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Abstract
Autophagy is an evolutionally conserved, highly regulated catabolic process that combines cellular functions required for the
regulation of metabolic balance under conditions of stress with those needed for the degradation of damaged cell organelles
via the lysosomal machinery. The importance of autophagy for cell homeostasis and survival has long been appreciated.
Recent data suggest that autophagy is also involved in non-metabolic functions that impact the immune system. Here, we
reflect in two review articles the recent literature pointing to an important role for autophagy in innate immune cells. In this
article, we focus on neutrophils, eosinophils, mast cells, and natural killer cells. We mainly discuss the influence of
autophagy on functional cellular responses and its importance for overall host defense. In the companion review, we present
the role of autophagy in the functions performed by monocytes/macrophages and dendritic cells.

Facts

● The impact of autophagy on innate immunity extends
beyond classical xenophagy, including extensive cross-
talk with other host defense mechanisms.

● Autophagy in neutrophils is beneficial for fighting
various pathogens, preventing their growth and/or
chronic parasitism. In addition, autophagy modulates
neutrophil functions, including phagocytosis, degranula-
tion, and interleukin (IL)-1β production.

● Autophagy plays a crucial role in the degranulation of
mast cells (MCs).

● In natural killer (NK) cells, autophagy is involved in the
processes of their differentiation and transition into
memory cells. Autophagy may also modulate NK cell
migration into tumor tissues.

Open questions

● What are the roles of autophagy in eosinophils,
basophils, MCs, and innate lymphocytes? So far, this
question has remained poorly investigated.

● Does autophagy regulate neutrophil extracellular trap
(NET) formation?

● What are the mechanisms by which autophagy increases
NK cell infiltration into tumor tissues.

● Do the autophagy pathways in innate immune cells offer
novel therapeutic targets to control immune responses in
inflammation and cancer?

Introduction

Autophagy (= self-eating) is a catabolic cellular process
that is responsible for a turnover of macromolecules and
organelles via the lysosomal degradative pathway. In
mammals, it is regulated by the mammalian target of
rapamycin (mTOR) and orchestrated by numerous
autophagy-related (ATG) proteins. The identification of the
ATG genes in yeast and in mammals has provided the
impetus for a molecular understanding of autophagy [1, 2].
Autophagy functions have been evolutionarily conserved
from Saccharomyces to man. There are now more than 40
recognized ATG genes, some of which bear for historical
reasons individual names, such as ATG6, which is usually
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referred to as Beclin 1 (encoding the BCL-2-interacting
coiled-coil protein 1), SQSTM1 (encoding sequestosome 1
and is also known as p62), or FIP200 (which encodes the
focal adhesion kinase family-interacting protein of 200
kDa). The proteins encoded by ATG genes are essential for
canonical autophagy and p53 and/or p73 activity partici-
pates in the regulation of these genes [3, 4]. The canonical
autophagic pathways [2, 5–8] and non-canonical pathways
that resemble or overlap with autophagy [9–11] have been
characterized in excellent reviews. Here, we describe
mainly the canonical autophagy pathway that requires ATG
proteins.

Currently, the functions of autophagy can be roughly
classified into two categories: generation of needed meta-
bolic degradation products and intracellular clearance of
defective macromolecules and organelles [1]. Adaptation to
starvation is arguably the best conserved function of
autophagy among many different organisms. It involves the
catabolic production of metabolic intermediates, mainly for
sustaining cell survival when nutrients are scarce, or growth
requirements increase [12]. Moreover, intracellular quality
control of organelles as mediated by autophagy is important
for long-lived cells and organisms. For example, neuronal
cell- and hepatocyte-specific deletion of ATG genes results
in degeneration of the corresponding tissues, with accu-
mulation of abnormal protein aggregates and dysfunctional
organelles [13].

An overview of the principal events and players in cano-
nical autophagy is presented here as a guide for further dis-
cussion (Fig. 1). The main control gateway to autophagy is
via mTOR, a serine/threonine protein kinase that forms two
distinct protein complexes known as mTORC1 and
mTORC2. Catabolic activity through the process of autop-
hagy is mainly controlled by mTORC1, which integrates
signals from several pathways, sensing the levels of nutrients
and growth factors [14]. One of the key activators of autop-
hagy is AMP-dependent protein kinase (AMPK), which is the
main sensor of cellular energy levels [15–20]. Important
regulators of autophagy are also the class I and class III
phosphatidylinositol 3-kinases (PI3K) pathways. Class I
PI3K, which is activated in response to growth factor ligation
to receptors, causes mTORC1 activation and inhibits the
initiation of autophagy. On the other hand, activity of class III
PI3K vacuolar protein sorting 34 (Vps34) is a direct partici-
pant in the induction of autophagy [21].

The autophagy process consists of five principal steps,
referred to as initiation, elongation, autophagosome comple-
tion, fusion with the lysosome, and degradation [22]. When
mTORC1 is inactivated following a lack of nutrients and
energy in cells, it can no longer inhibit the autophagy initia-
tion complex involving the protein kinases unc-51-like kina-
ses 1 and 2 (ULK1/2), ATG13, ATG101, and FIP200,
allowing formation of a newly formed phagophore membrane

carrying the endoplasmic reticulum-associated protein
ATG14. The nascent phagophore membrane recruits Beclin
1, Vps34, and Vps15, leading to the formation of an activated
class III PI3K complex that produces phosphatidylinositol 3-
phosphate (PI3P) locally and promotes ATG9-dependent
membrane acquisition from endosome vesicles [23].

The elongation step involves the enlargement and
eventual closure of an expanding membrane, resulting in a
completed autophagosome. Formation of a double-
membrane organelle requires two protein conjugation sys-
tems, essential for the elongation phase. One involves a
covalently linked ATG12-ATG5 conjugate, which dis-
sociates from the outer autophagosomal membrane after
vesicle formation is complete. The other conjugation system
includes microtubule-associated proteins 1A/1B light chains
(LC3), which are cleaved by ATG4 upon autophagy
induction, resulting in cytoplasmic LC3-I. Further lipidation
with phospholipid phosphatidylethanolamine (PE) produces
the LC3-II conjugation complex, which is then integrated
into both inner and outer autophagosomal membranes.
Since LC3-II is present in the autophagosome, it is a
commonly used marker for detection of double-membrane
autophagic organelles. p62 associates with poly-
ubiquitinated protein aggregates and binds to LC3-II to
allow the phagophore to engulf cytosolic elements, to grow,
and finally to close the autophagosome. Since protein p62 is
generally degraded by autophagy and accumulates when
autophagy is inhibited, the reduction of p62 indicates suc-
cessful vesicle degradation and autophagic flux [24–26]. At
the final steps, the autophagosome fuses with the lysosome
and auto(phago)lysosomal content is degraded by hydro-
lytic enzymes [27–30] (Fig. 1).

Several well-characterized inhibitors can block the pro-
cess of autophagy at different steps. For example, inhibitors
of the class I and III PI3Ks such as wortmannin, LY294002,
and 3-methyladenine (3-MA), have been widely used as
autophagy inhibitors based on their inhibitory effect on
class III PI3K activity, which is known to be essential for
induction of autophagy. The same inhibitors, however, are
reported also to block the class I PI3K that is needed to
maintain mTORC1 activity [31]. In a later step of the
autophagic process, inhibitors that prevent lysosomal acid-
ification such as chloroquine (CQ), bafilomycin A1, and
ammonium chloride (NH4Cl) essentially block the autop-
hagic degradation. Chemicals, such as CQ and ammonium
ions are weak bases, raising the pH value in lysosomes,
deactivating enzymes, and consequently disabling degra-
dation of vesicle cargo. Bafilomycin A1 regulates intracel-
lular pH by acting as a strong and specific inhibitor of the
vacuolar H+ adenosine triphosphate (ATP)ase, known as a
proton pump. The change in pH can also inhibit fusion of
autophagosomes with lysosomes, resulting in accumulation
of autophagosomes [32] (Fig. 1).
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Several molecules are able to increase autophagy
activity, such as rapamycin, torin 1, and resveratrol.
Rapamycin allosterically inhibits the kinase activity of
mTORC1 and mimics cellular starvation by blocking
signals required for cell growth and proliferation [33].
Torin 1 is a potent and selective ATP-competitive inhi-
bitor of mTOR kinase, the catalytic subunit of two func-
tionally distinct complexes (mTORC1 and mTORC2) that
coordinately promote cell growth, proliferation, and sur-
vival. Unlike classical mTOR inhibitors, such as rapa-
mycin, torin 1 is able to effectively block phosphorylation
of mTORC1 and mTORC2 [33]. Resveratrol (3,4′,5-tri-
hydroxy-trans-stilbene) is a polyphenol compound found
in plants known to possess anti-inflammatory and che-
mopreventive properties. Resveratrol induces autophagy
through its capability to both inhibit mTOR and activate
AMPK [34] (Fig. 1).

Innate immunity provides an early line of defense against
microbes. It consists of cellular and biochemical defense
mechanisms that are in place even before infection takes
place and are poised to respond rapidly to infections. These
mechanisms react to products of microbes and injured cells,
and they respond in essentially the same way to repeated
exposures. The mechanisms of innate immunity are specific
for structures that are common to groups of related
microbes, but may not distinguish fine differences between
microbes. The principal components of innate immunity are
(1) physical and chemical barriers (such as epithelia and the
antimicrobial chemicals produced at their surfaces), (2)
granulocytes (neutrophils, eosinophils, basophils), mast
cells, monocytes/macrophages, dendritic cells, natural
killer (NK) cells, and (3) blood proteins, including members
of the complement system and other mediators of inflam-
mation [35].
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Fig. 1 Mechanism of autophagy and its regulation in mammalian cells.
The autophagy machinery is regulated by different functional groups
of ATG proteins. By integrating several upstream signals, autophagy is
initiated by the activation of ULK kinase complex, consisting of
proteins ULK1/2, ATG13, ATG101, and FIP200. The autophagic
process is inhibited in the presence of growth factors through the
action of the class I PI3K-mTORC1 axis, whereas autophagy is
induced by amino acid starvation or lack of energy through the AMPK
pathway. The pharmacological inhibitors rapamycin, torin 1, and
resveratrol act as mTORC1 inhibitors and therefore induce autophagy.
Nucleation of the autophagosomal membrane is also regulated by the
class III PI3K complex, consisting of proteins Beclin 1, ATG14,
ATG9, Vps34, and Vps15. Wortmannin, LY294002, and 3-MA are
commonly used autophagy inhibitors, acting as blockers of class III

PI3K (known as Vps34) enzymatic activity. ATG proteins that are
involved in the elongation process belong to two conjugation systems:
ATG12 covalently binds to ATG5 with the assistance of ATG7 and
ATG10 enzymes, forming a complex through interaction with ATG16.
A second conjugation system leads to conjugation of LC3-I with PE.
The lipidated LC3-II exists as a part of the autophagosomal membrane,
and allows p62 to target ubiquitinated cargo to the expanding autop-
hagosomal membrane by binding to LC3-II. The completed autopha-
gosome fuses with the lysosome, and the autophagolysosomal contents
are degraded by lysosomal hydrolytic enzymes. Chemical agents, such
as CQ, bafilomycin A1, and ammonium chloride, can inhibit degra-
dation of engulfed cytoplasmic material as well as the fusion between
autophagosomes and lysosomes
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As mentioned above, autophagy contributes to cellular
homeostasis and thus, it is not surprising that autophagy
regulates functions within the immune system. Conse-
quently, the role of autophagy in regulating innate immune
cells is important and under intense investigation. In this
article, we summarize the currently available knowledge
about the role of autophagy in the functions performed by
innate immune cells, such as neutrophils, eosinophils, mast
cells, and NK cells. In an accompanying article published in
this issue, we focus on functions of monocytes/macro-
phages and dendritic cells which are regulated or at least
modulated by autophagy [36].

Role of autophagy in neutrophils

Neutrophils form the first line of defense against pathogens.
About 55–60% of the bone marrow is dedicated to the
production of one cell type, the neutrophil, a very important
component of the innate immune system, and the main
source of reactive oxygen species (ROS) production.
Approximately 100 billion neutrophils are generated in
normal adults daily, clearly an indication of their important
role in defense against microorganisms. On the other hand,
in chronic inflammatory responses neutrophils often cause
tissue damage associated with dysfunction of the affected
tissue/organ. Therefore, it is important to understand the
molecular mechanisms leading to overall granulocyte acti-
vation. Our present concept of inflammation-associated
autophagy in neutrophils is quite unclear, largely due to the
fact that this aspect has not yet been extensively investi-
gated [37]. Several lines of evidence, both in the human
system and in mouse models, suggest a critical role for
autophagy in neutrophil-driven inflammation and defense
against pathogens. Autophagy appears to be important for
major neutrophil functions, including differentiation, pha-
gocytosis, cytokine production, degranulation, cell death,
and, perhaps, neutrophil extracellular trap (NET) formation.

Differentiation

ATG proteins are key players in the neutrophil differ-
entiation pathway. ATG5 is indispensable in both canoni-
cal and non-canonical autophagy. ATG5’s role in the
autophagy process may shed light on the link between
autophagy and the immune response and could lead to the
development of new therapies for autoimmune and auto-
inflammatory diseases. Moreover, ATG5, being essential
for the autophagy process, has been suggested as a “guar-
dian of immune integrity” [38]. For instance, ATG5 has
been demonstrated to have a role in neutrophil differ-
entiation [39]. Atg5f/fLyz2Cre/Cre mice, in which Atg5 is
deleted within the myeloid cell lineage, exhibit an
increased proliferation rate in the neutrophil precursor cells

of the bone marrow as well as an accelerated process of
neutrophil differentiation. As a result, mature neutrophils
accumulate in the bone marrow, blood, spleen, and lymph
nodes [39]. As discussed above, mTORC1 has a central
role in the regulation of autophagy [23], and pharmacolo-
gical inhibition of p38 mitogen-activated protein kinase
(MAPK)- or mTORC1-induced autophagy in neutrophilic
precursor cells blocks their differentiation. Thus, autop-
hagy and differentiation exhibit a reciprocal regulation by
the p38–mTORC1 axis [39].

On the other hand, it has been shown that metabolism
and autophagy are developmentally programmed and are
essential for neutrophil differentiation in vivo. Atg7-defi-
cient neutrophil precursors were unable to carry out a shift
toward mitochondrial respiration, displaying instead
excessive glycolysis, but impaired mitochondrial respira-
tion, decreased ATP production, and lipid droplet accu-
mulation. Just inhibiting autophagy-mediated lipid
degradation or fatty acid oxidation within the mitochondria
was sufficient to cause defective differentiation, while
administration of free fatty acids or pyruvate for mito-
chondrial respiration rescued differentiation in autophagy-
deficient neutrophil precursors and restored normal glucose
metabolism [40] (Fig. 2). A recent study reported the dif-
ferential expression of 22 autophagy-related genes between
monocytic and granulocytic differentiation, proposing a role
for autophagy in the late stages of differentiation of myeloid
precursors toward granulocytes and monocytes, indicating
the products of these autophagy genes could be important
factors involved in the differentiation of myeloid progeni-
tors into monocytes and granulocytes [41].

Reduced ATG gene expression was observed in primary
acute myeloid leukemia (AML) samples and human AML
cell lines. In these systems, treatment with all-trans retinoic
acid (ATRA) induced neutrophil differentiation and autop-
hagic activity, while inhibition of ATG3, ATG4D, and
ATG5 impaired both. ATRA-induced autophagy was
Beclin 1-independent, suggesting a non-canonical autop-
hagy pathway. Taken together, these data suggest that
restoring autophagic activity might be beneficial for dif-
ferentiation therapies [42].

Bacterial clearance

The first observation of autophagy as a defense mechanism
in neutrophils came with in vitro rickettsia-infected guinea
pig peritoneal neutrophils. These neutrophils contained
vacuoles which were interpreted as autophagosomes within
which phagocytized extracellular material could be
observed [43]. Autophagy could be induced in human
neutrophils either in a phagocytosis-independent (rapamy-
cin, Toll-like receptor (TLR)-agonists, phorbol-12-myristate
13-acetate (PMA)) or a phagocytosis (Escherichia coli)-
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dependent manner. ROS activation is a positive mechanism
for autophagy induction in the case of PMA, TLR activa-
tion, and phagocytosis [44]. In bone marrow-derived mouse
neutrophils, the engagement of either TLRs or the fragment
crystallizable region (Fc)γ receptors during phagocytosis
induced recruitment of the autophagy protein LC3 to pha-
gosomes. Both receptors are known to activate the NADPH
oxidase 2 (NOX2), which plays a central role in microbial
killing by phagocytes through the generation of ROS [45].

Human neutrophils and the human neutrophil-like cell
lines (PLB-985) differentiated into mature neutrophils were
found to be able to activate the autophagic machinery as an
immediate response to fight pathogenic, adherent-invasive
Escherichia coli (AIEC) infections, and to limit the pro-
duction of inflammatory cytokines. AIEC were found
within endosomes and autophagic vesicles characterized by
a double-membrane, showing that AIEC bacteria entered
cells via the endosomal compartment and were further
captured in double-membrane autophagosomes, indicating
that AIEC bacteria are subjected to canonical autophagy
instead of LC3-associated phagocytosis (LAP) [46]. More-
over, intravenous immunoglobulin (IVIG) preparations
were also shown to increase the autophagic activity of
human neutrophils in vitro. Inhibiting the late phase of
autophagy with bafilomycin A1 reduced neutrophil-
mediated bactericidal activity [47]. The bactericidal capa-
city of human neutrophils was also reduced by addition of
the 3-MA [48]. These findings indicate that autophagy plays
a critical role in the bactericidal activity mediated by human
neutrophils (Fig. 2).

A role of autophagy for bacterial killing in neutrophils
was also demonstrated by genetic approaches. For instance,
Streptococcus pneumoniae (S. pneumoniae) induced
autophagy in neutrophils in a class III PI3K-dependent
fashion that also required Atg5. Phagocytosis was enhanced
by autophagy, while killing was inhibited by autophagy

[49]. Another study proposed an in vivo role of ATG5 in
protection against experimental Mycobacterium tubercu-
losis (M. tuberculosis) by preventing neutrophil-mediated
immunopathology in lungs. Loss of Atg5 in neutrophils
sensitized mice to M. tuberculosis [50].

In a recent study, the role of the nucleotide-binding
oligomerization domain (NOD)-like receptor protein 3
(NLRP3) inflammasome in neutrophil-dependent bacterial
clearance in polymicrobial sepsis was investigated. NLRP3-
deficient (Nlrp3−/−) and NLRP3 inhibitor-treated wild-type
mice showed protection from death and displayed a lower
bacterial load, but no impairment in neutrophil recruitment
to the peritoneum. Intriguingly, following induction of
polymicrobial sepsis, Nlrp3−/− peritoneal cells, primarily
neutrophils, demonstrated decreased autophagy, augmented
phagocytosis, and enhanced scavenger receptor and
mannose-binding leptin expression. Taken together, dele-
tion of Nlrp3 augments the survival of mice during poly-
microbial sepsis by decreasing autophagy and enhancing
phagocytosis, indicating that NLRP3 plays a critical role in
modulating autophagy and phagocytosis in neutrophils [51].
On the other hand, interleukin (IL)-1β secretion in human
neutrophils is accomplished by an autophagy-mediated
secretory pathway. Inhibition of autophagy with 3-MA or
wortmannin markedly reduced IL-1β secretion induced by
lipopolysaccharide (LPS) and ATP, as did the disruption of
autophagic flux with bafilomycin A1 and E64d, inhibitors
of autolysosomal digestion. Moreover, siRNA-mediated
knockdown of ATG5 markedly reduced IL-1β secretion in
neutrophil-differentiated PLB-985 cells [52] (Fig. 2).

Degranulation and cell death

Atg5-knockout neutrophils showed no evidence of
abnormalities in morphology, granule protein content,
apoptosis regulation, migration, or effector functions [39].

Bone
marrow

+ [44,47,48,49]

+ [40]

Hematopoietic 
stem cell

Neutrophil

Phagocytosis

Degranulation and
ROS production

NET
formation

IL-1β
secretion

Differentiation

[39]

+ [53]

+ [65,66,67,69,70,74]
- [64,68]

+ [52]

ROS

[73]

Bacteria

Granule proteins

NETs

IL-1β

[51]

- [39]

Fig. 2 Involvement of autophagy in neutrophil differentiation and
function. Neutrophils are generated in the bone marrow from hema-
topoietic stem cells (HSC), giving rise to mature neutrophils. Autop-
hagy is involved in the differentiation of neutrophils, and it is

requiered for the control of their functions, such as phagocytosis,
degranulation, ROS production, NET formation, and cytokine release.
Numbers in brackets designate references:+ , enhanced function; −,
without effect; red indicates an inhibition
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In contrast, neutrophils from myeloid-specific mice with
deletions of Atg7 or Atg5 exhibited diminished NADPH
oxidase-mediated production of ROS and reduced degra-
nulation [53] (Fig. 2). Moreover, these mice demonstrated a
reduced severity with several neutrophil-mediated inflam-
matory and autoimmune disease models, including PMA-
induced ear inflammation, LPS-induced breakdown of the
blood–brain barrier, and experimental autoimmune ence-
phalomyelitis [53]. Further work is required to understand
the consequences of a deficiency in autophagy for neu-
trophil degranulation events.

In human neutrophils, a caspase-independent form of cell
death has been observed. This form of neutrophil death was
induced by sialic acid-binding immunoglobulin-like lectin-9
(Siglec-9) ligation, but required concurrent stimulation with
survival cytokines that blocked caspases. This non-
apoptotic cell death was characterized by cytoplasmic
vacuolization, mitochondrial swelling, nuclear condensa-
tion, and normal plasma membrane integrity before cell
death actually occurs [54, 55]. Furthermore, in agreement
with these studies, neutrophils exposed to granulocyte
macrophage-colony stimulating factor (GM-CSF) and other
inflammatory cytokines followed by CD44 ligation undergo
an autophagy-associated, caspase-independent death char-
acterized by large cytoplasmic vacuoles, apparently gener-
ated by fusion events between several organelles, including
endosomes, autophagosomes, and secondary granules [56].
These data point to the possibility that adhesion molecules
have the capacity to trigger a caspase-independent cell death
associated with autophagy induction in neutrophils that is
largely necrotic in its nature. Vacuolized neutrophils were
observed in septic shock, cystic fibrosis, rheumatoid
arthritis, and several neutrophilic skin diseases [56], sug-
gesting that induction of autophagy in these cells is a gen-
eral phenomenon of neutrophilic inflammatory responses
independent of the trigger [57].

It has recently been reported that the adhesion receptor-
triggered death of neutrophils in the presence of GM-CSF
also exhibits features of necroptosis, as the presence of a
receptor interacting protein kinase-3 (RIPK3)–mixed line-
age kinase-like (MLKL) signaling pathway has been
demonstrated, which in conjunction with p38 MAPK and
PI3K, activates the NADPH oxidase, resulting in the pro-
duction of high levels of ROS [58]. In conclusion, the non-
apoptotic death of adherent and cytokine-primed neu-
trophils shows both autophagic and necroptotic features.
Moreover, ATG5 has been shown to trigger apoptosis upon
cleavage by calpain [59].

Neutrophil extracellular traps

In recent years, it has been recognized that microbial killing
occurs not only after phagocytosis, but also in the

extracellular space owing to the formation of extracellular
traps (ETs), designated neutrophil extracellular traps
(NETs) for neutrophils [60]. NETs consist of extracellular
fibers, primarily composed of deoxyribonucleic acid (DNA)
and granule proteins released from activated, viable neu-
trophils [61]. The formation of NETs is an important
function of the innate immune system acting against
infections. NETs bind and kill both Gram-positive and
-negative bacteria, as well as fungi and have been identified
in appendicitis, sepsis, and pre-eclampsia, suggesting that
these structures are of general in vivo importance. There is a
dispute as to whether cell death is required for the release of
NETs, and the question, to what extent autophagy is
involved in NET formation, is still controversial [62, 63].

Interestingly, Atg5-knockout neutrophils do not exhibit
abnormalities in formation of NETs upon physiological
activation or exposure to low concentrations of PMA [64].
Investigation has confirmed that human and mouse neu-
trophils, after pre-treatment with inhibitors of class III PI3K,
showed a block both in ROS production and in NET for-
mation. The so-called late autophagy inhibitors bafilomycin
A1 and CQ, on the other hand, were without effect. These
data indicate that NET formation occurs independently of
autophagy and that the inhibition of both ROS production
and NET formation in the presence of 3-MA and wort-
mannin is probably owing to their additional ability to block
the class I PI3Ks, which are involved in the signaling cas-
cades initiated by the triggers of NET formation [64]. Non-
specific inhibition of ROS activity by PI3K inhibitors such
as wortmannin, and their additional ability to block the class
I PI3Ks, has led to several contradictory reports about the
role of autophagy in NET formation [65–67] (Fig. 2).

Similarly, in whole-blood cultures ex vivo, or in vitro in
the presence of platelets, LPS of different bacterial sources
induced “vital” NET formation independent of autophagy.
This platelet-dependent release of NETs occurred rapidly
without neutrophil cell death and required platelet TLR4
and CD62P (P-selectin)-dependent platelet–neutrophil
interactions [68].

On the other hand, it has recently been reported that
autophagy primes neutrophils for increased NET formation,
which is important for proper neutrophil effector functions
during sepsis (Fig. 2). Neutrophils isolated from patients
who survived sepsis showed an increased autophagy
induction and were primed for NET formation in response
to subsequent PMA stimulation. In contrast, neutrophils
isolated from patients who did not survive sepsis showed
dysregulated autophagy and a decreased response to PMA
stimulation, indicating that induction of autophagy primed
healthy neutrophils for NET formation and vice versa. In a
mouse model of sepsis, the augmentation of autophagy
improved survival via a NET-dependent mechanism [69].
Similarly, neutrophils from familial Mediterranean fever
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(FMF) patients during remission were resistant to inflam-
matory stimuli that induce NET release. Lower basal
autophagy levels were identified in neutrophils during
remission, while induction of autophagy facilitated NET
formation [70, 71].

Mincle is a C-type lectin receptor that functions as an
activating receptor for host- and pathogen-associated
molecular patterns. Attenuated NET formation in Mincle-
deficient neutrophils correlates with impaired autophagy
activation in vitro and in vivo, whereas ROS formation in
these neutrophils remains intact. The requirement of
autophagy for Mincle-mediated NET formation was further
supported by exogenous treatment with the autophagy
inducer tamoxifen, which rescued the NET formation defect
in Mincle−/− neutrophils. These findings identify a pre-
viously unrecognized role of Mincle as a regulator of
autophagy, which mediates NET formation without affect-
ing ROS generation [72].

Deficient NET formation predisposes humans to severe
infection, but, paradoxically, dysregulated NET formation
contributes to inflammatory vascular injury and tissue
damage. It was found that mTOR regulates NET formation
by posttranscriptional control of expression of hypoxia-
inducible factor 1 α (HIF-1α), a critical modulator of anti-
microbial defenses. mTOR controls NET formation and
translation of HIF-1α mRNA in response to LPS. Inhibition
of mTOR and HIF-1α expression and activity prevented
NET-mediated extracellular bacterial killing [73]. In con-
trast, another study reported that rapamycin accelerated the
rate of NET release following neutrophil stimulation with
the bacteria-derived peptide formyl-Met-Leu-Phe (fMLP),
while autophagosome formation was enhanced by mTOR
inhibitors. Increased mTOR-dependent NET release was
sensitive to inhibition of respiratory burst or blockade of
cytoskeletal dynamics [74].

Taken together, there is evidence that activated neu-
trophils are associated with both increased autophagic
activity and NET formation. However, it remains unclear
whether autophagy is indeed required for NET formation.

Role of autophagy in eosinophils

Eosinophils, like neutrophils and basophils, are bone
marrow-derived granulocytes. Although present in all spe-
cies of vertebrates, eosinophils are still without a firm,
exclusive function. There are relatively few mature eosi-
nophils to be found in the peripheral blood of a healthy
human (less than 400 per mm3). In response to inflamma-
tory stimuli, eosinophils mature in the bone marrow in
increasing numbers and are recruited to and activated in the
inflamed tissue(s). In contrast to neutrophils, which are
absolutely required for antibacterial defense, pharmacolo-
gical, or genetic ablation of eosinophils does not result in

any obvious functional consequences [75]. Eosinophils are
rare cell types and less well studied than neutrophils; hence,
the importance of autophagy for regulating eosinophil
hematopoiesis and functions remains largely unknown.

Eosinophils in an ovalbumin (OVA)-specific mouse
model of allergic asthma showed prominent formation of
autophagosomes and increased LC3 expression compared
with other inflammatory cells in bronchoalveolar lavage
fluid (BALF) and lung tissue. Inhibition of autophagy by 3-
MA or Atg5 short-hairpin RNA (shRNA) treatment greatly
improved the airway hyper-responsiveness, eosinophilia,
and IL-5 levels in BALF, and histological analysis of lung
tissue sections revealed decreased numbers of inflammatory
cells and mucus-containing goblet cells. Finally, treatment
with an anti-IL-5 monoclonal antibody decreased autopha-
gic flux and the number of eosinophils. These findings
suggested that IL-5 stimulates autophagy in eosinophils that
somehow regulates the severity of eosinophilic inflamma-
tion [76].

Under inflammatory conditions, eosinophils can undergo
a caspase-independent cell death that is associated with the
release of intact granules in the extracellular space. This
non-apoptotic cell death is called eosinophil cytolysis. It has
recently been reported that eosinophil cytolysis is regulated
by components of the necroptotic pathway, which are
counter-regulated by rapamycin-induced autophagy [77].
Taken together, although very limited information is
available on the regulation of autophagy in eosinophils, the
currently available knowledge suggests that autophagy
levels in eosinophils can regulate the severity of
inflammation.

Differentiation

No information is available regarding the effect of autop-
hagy in the regulation of eosinophil differentiation. How-
ever, it has been demonstrated that inhibition of mTORC1
with rapamycin effectively blocks eosinophil differentiation
[78]. The authors of this study also observed that rapamycin
significantly attenuated OVA-induced allergic airway
inflammation and markedly decreased the number of eosi-
nophils in local airways, peripheral blood, and bone mar-
row, independent of IL-5 levels. In vitro eosinophil colony-
forming unit (CFU) assays and liquid cultures demonstrated
that rapamycin directly inhibited IL-5-induced eosinophil
differentiation. Rapamycin was also capable of reducing the
eosinophil levels in IL-5 transgenic mice (line NJ.1638)
in vivo, again regardless of constitutive high levels of IL-5.
Interestingly, rapamycin inhibition of eosinophil differ-
entiation in turn resulted in an accumulation of eosinophil
lineage-committed progenitors in the bone marrow. These
results demonstrated a direct inhibitory role for rapamycin
in eosinophil differentiation and re-emphasized the
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importance of rapamycin and possibly, mTOR, in allergic
airway disease [78].

The same group studied the role of mTORC1 and
mTORC2 in eosinophil differentiation by establishing a
genetically modified mouse model with specific deletion of
mTOR in myeloid cells [79]. Intriguingly, inhibition of
mTOR activity, either by genetic deletion or with the
pharmacological inhibitor torin 1, which blocks both
mTORC1 and mTORC2 activity, resulted in accelerated
eosinophil differentiation, causing elevated levels of eosi-
nophil infiltration in an experimental mouse model of
allergy. However, this was not observed to have any con-
siderable effect on eosinophil apoptosis. Ablation of mTOR
in myeloid cells also resulted in increased numbers of
eosinophil lineage-committed progenitors in allergic mice.
The results of the above two studies suggest that mTOR has
differential effects on the regulation of eosinophil differ-
entiation, perhaps owing to the distinct functions of
mTORC1 and mTORC2 [79]. However, a note of caution is
warranted since the latter report is based on a questionable
mouse model. The authors used the LysM-cre (Lyz2-Cre)
strain to delete mTOR in the eosinophil lineage, which is
usually used to ascertain the role of neutrophils, macro-
phages, and dendritic cell populations in mouse models, but
not eosinophils [80].

Eosinophil extracellular traps

Eosinophil extracellular traps (EETs) are part of the innate
immune response and seen in multiple infectious, allergic,
and autoimmune eosinophilic diseases [81–84]. Interest-
ingly, the DNA within the EETs appears to have its origin
in the release of mitochondrial DNA (mtDNA), whereby the
cells remain still viable, exhibiting no evidence of a reduced
life span. Multiple eosinophil activation mechanisms are
represented; TLR as well as cytokine, chemokine, and
adhesion receptors can all initiate transmembrane signal
transduction processes leading to the formation of EETs
capable of killing bacteria. One of the key signaling events
required for DNA release is the activation of the NADPH
oxidase [85, 86]. So far, there is only one report which
studied the requirement of autophagy for EET formation:
Neither Atg5-knockout mouse eosinophils nor autophagy-
deficient human eosinophils exhibited defects in EET for-
mation [64].

Role of autophagy in mast cells

Mast cells (MCs) are hematopoietic cells that reside in
virtually all vascularized tissues and represent potential
sources for a wide variety of biologically active secreted
products, including diverse cytokines and growth factors.
MCs have been proposed to influence many other

biological processes, including responses to bacteria and
viruses [87]. Since their discovery in 1863, MCs phy-
siological roles have remained unknown, and their most
prominent feature has been linked to promoting various
chronic inflammatory disorders, such as asthma, allergic
rhinitis urticaria, and rheumatic disease, due to their
excessive recruitment into inflamed sites. It is now well
established that MCs play a crucial role in generating
protective innate host responses after infection. Addi-
tionally, activated MCs influence the lymph node com-
position to regulate the induction of adaptive immune
responses [88]. Furthermore, MCs as a granule-containing
immune cells that are widely distributed in tissues can
interact with the external environment. It is well-known
that MCs are significantly involved in IgE-mediated
allergic reactions, but because of their location, it has
also long been hypothesized that MCs can act as sentinel
cells that sense pathogens and initiate protective immune
responses [89]. However, little is known about the role of
autophagy in MCs funtions.

Degranulation

It has been shown that autophagic flux is constitutive in
bone marrow-derived mast cells (BMMCs) under fully
sufficient nutrient conditions and that LC3-II is located in
secretory granules of mast cells [90]. Deletion of Atg7 in
BMMCs resulted in a severe impairment in degranulation,
but did not impair their differentiation or cytokine produc-
tion upon FcεRI cross-linking. Intriguingly, LC3-II but not
LC3-I was co-localized with CD63, a secretory lysosomal
marker, and was released extracellularly along with degra-
nulation in Atg7+/+ but not Atg7−/− BMMCs. Moreover,
passive cutaneous anaphylaxis reactions were severely
impaired in MC-deficient mice reconstituted with Atg7−/−

BMMCs compared with Atg7+/+ BMMCs. These results
suggest that autophagy is not essential for their differ-
entiation, but plays a crucial role in the degranulation of
mast cells [90] (Fig. 3).

Role of autophagy in natural killer cells

NK cells originally were defined as large granular lym-
phocytes with natural cytotoxic ability against tumor
cells. They were later recognized as a separate lympho-
cyte lineage having both cytotoxicity and cytokine-
producing effector functions. Having cytotoxic ability
makes it important for these cells to be able to dis-
criminate target cells from healthy “self” cells. NK cells
are equipped with a variety of cell surface activating and
inhibitory receptors that regulate NK cell activities [91].
NK cells are well studied for their anti-tumor and anti-
inflammatory functions. Here, we describe some recent
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reports about the role of autophagy in NK cell differ-
entiation, and tumor infiltration.

Differentiation

Interleukin 15 (IL-15) controls both the homeostasis and the
peripheral activation of NK cells. The metabolic checkpoint
kinase mTOR is activated and boosts bioenergetic meta-
bolism after exposure of NK cells to high concentrations of
IL-15, whereas low doses of IL-15 trigger only phosphor-
ylation of the transcription factor STAT5. mTOR stimulated
the growth and nutrient uptake of NK cells and showed a
positive feedback on the receptor for IL-15. This process is
essential for sustaining NK cell proliferation during differ-
entiation and for the acquisition of a cytolytic potential
during inflammation or viral infection [92]. These data
suggest that autophagy might be involved in the process of
NK cell differentiation.

Indeed, robust autophagy appears in immature NK
(iNK) cells and is required for NK cell development.
Autophagy protects NK cell viability during development
through removal of the damaged mitochondria and con-
sequent reduction in the intracellular ROS levels. Phos-
phorylated FoxO1 is located in the cytoplasm of iNKs and
interacts with ATG7, which promotes autophagy induc-
tion. FoxO1 deficiency or an inactive FoxO1AAA mutant

abolishes the initiation of autophagy in iNKs and impairs
NK cell development and viral clearance [93]. In agree-
ment with this study, NK cell-specific deletion of Atg5
revealed a pronounced reduction in the frequency and
absolute numbers of mature NK cells, while mice quickly
succumbed to mouse cytomegalovirus (MCMV) infection
[94]. Viral infection induces dynamic changes in NK cell
mitochondrial quality. As proliferating NK cells accu-
mulate dysfunctional mitochondria during viral infection,
a protective mitophagy is induced to promote NK cell
survival through removal of the depolarized mitochondria.
The autophagic machinery is essential during the transi-
tion from effector cells to long-lived memory cells and a
pharmacologic induction of autophagy enhances NK cell
memory formation through an ATG3-dependent
mechanism [95] (Fig. 4).

Tumor infiltration

While blocking tumor growth by inhibiting autophagy is a
well-established strategy, its role in the infiltration of NK
cells into tumors remains unknown. Thus, the impact of
targeting Beclin 1 protein expression in tumor cells on the
infiltration of NK cells into melanomas was investigated. It
was found that, in addition to inhibiting tumor growth,
Beclin 1-deficient melanoma cells increased the infiltration
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Fig. 3 The role of autophagy in
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of functional NK cells into melanoma tumors. Driving NK
cells into the tumor bed relied on the ability of autophagy-
defective tumors to transcriptionally overexpress the che-
mokine (C-C motif) ligand 5 (CCL5) gene. Such infiltration
and tumor regression were abrogated by silencing CCL5 in
Beclin 1-deficient tumors. Similar to Beclin 1, targeting
other autophagy genes such as ATG5 and p62, or inhibiting
autophagy pharmacologically with CQ also induced the
expression of CCL5 in melanoma cells. Clinically, a posi-
tive correlation between CCL5 and the NK cell marker
NKp46 expression was found in melanoma patients, and a
high expression level of CCL5 correlated with a significant
improvement of melanoma patients’ survival. In conclusion,
targeting autophagy results in increased NK infiltration into
melanoma tissues [96].

Concluding remarks

Autophagy is a key pathway required to fulfill important
functions of cells of the innate immune system. As each cell
undergoes dramatic changes during differentiation, it is not
surprising that autophagy is also involved in this process.
On the other hand, autophagy also modifies cell-specific
functions of neutrophils, such as phagocytosis, cytokine
release, and degranulation. Autophagy is essential for NK
cell viral clearance and for enhancement of NK cell memory
function, and is required for bone marrow-derived mast cell
degranulation, but not for differentiation. The role of
autophagy in the pathophysiology of inflammatory diseases
represents an exciting new field of investigation. A better
understanding of autophagy functions will doubtless sug-
gest novel therapy options.
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