does not
harm physiological development of retinal vasculature in both
the models. Thus, blocking autophagy may be useful to selectively
target pathological neo-vascularization, at the retina as well as in
tumors, where the formation of new blood vessels is essential for
cancer progression. Tumor-associated blood vessels are highly
permeable and unstable, and these anomalies promote a stressful
environment – characterized by hypoxia, nutrient deprivation
and inflammation - that results in enhanced autophagy and
resistance to hypoxia-induced cell death in tumoral ECs
compared to normal ECs (Filippi et al., 2018). Hypoxia drives not
only autophagy but also angiogenesis via increased expression
of VEGF due to stabilization and activation of the hypoxia-
inducible factor HIF. Tumors in hemizygous beclin-1 mice show
higher angiogenic potential under hypoxia in comparison to
wild type animals (Lee et al., 2011), thus supporting the view
that hypoxia-induced autophagy may restrain pathological
angiogenesis in the tumoral microenvironment.

The aberrant structure and function of peritumoral vessels
supports malignancy by establishing an abnormal tumoral
microenvironment that facilitates disease progression and
reduces the efficacy of antiblastic therapies. Hypoxia makes
cancer cells more aggressive and favors angiogenesis and
immunosuppression, while leaky vessels give tumor cells passage
to metastasize. It has been hypothesized that normalization
of tumor vessels can improve their functions by relieving
microenvironmental hypoxia and improving delivery and
outcome of anti-cancer drugs (Martin et al., 2019). Remarkably,
the autophagy blocker chloroquine (CQ) normalizes tumor vessel
structure and function and increases perfusion in a mouse model
of melanoma (Maes et al., 2014). Through the alteration of acidic
pH in endothelial late endosomes or lysosomes, CQ disrupts
endosomal and autophagic cargo degradation, followed by the
activation of Notch signaling and negative regulation of tip cell
during sprouting angiogenesis. Notch signaling has also been
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implicated in vessel stability by regulating the function of vascular
mural cells (Kofler et al., 2011). In addition, the CQ-mediated
reduction of tumor hypoxia favors the establishment of a less
pro-angiogenic microenvironment (Maes et al., 2014). Besides
autophagy, CQ improves the immunosuppressive function of the
tumoral micro-environment by enhancing the switch of tumor-
associated macrophages from tumor-promoting M2 to tumor-
killing M1 phenotype (Chen D. et al., 2018) – a mechanism that
has been related to normalization of tumor vascular network
(Jarosz-Biej et al., 2018). Notably, pleiotropic effects of CQ
on tumoral vessels are not phenocopied by loss of Atg5, and
more generally, results obtained by genetically interfering with
the expression of autophagy-related genes do not routinely
overlapped to the effects of pharmacological modulation of the
endo-lysosomal system (Schaaf et al., 2019). Thus, it is possible to
speculate that autophagy might be modulated by complementary
approaches – acting at different steps of the autophagic process –
to control pathological angiogenesis. It is, however, crucial to
further study whether and how these mechanisms intersect not
only at the level of ECs but also in other cell types belonging to
the tumoral microenvironment.

A crucial role for autophagy has also been proven in terminally
differentiated cells, such as ECs lining blood vessels, where
a constant renewal of cytoplasmic contents and organelles
is essential for the maintenance of homeostasis and cellular
health (Mizushima and Komatsu, 2011). An impairment in
EC functions – the so-called endothelial dysfunction (ED) - is
associated with all the common cardiovascular risk factors and
stressors, such as for example aging, smoking, hypertension,
diabetes, and low physical activity. ED is triggered by a loss
in the endothelial Nitric Oxide Synthase (eNOS) enzymatic
activity with a consequent decrease in nitric oxide (NO)
availability and accumulation of damaging ROS (Li et al., 2013).
Persistent oxidative stress alters mitochondrial structure and
function but the efficient degradation and recycling of damaged
organelles via autophagy/mitophagy results in cellular survival
and homeostasis. At variance, the partial/incomplete degradation
of mitochondria due to ineffective autophagy can cause a further
increase in oxidative stress, and finally cell death (Yan and Finkel,
2017). Consequently, the activation of autophagy in response
to oxidative stress, but also to other vascular stressors such
as high glucose, oxidized low-density lipoproteins or advanced
glycation end products, exerts a protective effect on ECs, and
any alteration in the autophagic flux can elicit detrimental
effects (Chen F. et al., 2014; Torisu et al., 2016; Yan and
Finkel, 2017). In addition, some vasculo-protective compounds
have been shown to stimulate autophagy, thereby reinforcing
EC resistance to cellular stress (Chen et al., 2013; Kim H. S.
et al., 2013). Hemodynamic shear stress, the mechanical force
generated by blood flow on vascular ECs, is essential for
endothelial homeostasis under physiological conditions (Hsieh
et al., 2014). Pulsatile laminar shear stress upregulates the
expression and activity of eNOS, and pretreatment with the
autophagy activator rapamycin further enhances shear stress-
induced eNOS expression (Guo et al., 2014). Likewise, either
autophagy markers or eNOS activity increase in response
to physiological levels of laminar flow, and silencing of the

Atg3 protein impairs eNOS function and generates ROS and
inflammatory cytokines (Bharath et al., 2014). Thus, autophagy
sustains pleiotropic functions of NO in the control of barrier
integrity, vessel dilation, leukocyte adhesion, platelet aggregation,
and finally angiogenesis, by favoring its formation in response
to physiological shear stress. In contrast, ECs exposed to low
levels of shear stress are characterized by inefficient autophagy
and by a proinflammatory, apoptotic, and senescent phenotype
(Vion et al., 2017). Similarly, perturbed/unstable flow impairs
p62-mediated clearance of autophagosomes and promotes ED
(Vion et al., 2017).

The autophagy process has typically been studied in cultured
ECs, which are proliferative cells at variance with quiescent cells
within the vasculature. However, a protective role for autophagy
has also been confirmed in vivo where the genetic inactivation of
the Atg7 gene favors the development of atherosclerotic lesions
in murine models (Torisu et al., 2016). Likewise, atherosclerosis-
prone mice bearing an endothelial-specific deletion of Atg5
develop larger atherosclerotic lesions, specifically in areas
exposed to high shear stress (Vion et al., 2017), that commonly
remain lesion-free since atherosclerosis favorably develops at
arterial bifurcations and at the inner part of curvatures where
blood flow is low or disturbed (Hsieh et al., 2014). The
translational relevance of these findings has been confirmed by
an increase in autophagic markers and NO production in human
ECs collected from the radial artery of subjects after dynamic
handgrip exercises (Park et al., 2019). At variance, reduction
in autophagic markers and impaired eNOS activation have
been observed in peripheral venous ECs from diabetic patients
showing a lower brachial artery flow-mediated dilation suggestive
of ED (Fetterman et al., 2016). It can therefore be assumed that:
(i) a defect in endothelial autophagy enhances pro-atherogenic
responses; (ii) the activation of the autophagic flux by adequate
shear stress acts as athero-protective mechanism. Enhancing
endothelial autophagy within the vasculature might therefore
represent a novel and attractive target for the prevention
and/or treatment of atherosclerosis and cardiovascular disease
(Hughes et al., 2020).

AUTOPHAGY AND SKELETAL MUSCLE
HOMEOSTASIS

Skeletal muscle is a plastic tissue that is continuously adapting
and changing to physical and metabolic demands. To sustain the
increased energy needs or cope with catabolic conditions, skeletal
muscle can mobilize proteins, reorganize organelles networks,
and change the nuclei setting. Autophagy is the major reservoir
of energy and the mouse model expressing fluorescent LC3 shows
that muscles have one of the highest rates of autophagy during
fasting (Mizushima et al., 2004). Basal autophagy is regulated
by metabolic properties of muscle, indeed a negative correlation
between fiber oxidative capacity and autophagy flux exists and
both basal and stimulated autophagy are greater in glycolytic
muscles as compared with the oxidative ones (Mofarrahi et al.,
2013). These differences are associated with different activation
of the AMPK pathway and inhibition of the AKT and mTOR
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signaling (Mofarrahi et al., 2013) that are more evident in low
oxidative muscles.

Autophagy and Muscle Mass
Maintenance
Autophagy maintains healthy muscle homeostasis and
physiology (Masiero et al., 2009), exerting a beneficial role in
controlling muscle mass. Muscle-specific deficiencies in essential
autophagy factors such as Atg5, Atg7, VPS15, ULK1, AMPK, and
mTOR result in abnormal mitochondrial morphology, oxidative
stress, sarcomere alterations, accumulation of ubiquitylated
products, and induction of unfolded protein response that
can contribute to great muscle loss and weakness leading to
myofibers degeneration (Raben et al., 2008; Masiero et al.,
2009; Castets et al., 2013; Nemazanyy et al., 2013; Bujak et al.,
2015; Fuqua et al., 2019). Similarly, AMBRA1 deletion results
in a severe myopathy with loss of muscle fibers, sarcomere
disorganization, and mitochondria alterations (Skobo et al.,
2014). AMBRA1 interacts with Tripartite motif-containing
32 (TRIM32) (Di Rienzo et al., 2019) that is crucial as well,
and indeed its deletion causes myopathy with neurological
complications, both superimposable with the phenotype
observed in patients with limb-girdle muscular dystrophy 2H
(LGMD2H) (Saccone et al., 2008). Recently, the autophagic
lysosome reformation (ALR) pathway has also emerged as an
important regulator for muscle homeostasis. Hence, the deletion
of the phosphatase regulating the PI(4,5)P2 to PI(4)P conversion,
i.e., the inositol polyphosphate 5-phosphatase (INPP5K), causes
a progressive muscle disease associated with lysosomes depletion
and autophagy impairment (McGrath et al., 2020). Whether
in other systems the Transcription Factor EB (TFEB) is able
to restore lysosomal homeostasis and autophagy (Spampanato
et al., 2013), in this model TFEB-dependent lysosomal biogenesis
is not sufficient to compensate the defective ALR, indicating its
fundamental role in replenishing lysosomes during autophagy.

Interestingly, mild perturbation of autophagy does not cause
a severe muscular phenotype. Muscle appears normal despite
a slight, but non-significant, reduction of its mass and a small
decrease in fibers size regardless of type (Paolini et al., 2018),
highlighting the differences between models in which autophagy
is completely blocked or only mild attenuated. In this model,
muscle loss is evident after a starvation period suggesting that the
absence of inducible autophagic response speeds up the process
reducing protein synthesis and increasing ubiquitylated products
and confirms how a normal autophagic process is essential for
maintaining muscle mass (Paolini et al., 2018).

The preservation of muscle mass could be achieved by
the maintenance of Sestrins levels, which appear strongly
downregulated in the atrophic muscle (Segales et al., 2020)
and aged-subjects (Zeng et al., 2018). Sestrins is able to
enhance autophagy preserving organelles quality, and in turn
muscle mass, through a double mechanism: it inhibits FoxO-
dependent expression of atrogenes by increasing Akt, and
sustains autophagy, by activating AMPK and blocking mTORC1
(Segales et al., 2020). Other factors are emerging as important
for controlling and averting atrophy; especially, recent evidence

points out that TRIM32 is required for autophagy induction
in atrophic conditions promoting ULK1 activity. This improves
the functional maintenance of muscle cells via reduction of
ROS production and induction of muscle ring finger-1 (MuRF1)
(Di Rienzo et al., 2019).

Of note, whether the absence of autophagy is harmful,
its excessive induction is detrimental too. For instance, the
upregulation of FoxO3 transcription factor enhances autophagy
and is enough to induce muscle fibers atrophy (Mammucari
et al., 2007). Similarly, mice lacking the nutrient-deprivation
autophagy factor-1 (NAF-1), an endoplasmic reticulum (ER)
protein required for blocking beclin-dependent autophagy,
display muscle weakness accompanied by increased autophagy
(Chang et al., 2012). Consistently, a high autophagy rate
exacerbates muscle atrophy induced by several conditions. The
lesson from these results is complex, indicating a dual role for
autophagy and suggesting that a proper autophagic process is
crucial for muscle homeostasis.

Autophagy and Exercise
Autophagy is also important for skeletal muscle remodeling after
stimuli like contraction/exercise. Exercise can help to improve
muscle quality in old and frail people (Cadore et al., 2014).
Consistently, a recent study sheds light on the effects of acute
and chronic exercise on autophagy in frail elderly subjects. The
authors establish that autophagy is activated after a session
of strength training in unexercised subjects. By contrast, in
exercised subjects performing the same training, this response
is completely blunted, suggesting that the results of this physical
activity depend on the subjects’ training status (Aas et al., 2020).
Similarly, resistance exercise enhances autophagy in untrained
young men, but it is absent in aged-subjects (Hentila et al., 2018).
This last result partially contrasts the work of Aas et al. (2020),
suggesting that the autophagic response to strength training
needs to be further investigated.

Defective stimulation of basal autophagy impairs metabolic
adaptations induced by exercise training, such as mitochondrial
biogenesis and angiogenesis, without interfering with the fiber
type switch distinctive of contractile adaptations (Lira et al.,
2013). This confirms the existence of a link between oxidative
phenotype and basal autophagy flux, as well as demonstrates
that chronic contractile activity is not sufficient to affect basal
autophagy flux (Lira et al., 2013).

Hence, exercise is considered a stimulus that induces
autophagy in vivo (Grumati et al., 2011; He et al., 2012) and
a described mechanism involves the disruption of the BCL2–
beclin-1 complex (He et al., 2012). Knock-in mutation in
BLC2 phosphorylation site generates mice with normal basal
autophagy but defective stimulus-induced autophagy. These
mice display normal cardiac and skeletal muscle features at
baseline; conversely, they show impaired exercise-enhanced
insulin sensitivity and fail to exhibit increased plasma membrane
GLUT4 localization, both dictated by low AMPK activation
(He et al., 2012). These mice have a much worse running
performance and are not protected against high fat diet-
induced glucose intolerance (He et al., 2012). However,
another study reports exactly opposite results demonstrating
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that muscle-specific autophagy knockout mice have an
improved metabolic profile, including glucose homeostasis,
associated with the release of the mitokine FGF21 triggered
by dysfunctional mitochondria (Kim K. H. et al., 2013).
Consistently, in the same muscle-specific inducible model,
the inhibition of autophagy immediately before training does
not impact on physical performance, glucose homeostasis, or
PRKAA1/AMPK signaling. By contrast, autophagy accounts
for the preservation of mitochondrial function during muscle
contraction, revealing its important role for muscle injury
repair (Lo Verso et al., 2014). Besides, these data uncover
the differences between a general inhibition of autophagy
with respect to tissue-specific blocking, suggesting a potential
cell-autonomous regulation.

Autophagy and Muscle Regeneration
The finding that autophagy is important in muscle repair has
been deeply investigated. The regenerative capacity of muscle is a
crucial process that allows the recovery after damage and requires
the effort of different cell types.

Autophagy is rapidly induced at the onset of regeneration
process showing a role in sarcomeric disassembly but
not in nutrient recycling. Autophagy inhibition causes
the accumulation of sarcomeric remnants and prevents
the proper organization of sarcomere during regeneration
(Saera-Vila et al., 2016).

In case of injury, autophagy is required to maintain
sarcolemma integrity, as demonstrated in mice with decreased
Atg16 function (Atg16L1 mice) and exposed to cardiotoxin
(CTX) damage. In absence of autophagy and with low
CTX levels, fibers become leaky and are infiltrated by
circulating immunoglobulins, but are able to buffer calcium rise
preventing their necrosis and death. Otherwise, whether the local
concentration of CTX is high, fibers cannot buffer calcium and
die; overall, these effects result in attenuated muscle regeneration
in Atg16L1 mice (Paolini et al., 2018).

Autophagy can also contribute to mitochondrial regeneration
during muscle repair and chronic treatment with an autophagy
inhibitor negatively affects mitochondrial activity and recovery
after injury (Nichenko et al., 2016). Similarly, the muscle-specific
deletion of the ULK1 gene, which is essential for mitophagy
(mitochondrial-specific autophagy), causes impaired functional
recovery of muscle associated with altered respiratory complexes
levels (Call et al., 2017). Specifically, ULK1 is important for
the reorganization of the mitochondrial network after damage
and this event is crucial for the optimal recovery of muscle
(Call et al., 2017).

A role for autophagy in muscle regeneration can be also
drawn from the recent discoveries in satellite cells that are
functional adult stem cells with the ability to proliferate and
undergo myogenesis. Autophagy is essential for satellite cells to
come out of their quiescent state, indeed this activation is a
metabolic demanding process and autophagy can provide the
required nutrients favoring the transition between quiescent
to the activated state (Tang and Rando, 2014). In agreement,
committed myogenic progenitors are mostly positive for LC3
in contrast to the self-renewal population, suggesting that the

presence of LC3 positive satellite cells overlaps with a strong
regenerative response after injury (Fiacco et al., 2016).

Autophagy is also important to control cell senescence and
its decline is responsible for the rapid entry of satellite cells into
senescence accounting for the exhaustion of stem cells pool and
defective muscle regeneration. Physiologically, this occurs with
aging: indeed, old satellite cells show autophagy decline and are
more prone to senescence (Garcia-Prat et al., 2016). The link
between autophagy and muscle cell senescence is challenging and
it has been further expanded. Stimuli that strongly upregulate
autophagy, such as repeated amino acids and serum withdrawal,
do not trigger senescence features. Conversely, senescence-
associated with mild toxic stress is limited in Atg7-deficient cells
for increasing cell death (Bloemberg and Quadrilatero, 2020).
This suggests that massive induction of autophagy prevents
senescence, whereas autophagy-defective myoblasts do not
develop senescence, but die (Bloemberg and Quadrilatero, 2020).

Besides, autophagy controls the effectiveness of GH-IGF1
axis in muscle affecting the proliferative capacity and the
differentiation potential of satellite cells and influencing muscle
development, with severe post-natal muscle growth retard in
condition of autophagy disruption (Zecchini et al., 2019).

The exact role of autophagy in muscle regeneration is complex
considering the different cell types involved in the process.
However, the induction of autophagy seems to be beneficial for
repairing after damage as well as for exercise adaptations.

Autophagy and Muscle Disorders
Another proof of concept of the role of autophagy in
muscle homeostasis comes from the evidence that many
pathophysiological conditions of muscle are associated with
disrupted autophagic process including muscular dystrophies
(Grumati et al., 2010; De Palma et al., 2012, 2014; Fiacco
et al., 2016), type II diabetes mellitus and insulin resistance
(He et al., 2012), sarcopenia (Fan et al., 2016) and cancer
cachexia (de Castro et al., 2019). Moreover, genetic defects
affecting each phase of autophagy underlie skeletal muscle illness
and the severity of the phenotype depends on whether the
mutation disrupts basal or inducible autophagy (Jokl and Blanco,
2016). Interestingly, upregulation as well as downregulation of
autophagy, are associated with muscle disorders, confirming
the importance of a proper autophagic flux. For instance, in
Pompe disease, an excessive autophagic buildup occurs and
compromises enzyme replacement therapy (Fukuda et al., 2006;
Raben et al., 2008).

In myotonic dystrophy type 1 (DM1), which affects
adults causing atrophy and myotonia, autophagy levels are
enhanced (Bargiela et al., 2015) and counteracting autophagy
by mTOR stimulation improves satellite cells proliferation
(Song et al., 2020).

Conversely, in the Vici syndrome, the causative genetic
mutation leads to an autophagic block resulting in a clearance
defect with accumulation of autolysosomes (Cullup et al., 2013).
Autophagy signaling is also impaired in muscular dystrophies
as shown in dystrophin or collagen VI deficient muscles and
the forced reactivation of the process improves both dystrophic
phenotypes (Grumati et al., 2010; De Palma et al., 2012;
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Fiacco et al., 2016). Specifically, in collagen VI deficient patients a
dietary approach for reactivating autophagy has been attempted
in a pilot clinical trial, obtaining beneficial effects (Castagnaro
et al., 2016). Similarly, the administration of nutraceutical
compounds, such as pterostilbene in collagen 6 null mice
promotes a proper autophagic flux exerting favorable outcomes
on muscle (Metti et al., 2020).

Defective autophagy is also detected in LGDM2H due to
impaired interaction between mutated TRIM32 and ULK1 which
results in the accumulation of autophagy cargo receptors, ROS
production, and MuRF1 upregulation (Di Rienzo et al., 2019).
The efficient reactivation of autophagy is also useful in Emery–
Dreifuss muscular dystrophy (Ramos et al., 2012); by contrast, in
laminin alpha2 chain-deficient muscle autophagy is upregulated
and its inhibition has beneficial effects on dystrophic phenotype
(Carmignac et al., 2011). In this regard, many other examples
indicate that muscle is particularly susceptible to autophagy
dysregulation (Dobrowolny et al., 2008; Sarparanta et al., 2012;
Fetalvero et al., 2013). Therefore, undoubtedly, autophagy is a
key process whose alteration affects development, homeostasis
and remodeling of skeletal muscle and whose normalization is
essential for the physiology of skeletal muscle as well as for
ameliorating muscular diseases, as summarized in Table 2.

AUTOPHAGY AND IMMUNE SYSTEM
HOMEOSTASIS

Autophagy is an essential process in the regulation of
homeostasis of immune cells involved in innate and adaptive
immune responses, such as monocytes, macrophages, dendritic
cells (DCs), T and B lymphocytes, by influencing their
proliferation, differentiation, activation, survival and cytokine
release (Harris, 2011).

Monocytes and macrophages are pivotal effectors and
regulators of the innate immune response (Italiani and Boraschi,
2014). DCs, as antigen-presenting cells (APCs), trigger and
modulate the activation of naive T cells, and have a central role in
the development and maintenance of immune tolerance (Patente
et al., 2018). T cells have diverse jobs: (i) they activate other
immune cells (T helper cells) (Glimcher and Murphy, 2000); (ii)
they detect and destroy infected and tumor cells (cytotoxic T
cells) (Andersen et al., 2006); (iii) they can “remember” a previous
encounter with a specific microbe and start a quick response upon
pathogen re-exposure (memory T cells) (Omilusik and Goldrath,
2017); (iv) they can regulate or suppress other cells in the
immune system (regulatory T cells: Treg) (Vignali et al., 2008).
B cells are mainly responsible for mediating the production of
antigen-specific antibodies directed against invasive pathogens
(Eibel et al., 2014). Autophagy has been demonstrated to be
central in all these cells, as it modulates cell signaling and
metabolism, antigen presentation, proteostasis, mitochondrial
function and reactive oxygen species (ROS) production and
ER stress (Rathmell, 2012; Gkikas et al., 2018; Smith, 2018;
Valecka et al., 2018; Macian, 2019). An overview of the effects of
autophagy changes on immune cells is reported in Table 3 and
discussed in the sections below.

Autophagy and Macrophages
Autophagy plays a key role in different stages of macrophage life,
including differentiation from monocytes and polarization into
pro-inflammatory and anti-inflammatory and tissue repairing
macrophages (i.e., M1 and M2 cells) (Vergadi et al., 2017).
Monocytes originate in the bone marrow from a myeloid
progenitor and then they are released into the peripheral blood.
In response to inflammation, monocytes migrate into tissues and
can differentiate into macrophages or die by caspase-dependent
apoptosis. Both the cytokines colony-stimulating factor 1 and
2 (CSF1 – CSF2) are able to promote monocyte survival and
differentiation into macrophages via autophagy (Jacquel et al.,
2012; Zhang Y. et al., 2012). CSF1 contributes to increased
induction of autophagy by activating the ULK1 pathway (Jacquel
et al., 2012; Obba et al., 2015), while CSF2 acts through
JNK/beclin-1 and the block of Atg5 cleavage (Zhang Y. et al.,
2012). Of note, the pharmacological blockade of autophagy in
CSF2 treated monocytes by 3-MA and CQ leads to the promotion
of apoptosis and the inhibition of differentiation and cytokine
release, thus corroborating the role of autophagy in these events
(Zhang Y. et al., 2012).

To date, it is clear that autophagy is also fundamental in
macrophage polarization, i.e., the process by which macrophages
develop a peculiar functional phenotype as a reaction to
specific signals. Depending on the stimulus that macrophages
receive they can acquire an M1 or an M2 phenotype (Murray
et al., 2014); however, how autophagy affects these events,
especially M1 polarization, is still under debate, because of
discrepancy in published data that can be explained by
differences in the backgrounds of the macrophages studied
and in the experimental settings. The first study addressing
directly this issue demonstrated that molecular inhibition
of autophagy, by targeting Atg5 gene in C57Bl/6 mice,
boosts M1 polarization in vitro by significantly increasing
M1 markers and proinflammatory cytokine release including
TNF-alpha, CCL5, IL6, CCL2, and IL1beta (Liu et al., 2015).
These data were confirmed by a following paper showing
a lower activation of autophagy in M1 macrophages when
compared with M2 and demonstrating that the pharmacological
inhibitor of autophagy CQ repolarizes M2 macrophages to
an M1 phenotype (Guo et al., 2019). Of notice, once
acquired an M1 phenotype, macrophages reduce autophagy
and increase glycolysis (Matta and Kumar, 2015). In this
context, the role of AKT/mTOR pathway seems to be
significant in both autophagy and metabolism. Indeed, in
M1 polarized macrophages AKT activation mediates the
switch to glycolytic metabolism that leads to suppression
of autophagy (Matta and Kumar, 2015). However, in 2017
Esteban-Martinez and collaborators by using a different mouse
model (i.e., peritoneal elicited macrophages in CD1 mice)
stated that mitophagy contributes to macrophage polarization
toward the proinflammatory and more glycolytic M1 phenotype
by eliminating mitochondria, but not to M2 macrophage
polarization that relies mainly on oxidative phosphorylation
(Esteban-Martinez et al., 2017). On the other hand, it seems clear
that induction of autophagy supports M2 polarization involving
AKT/PI3K pathway, STAT6 and Atg7 (Kapoor et al., 2015;
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TABLE 2 | A summary of the current knowledge on the role of autophagy in the maintenance of muscle behavior and functions.

In vitro genetic or
pharmacological modulation

Autophagy Model Biological effect References

3-MA or Chloroquine
Atg5 or Atg7 silencing

↓ SC Inhibition of SC activation Tang and Rando, 2014

In vivo genetic or

pharmacological modulation

Muscle-specific knock out
models for:
Atg5-Atg7-VPS15-ULK1-AMPK-
mTOR-AMBRA1

↓ Mice Mitochondria dysfunctions, sarcomere alterations, muscle
loss, weakness, and myofibers degeneration.

Raben et al., 2008;
Masiero et al., 2009;
Castets et al., 2013;
Nemazanyy et al., 2013;
Skobo et al., 2014;
Bujak et al., 2015;
Fuqua et al., 2019

Muscle-specific TRIM32 knockout ↓ Mice Myopathy with neurological alterations. Mutations in TRIM32
are responsible for LGMD2H

Saccone et al., 2008

Muscle-specific INPP5K knockout ↓ Mice INPP5K deletion causes muscular dystrophy McGrath et al., 2020

Muscle-specific FoxO3 upregulation ↑ Mice Muscle atrophy Mammucari et al., 2007

Muscle-specific NAF-1 knockout ↑ Mice Muscle weakness Chang et al., 2012

Muscle-specific Atg16L1 ↓ (mild) Mice Impaired regeneration after injury Paolini et al., 2018

Muscle-specific UlK1 knockout ↓ (mitophagy) Mice Impaired regeneration after injury Call et al., 2017

Muscle stem cell-specific Atg7
knockout

↓ Mice Impairment of GH-IGF1 axis and severe muscle growth
retard.
Altered proliferation and differentiation of muscle stem cells

Zecchini et al., 2019

Atg6 knockout Defective stimulus-
induced autophagy

Mice Defective adaptations to endurance exercise training Lira et al., 2013

Knock-in mutations in BCL2
phosphorylation sites (Bcl2AAA)

Defective stimulus-
induced autophagy

Mice Decreased performance and altered glucose metabolism
during acute exercise. Impaired exercise-mediated
protection against high-fat-diet-induced glucose intolerance

He et al., 2012

3-MA ↓ Mice Impaired mitochondrial activity and muscle regeneration after
injury

Nichenko et al., 2016

Low protein diet ↑ COLL6 deficient
patients

mdx mice

Autophagy recovery and amelioration of dystrophic
phenotype.
Autophagy recovery and amelioration of dystrophic
phenotype

De Palma et al., 2012;
Castagnaro et al., 2016

Pterostilbene ↑ COLL6 knockout
mice

Autophagy recovery and amelioration of dystrophic
phenotype

Metti et al., 2020

Vergadi et al., 2017; Sanjurjo et al., 2018; Wen et al., 2019;
Bo et al., 2020).

Recently, it has been demonstrated that autophagy plays a
key role in cytokine production by macrophages. The lack of
autophagy, obtained by the genetic depletion of Atg16L1, beclin-
1, and LC3, indeed enhances the secretion of interleukin 1beta
(IL-1beta) and IL-18 in response to lipopolysaccharide (LPS)
and other pathogen-associated molecular patterns (Saitoh et al.,
2008; Nakahira et al., 2011). In macrophages, the secretion of IL-
1beta and IL-18 is controlled by the signaling platform known
as the inflammasome via the release of mitochondrial DNA
(mtDNA) and ROS production and the ensuing cleavage and
activation of caspase-1. Autophagy by controlling the elimination
of dysfunctional mitochondria and the translocation of mtDNA
into the cytosol inhibits mitochondrial ROS generation and exerts
an anti-inflammatory effect (Nakahira et al., 2011).

Autophagy and Dendritic Cells
Little is known about the role of autophagy in the generation of
DCs. While it does not seem to have a role in the development of
immature DCs, however, it seems to contribute to the activation

and function of mature DCs, thus indicating autophagy as a
key player in the physiological and pathological processes that
rely on DCs. Targeting of Atg16L1, a gene associated with
inflammatory bowel disease has been demonstrated to boost
the immunostimulatory capability of murine mature DCs by
increasing the expression of co-stimulatory molecules on the
cell surface (Hubbard-Lucey et al., 2014). Autophagy dependent
degradation of intracellular materials, including phagocytosed
antigens, has been described as a key route for endogenous
and exogenous antigens to reach the MHC-II presentation
machinery in DCs and activate CD4+ T cells (Dengjel et al.,
2005; Munz, 2009; Lee et al., 2010; Keller et al., 2017). Thus
autophagy, by regulating MHC-II presentation in DCs, might
shape the self-tolerance of CD4+ T cells and trigger CD4+ T
cell responses against pathogens and tumors. Moreover, it is
clear that autophagy in DCs is required for Treg homeostasis
and function both in normal and pathological conditions,
as for instance in the development of autoimmune diseases
(Niven et al., 2019). In this context, it has to be noted that
Treg cells themselves may suppress CD4+ T cell-dependent
autoimmune responses through inhibition of autophagy in DCs
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TABLE 3 | A summary of the current knowledge on the role of autophagy in the maintenance of immune cells behavior and functions.

In vitro genetic or
pharmacological modulation

Autophagy Model Biological effect References

3-MA or chloroquine ↓ Monocytes Promotion of apoptosis, inhibition of differentiation and of
cytokine release

Zhang Y. et al., 2012

Chloroquine ↓ Macrophages M2 repolarization to M1 Guo et al., 2019

3-MA or cyclosporine A ↓ Macrophages M1 polarization Esteban-Martinez et al., 2017

3-MA ↓ Macrophages Inhibition of M2 polarization Bo et al., 2020

3-MA or beclin-1 and Atg7
silencing

↓ T cells Resistance to cell death of Th2 cells Li et al., 2006

Beclin-1 silencing ↓ ECs Reduce EC-haematopoiesis supporting ability Lyu et al., 2020

In vivo genetic or

pharmacological modulation

Atg5 knock out ↓ Macrophages Increase of M1 marker expression and cytokine release Liu et al., 2015

3-MA ↓ Macrophages Inhibition of M2 polarization Bo et al., 2020

Atg16L1 knock out ↓ Macrophages Increase of secretion of IL-1β and IL-18 Saitoh et al., 2008

Beclin-1 knock out or LC3
knock out

↓ Macrophages Increase of secretion of IL-1β and IL-18 Nakahira et al., 2011

Atg16L1 knock out ↓ Dendritic cells Boost of the immunostimulatory capability of murine mature DCs Hubbard-Lucey et al., 2014

Atg5 knock out ↓ T cells Inhibition of cell survival and proliferation Pua et al., 2007

Beclin-1 knock out ↓ T cells Increase of cell death Kovacs et al., 2012

Plasma cells Atg5 selective
knock out

↓ B cells Plasma cells maintenance and humoral immunity Pengo et al., 2013

Plasma cells Atg5 selective
knock out

↓ B cells B cell receptor trafficking Arbogast et al., 2019

in a cytotoxic T-lymphocyte-associated protein 4-dependent
(CTLA4-dependent) manner (Alissafi et al., 2017).

Autophagy and T Cells
Lymphocytes (T and B cells) are the essential mediators of
the adaptive immune system. All lymphocytes originate from
a common progenitor [common lymphoid progenitor (CLP)],
derived from the hematopoietic stem cell. In naïve T cells,
macroautophagy is active and constitutes a key mechanism for
preserving cells homeostasis and survival and adapting cells to
intracellular or extracellular environment modifications (Li et al.,
2006; Pua et al., 2007). This has been addressed in autophagy
gene-deficient T cells, such as cell lacking Atg5, Atg7, beclin-1,
or VPS34 (Li et al., 2006; Pua et al., 2007, 2009; Kovacs et al.,
2012; Willinger and Flavell, 2012). Indeed, mice with autophagy-
deficient T cells displayed a strong decrease in both mature CD4+
and CD8+ cells and the remaining T cells failed to proliferate
upon T cell receptor (TCR) stimulation (Pua et al., 2009). In T
cells, autophagy acts as a pro-survival process also by eliminating
the excess of organelles such as mitochondria and ER. Defective
mitophagy in T cells contributes to increase of mitochondrial
mass and the ensuing ROS production, therefore prompting the
cells to cell death via apoptosis (Pua et al., 2009; Jia and He, 2011).
Moreover, the genetic deletion of Atg3, Atg5, and Atg7 results in
expanded ER compartments containing increased calcium stores
that cannot be depleted properly, thus causing defective calcium
influx inside the cells (Jia and He, 2011; Jia et al., 2011). Several
studies provided evidence that TCR engagement in CD4+ and
CD8+ T cells triggers autophagy activation to support energetic
demands for proliferation and cytokines production (Li et al.,
2006; Arnold et al., 2014; Botbol et al., 2015; Bantug et al., 2018).

Pharmacological or genetic (Atg3, Atg5, or Atg7) inhibition of
autophagy has been reported to affect proliferative responses in
both CD4+ and CD8+ T cells (Pua et al., 2007; Hubbard et al.,
2010). The molecular mechanisms that may induce autophagy in
activated T cells are still not completely understood, but multiple
pathways seem to be involved. Li et al. (2006) demonstrated
that autophagy in TCR activated T cells is affected by 3-MA,
an inhibitor of PI3K, as well as JNK inhibitors, and can be
enhanced by rapamycin (inhibitor of the mTOR pathway) and
zVAD (inhibitor of caspase activity), suggesting a role for all
these pathways. More recently, Botbol et al. (2015) reported that
intracellular signaling of cytokines such as IL2, IL4, IL7, and
IL15 can induce autophagy in CD4+ T cells and demonstrated
the involvement of Janus kinase 3 (JAK3). Autophagy has been
shown to control also Treg stability and function (Wei et al.,
2016). Treg cells have higher autophagy activity than naive CD4+
T cells and Treg cells- specific deletion of Atg7 or Atg5, results
in increased cell apoptosis and therefore in the development of
autoimmune and inflammatory disorders or tumor resistance
(Zhang et al., 2019).

Autophagy and B Cells
Autophagy has recently emerged as crucial for the maintenance of
memory B cells and plasma cells, while its role in the development
and survival of naïve B cells needs further elucidation. By using
two new mouse models of conditional Atg5 deletion, one under
the control of a promoter active early during B-cell development
and the other active in mature B cells, Arnold and collaborators
drawn the conclusion that basal levels of autophagy are necessary
to maintain a normal number of peripheral B cells and central
during development of B-1a B cells, tissue-resident, innate-like
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B cells (Arnold et al., 2016). Subsequently, it has been also
demonstrated that B1a B cells have active glycolysis and fatty
acid synthesis and depend on autophagy to survive and self-
renew (Clarke et al., 2018). Following appropriate stimulation,
peripheral B cells in lymphoid follicles may differentiate in the
germinal center (GC) B cells, which generate either plasma cells
or memory B cells. It has been recently reported that GC B
cells are the most active B cells in processing autophagy, which
appears to be non-canonical autophagy independent of Atg genes
(Martinez-Martin et al., 2017).

Both plasma cells and memory B cells display high levels
of autophagy. The elevated secretory activity of plasma cells
makes them particularly susceptible to ER stress thus determining
the activation of the unfolded protein response (UPR), whose
principal aim is to restore ER homeostasis (Li et al., 2019).
In response to the challenge of misfolded proteins, autophagy
may function as an adaptive ‘self-eating’ process by which
excessive intracellular components are encapsulated within
autophagosomes and degraded. Pengo et al. (2013), in autophagy-
deficient (Atg5f/fCD19-Cre) plasma cells, discovered that
autophagy is required for plasma cells maintenance and humoral
immunity, by limiting ER expansion and immunoglobulin
synthesis while sustaining energy metabolism and viability. In
memory B cells autophagy deficiency leads to a significant decline
of cell number accompanied by accumulation of abnormal
mitochondria, excessive ROS production and oxidative damage
and Ab-dependent immunological memory (Chen M. et al.,
2014; Chen et al., 2015). Of notice, autophagy is dispensable
for the initial formation of memory B cells, but it is necessary
for their long-term maintenance, via the upregulation of the
expression of BCL2 and autophagy genes, starting from the
transcription factors FoxO1 and FoxO3 (Chen et al., 2015).
Finally, autophagy has been demonstrated to be central in MHC-
II-dependent antigen presentation by B cells to CD4+ T cells.
In their role of APCs B cells can induce T cell tolerance and,
in case of presenting self-antigens, they can be involved in the
development of autoimmune diseases. Moreover, priming of
helper T cells by B cells provides instructive signals for B cells
terminal differentiation into memory or plasma cells secreting
high-affinity antibodies (Rodriguez-Pinto, 2005). In B cells as
APCs, autophagy is indeed implicated in the processing of
viral antigens for MHC-II-mediated presentation (Paludan et al.,
2005), and optimizes B cell receptor signaling in response to
nucleic acid antigens (Chaturvedi et al., 2008). Recently, it has
been reported that Atg5 is involved in B cell receptor trafficking
and in the recruitment of lysosomes and MHC-II compartment
in B cells, thus suggesting that autophagy may control the B
cell activation steps required for the humoral immune response
against particulate antigens (Arbogast et al., 2019).

AUTOPHAGY AND BRAIN
HOMEOSTASIS

It is well known that the development, survival and function of
nervous system strongly depend on autophagy, which plays a
crucial role to maintain neuronal homeostasis and functioning

(Yamamoto and Yue, 2014; Ariosa and Klionsky, 2016). In fact, as
post-mitotic cells, neurons cannot remove dysfunctional cellular
components by cell division. Conversely, they require specific
processes aimed to preserve their viability during lifetime. To
better understand the importance of autophagy for neurons,
we have to consider that differently from frequently replaced
cells, most of the neurons are generated during embryogenesis
and have to maintain their functionality for the entire lifespan
of the individual. The critical relationship between neurons
and autophagy is demonstrated by the detrimental impact of
the deletion from the neural lineage of specific Atg genes,
which results in cytoplasmic inclusions and increased risk
of neurodegeneration, even without concomitant pathological
processes. Moreover, growing evidence suggests the involvement
of autophagy in several pathologies characterized by neuronal
dysfunction without cell death. In line with these observations,
a better knowledge of the mechanisms underlying autophagy
in neurons would be crucial to develop potential therapeutic
strategies able to preserve and/or protect neuronal health.
Although in this review we aim to specifically describe the
involvement of autophagy in neuronal health and function, we
have to be aware that other cells of the nervous systems such
as glial populations, i.e., astrocytes, oligodendrocytes, Schwann
cells and microglia cells are under the control of this process
[for review (Kulkarni et al., 2018)]. The comprehension of the
mechanisms by which autophagy occurs within the nervous
system, both in neurons and in non-neuronal cells, may provide
crucial information to address autophagy as potential therapeutic
target. Table 4 summarizes the present understanding on the
role of autophagy in brain homeostasis, focusing on the genetic
or pharmacological approaches used to modulate the autophagic
process both in vitro and in vivo. All the data presented in Table 4
are deeply discussed in the sections below.

Autophagy and Neuronal Survival
The role of autophagy in neuronal survival has been
demonstrated by using mice and/or other models with whole-
body or conditional/selective knockouts of Atg genes. For
example, deletion of genes codifying proteins involved in the
formation of autophagosome within the nervous system such as
Atg5 and Atg7 caused axon swelling and neuron death (Hara
et al., 2006; Komatsu et al., 2006). Specifically, neuronal loss
was detected in the Purkinje cell layer of the cerebellum as well
as in the pyramidal cells of cerebral cortex and hippocampus
(Hara et al., 2006; Komatsu et al., 2006). Interestingly, inhibition
of autophagy was paralleled by increased ubiquitin-positive
aggregates, an effect restricted to neurons with no impact on the
surrounding glia (Hara et al., 2006; Komatsu et al., 2006). It is
important to note that the loss of autophagy differently affects the
various brain regions. For example, despite their susceptibility to
the consequences of compromised autophagy, Purkinje cells were
not characterized by aggregates (Hara et al., 2006). Degeneration
and death of Purkinje cells have been also observed in response
to neural-specific deletion of FIP200, a protein required for the
initiation of autophagosome formation (Hara et al., 2008). The
negative impact of autophagy loss was associated with behavioral
alterations such as cerebellar ataxia, motor deficits and even
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TABLE 4 | A summary of the current knowledge on the role of autophagy in the maintenance of brain behavior and functions.

In vitro genetic or
pharmacological modulation

Autophagy Cell type Biological effect References

FIP200–/– mouse embryonic
fibroblasts

↓ Embryonic fibroblasts Reduced autophagosome formation, cell degeneration Hara et al., 2008

Lymphoblastoid cell lines of ataxia
patients

↓ Lymphoblastoid cell lines ATG5 mutation Kim et al., 2016

ATG5 silencing ↓ Cortical neural progenitor
cells

Inhibited differentiation Lv et al., 2014

ATG7 or ATG16L1 silencing ↓ HEK cells Modulation of Notch signaling and stem cell differentiation Wu et al., 2016

In vivo genetic or

pharmacological modulation

Brain ATG5–/– mice ↓ Several brain regions Cerebral cortex atrophy, neuronal loss, motor and
behavioral deficits

Komatsu et al., 2006

Neural-cell-specific ATG5–/– mice ↓ Several brain regions Cell degeneration, protein aggregation, neurological
phenotype

Hara et al., 2006

Neural-specific conditional
FIP200–/– mice

↓ Cerebellum Reduced autophagosome formation, cell degeneration,
apoptosis, neuronal loss, protein aggregation,
mitochondrial impairment, cerebellar ataxia, animal lethality

Liang et al., 2010

Purkinje cell-specific conditional
ATG5–/– mice

↓ Purkinje cell Axonal swelling, autophagosome-like vesicles
accumulation, cell degeneration, ataxia

Nishiyama et al., 2007

Purkinje cell-specific conditional
ATG7–/– mice

↓ Cerebellum,
Purkinje cell

Axonal dystrophy, cell death, locomotion and motor
coordination impairment

Komatsu et al., 2007

ATG3–/– mice, ATG12–/– mice,
ATG16L1 mutant mice

↓ – Animal lethality Saitoh et al., 2008;
Sou et al., 2008;
Malhotra et al., 2015

ATG5–/– mice with re-expression of
ATG5 in the brain

– Brain Rescue of ATG5–/– mice Yoshii et al., 2016

Eva1a–/– mice ↓ Brain Impaired neurogenesis Wu et al., 2016

WDFY3 mutant mice ↓ Mitochondria Mitophagy, impaired mitochondrial function Napoli et al., 2018

Brain of ASds patients ↓ Temporal lobe, layer V
pyramidal neurons

Increased dendritic spine density, reduced developmental
spine pruning

Tang et al., 2014

Conditional neuronal ATG7–/– mice ↓ Pyramidal neurons Spine pruning defect, increased dendritic spines Tang et al., 2014

Dopamine neuron-specific ATG7–/–
mice

↓ Corticostriatal slices,
dopaminergic neurons

Abnormally large dopaminergic axonal profiles, increased
neurotransmitter release, rapid presynaptic recovery

Hernandez et al., 2012

Microglia-specific ATG7–/– mice ↓ Brain ASDs-like phenotype, increased dendritic spines and
synaptic markers, altered connectivity between brain
regions

Kim et al., 2017

Systemic administration of young
plasma into aged mice

↑ Hippocampal neurons Recovery memory deficits Glatigny et al., 2019

Drosophila brain ↓ Drosophila learning center
(mushroom body)

Memory impairment, increased metaplasticity Bhukel et al., 2019

Amitriptyline treated mice ↓ Hippocampal lysosomes Sphingomyelin accumulation, ceramide increase Gulbins et al., 2018

animal lethality (Hara et al., 2006; Komatsu et al., 2006; Liang
et al., 2010). Since Atg5 or Atg7 deletion affects both neuron
and glial cell precursors, neuron-specific knockout mice were
developed. Specifically, Atg5 or Atg7 genetic inactivation within
Purkinje cells caused gradual axon degeneration and neuronal
death paralleled by deficit in motor coordination (Komatsu
et al., 2007; Nishiyama et al., 2007). One of the most frequent
behavioral consequences of neuronal autophagy deficiency in
mice is neonatal lethality, an effect observed not only in response
to Atg5 deletion, but also in Atg3, Atg7, Atg12, and Atg16L1
null mice (Komatsu et al., 2005; Saitoh et al., 2008; Sou et al.,
2008; Malhotra et al., 2015). Recently, it has been demonstrated
that an almost complete rescue from neonatal lethality was
possible by re-expressing Atg5 only in neuron, suggestive of
neuronal dysfunction as the primary cause of neonatal lethality
(Yoshii et al., 2016).

As previously mentioned, in human autophagy deficiency
cell death has been associated with neurodegenerative disorders.
For example, childhood ataxia, a movement disorder linked
with degeneration of cerebellar Purkinje cells has been recently
demonstrated to be caused by a mutation in Atg5 that is able to
reduce autophagic flux (Kim et al., 2016). Similarly, mutations
in autophagy receptors and/or regulatory proteins have been
linked to several neurodegenerative diseases (Frake et al., 2015).
Most of these disorders such as Amyotrophic Lateral Sclerosis,
Alzheimer’s, Parkinson’s, and Huntington’s Diseases have been
characterized by neuronal autophagosomes accumulation (Nixon
et al., 2005; Son et al., 2012; Menzies et al., 2017). This effect
might be due to an unbalance between autophagosome formation
and clearance. Although the specific mechanism is currently
unknown, the latter hypothesis seems more feasible. Indeed,
neurodegenerative experimental models showed compromised
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axonal transport and defective lysosomal function, alterations
that may affect the clearance ability leading to neuronal death
(Millecamps and Julien, 2013; Maday and Holzbaur, 2014;
Gowrishankar et al., 2015).

Autophagy and Neurogenesis
In the last years, there has been a growing interest in
the role of autophagy in the maintenance of neuronal stem
cells as well as in the proliferation of neural progenitors.
In particular, it has been reported that the developing
central nervous system (CNS) expresses core autophagy genes
(Wu et al., 2013) and that neurogenesis in the developing
embryo is regulated by autophagy (Kuma et al., 2017).
Specifically, neural progenitor cells (NPCs) in the embryonic
mouse cortex express Atg genes, whose silencing results in
reduced neuronal proliferation, altered growth and branching
of cortical neurons, increased cells in the subventricular
(SVZ) and ventricular zones (Lv et al., 2014). A similar
effect was found in another study using Atg16L1 mice, in
which reduced cortical plate and enlarged SVZ were observed
(Wu et al., 2016). Several mediators are thought potential
players of these effects. Specifically, it has been suggested
the involvement of the lysosome and ER- associated protein
EVA1 (transmembrane protein 166, TMEM166 protein) largely
distributed in the brain during neurogenesis and involved in
autophagy and apoptosis (Li et al., 2016). Loss of Nestin-
expressing neuronal stem cells (NSCs) and decreased self-
renewal and differentiation were observed in the cortex of EVA1
conditional knockout mice, effect due to the activation of mTOR
pathway (Li et al., 2016).

The role of autophagy in neurogenesis is supported by the
autosomal dominant human microcephaly observed in response
to mutations of specific autophagy genes (Kadir et al., 2016).
Specifically, the mutations are identified on a scaffolding protein
responsible for the degradation of ubiquitinated aggregate-prone
proteins by autophagy (Filimonenko et al., 2010) and clearance of
mitochondria via mitophagy (Napoli et al., 2018). Interestingly,
studies in Drosophila, reported that the expression of the mutant
protein is paralleled by a marked reduction of the brain volume
(Kadir et al., 2016).

Moreover, mild non-specific neurodevelopmental delay has
been associated with further mutations that result in truncated
proteins or missense heterozygous mutations and may lead to
microcephaly or macrocephaly, autism spectrum disorder, and
attention deficit hyperactivity disorder depending on the protein
domain in which the mutation occurs (Le Duc et al., 2019).

Interestingly, the main clinical abnormalities associated with
genetic mutations in autophagy genes are developmental delay,
cognitive decline, and functional deficits while only minor
structural alterations were observed [for detailed examination,
(Fleming and Rubinsztein, 2020)]. Nevertheless, further studies
are demanded to clarify the mechanisms underlying the impact
of these mutations.

Autophagy and Neuronal Plasticity
Despite the contribution of autophagy in the regulation of
developing nervous system, this process is critical also for

the mature nervous system. In particular, autophagy exerts
an important role in the maintenance of the so-called
neuronal plasticity: the ability of the neuronal cells to perceive,
respond and adapt to any internal or external, beneficial, or
detrimental stimulus. It is well-known that a variety of functions
require this capability: learning and memory, cognition, several
intellectual abilities, adaptive behaviors, injury repair. All these
behaviors involve structural remodeling of the neuron itself
and the circuits in which is involved trough axonal growth,
synaptic assembly, dendritic spine formation, and pruning
(Lieberman and Sulzer, 2020).

Again, major findings on the role of autophagy in neuronal
plasticity derive from studies with mutant animals for core
autophagy genes. For example, conditional knockout mice
with neuronal Atg7 deletion display pyramidal neurons with
increased dendritic spines due to spine pruning defect (Tang
et al., 2014). Moreover, Atg7 deletion in mouse dopaminergic
neurons induces not only structural alteration such as larger
axonal profiles but also enhanced stimulus-evoked dopamine
release and rapid presynaptic recovery, suggesting a potential
regulation of synaptic vesicle turnover (Hernandez et al., 2012).
As previously mentioned, given the mutual regulation between
neurons and glia, glial cells are involved in the synaptic
effect of autophagy.

Specifically, conditional Atg7-knockout mice shown impaired
synaptosome degradation, increased dendritic spines and
synaptic markers, and altered connectivity paralleled by
loss of microglial autophagy (Kim et al., 2017). The mutual
influence between autophagy and synaptic machinery has been
demonstrated by studies indicating that gain of function or
loss of function of the synaptic protein Bassoon may suppress
or enhance autophagy through direct interaction with Atg5
(Okerlund et al., 2017; Vanhauwaert et al., 2017). Moreover,
blockade of autophagy at the presynaptic terminal may be
obtained by deletion of the synaptic protein synaptojanin
(Okerlund et al., 2017; Vanhauwaert et al., 2017).

In support of the involvement of autophagy in memory,
it has been reported that it is possible to partially recover
memory deficit in aged animals by inducing autophagy. In
particular, the administration to old animals of plasma obtained
from young animals improved memory decline with the
involvement of bone-derived osteocalcin, a hormonal regulator
of hippocampal memory (Glatigny et al., 2019). A similar
effect was observed in Drosophila, where autophagy protects
from the memory impairment associated with the expansion
of the presynaptic active zone (Bhukel et al., 2019). Despite
these observations, exaggerate increased autophagy may be
deleterious, as suggested by the loss of pre- and post-synaptic
markers – index of proper synaptic function – in response to
the hyperactivation of the positive autophagy regulator, AMPK
(Domise et al., 2019). Further studies could be important to
clarify this issue, however, we have to keep in mind that
autophagy proteins may have a non-canonical function leading
to microtubule instability that may affect synaptic structural
plasticity (Negrete-Hurtado et al., 2020).

Given the role of compromised neuronal plasticity in
the etiopathology of several psychiatric disorders, deficit
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FIGURE 1 | Schematic representation of the role of autophagy in muscle, immune system, endothelium, and brain. Autophagy is a multi-step process that involves
phagophore formation from the endoplasmic reticulum-associated structure called omegasome or phagophore assembly site (PAS). This structure grows around the
material to be eliminated and forms a characteristic double-membrane vesicle called autophagosome. Mature autophagosome fuses with lysosomes to form
autolysosome wherein the material is digested by lysosomal hydrolases. Autophagy regulates many functions in each tissue analyzed, it is important for their
remodeling after stimuli or stress conditions and it is altered in many pathologic conditions.

in autophagy has been postulated to contribute to these
diseases. In this context, it has been evaluated the ability
of antidepressant drugs to modulate autophagy in different
preclinical settings. For example, it has been reported that the
Selective Serotonin Reuptake Inhibitor (SSRI) fluoxetine, as well
as the TriCyclic Antidepressant (TCA) amitriptyline, stimulate
autophagy through a mechanism involving the accumulation of
sphingomyelin in lysosomes and Golgi membranes and ceramide
in the ER (Gulbins et al., 2018). On the other hand, drugs able
to induce autophagy display in mice antidepressant properties,
suggesting that the ability to modulate the mood action might
also depend on autophagy (Kara et al., 2013). Other drugs, able
to reduce IP3 such as the mood stabilizers valproate, lithium,
and carbamazepine, induce autophagy via the same mechanism
(Sarkar et al., 2005).

As previously mentioned, this evidence clearly supports the
potential of autophagy as pharmacological target for several
diseases of the nervous systems, not only neurodegenerative but
also psychiatric.

CONCLUSIONS

Autophagy is often considered as a cell death mechanism in the
mammalian system, however, in the last decade, the thorough
characterization of macroautophagy at molecular level and the
development of reliable methods to monitor and manipulate
autophagic activity both in vitro and in vivo have led to
outstanding results in understanding the role of autophagy on
tissue pathophysiology.

As reported in this review, it is now clear that autophagy is
an essential process for the homeostasis of several tissues driving
their development, differentiation and ability to remodel after
stimuli or under stress conditions. Of note, autophagy alterations
are associated with many diseases in each tissue analyzed
uncovering the cardinal importance of both basal and inducible
autophagy for the maintenance of tissue homeostasis. With this
review, we provide a suitable framework of the importance of
autophagy in endothelium, muscle, immune systems and brain,
as schematically reported in Figure 1. These are very different

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 December 2020 | Volume 8 | Article 602901

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-602901 December 5, 2020 Time: 21:23 # 15

Perrotta et al. Autophagy and Tissue Homeostasis

tissues with a diverse organization and activity and it is worth
mentioning that, in each of these, autophagy is relevant and
crucial; thereby this should drive scientists to continue studying
autophagy in still unexplored fields or deepen some preliminary
observations to fully understand autophagy’s role.
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