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Abstract

Autophagy is well equipped functionally to isolate microbial pathogens in autophagosomes and to carry out their clearance

by dismemberment in the course of catabolic processes in the lysosome. Clearly, this is a non-metabolic function of

autophagy that impacts strongly on the immune system. While in a preceding article on neutrophils, eosinophils, mast cells,

and natural killer cells our focus was on the role of autophagy in regulating innate immune cell differentiation, degranulation,

phagocytosis and extracellular trap formation, here we discuss monocytes/macrophages and dendritic cells, specifically, the

influence of autophagy on functional cellular responses, such as phagocytosis, antigen presentation, cytokine production,

control of inflammasome activation, tolerance and the consequences for overall host defense.

Facts

● The impact of autophagy on innate immunity extends

beyond classical xenophagy, including extensive cross-

talk with other host defense mechanisms.
● Autophagy in macrophages has different functions,

being responsible for xenophagy, LC3-associated pha-

gocytosis (LAP), production and delivery of antimicro-

bial peptides, and control of inflammasome activation.
● Many pathogens have developed strategies to escape

xenophagy and LAP.
● In dendritic cells (DCs), autophagy is involved in each

step of functional maturation, such as antigen presenta-

tion, migration, and cytokine secretion.

Open questions

● The role of autophagy for the development of tolerance

has remained poorly investigated.
● The immune regulatory effects mediated by autophagy

need to be further elucidated.
● Can we translate current knowledge to improve the

efficacy of antigen-specific immunotherapies and/or to

develop novel anti-inflammatory drugs?

Introduction

As summarized in our preceding article and described in

detail in excellent reviews, autophagy is a catabolic process

responsible for turnover of macromolecules and organelles

through lysosomal degradation [1–3]. With this process,

autophagy satisfies multiple requirements. Turnover of

macromolecules not only removes unwanted, malfunction-

ing or potentially harmful materials and structures; it also

provides for replenishing metabolic intermediates, and, in

addition, some intermediate breakdown products supply also

materials like antimicrobial peptides and antigenic fragments

for presentation by innate immune cells. In mammals,

autophagy is regulated by the mammalian target of rapamycin

(mTOR) and is carried out by autophagy-related (ATG)

proteins. Identification of ATG genes has provided the

impetus for a molecular understanding of autophagy [2, 3].

Autophagy functions have been evolutionarily conserved
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from Saccharomyces to man and there are now known more

than 40 functionally characterized ATG genes which are

essential for canonical autophagy. Canonical autophagic

pathways were summarized in the preceding review on the

role of autophagy in the innate immune cells [1]. Addi-

tional, non-canonical pathways that resemble autophagy or

use some ATG proteins, but not others, have been char-

acterized in excellent reviews elsewhere [4–6].

Monocytes are leukocytes that can differentiate into

macrophages and myeloid lineage dendritic cells. Mono-

cytes and their macrophage and dendritic-cell progeny serve

three main functions in the immune system: phagocytosis,

antigen presentation and cytokine production. After leaving

the bone marrow, monocytes circulate in the bloodstream

for about 1–3 days, moving then into tissues throughout the

body where they undergo differentiation into macrophages

and dendritic cells. They constitute between 4–10% of the

leukocytes in the blood [7, 8]. Monocytes are important

players during inflammation and following pathogen chal-

lenge. Tissue-resident macrophages, on the other hand, have

important functions during development and for tissue

homeostasis, or for the resolution of an inflammation [9].

Dendritic cells (DCs) are professional antigen-presenting

cells, though other leukocytes, B cells and macrophages,

also present antigens. DCs are specific antigen-presenting

cells with significant and potent functional plasticity that

can act as intermediators between innate and adaptive

immune responses. Although present at low density, due to

their ubiquitous distribution in the body they are able to

serve as sensors for danger signals and to mediate protective

immunity or tolerance to self [10]. There are two distinct

types of DCs with diverse functions. In the mid-1990s, in

murine lymphoid organs two subsets of DCs was defined

based on the presence or absence of CD8 expression,

exhibiting distinct immune functions. Over a long period,

these findings have been extended to DCs in nonlymphoid

tissues. More recently, with the identification of a popula-

tion of cells closely resembling plasma cells, but, upon

exposure to viral stimuli, able to produce high levels of

IFN-α, a further major division in the DC family has been

recognized. These cells, called plasmacytoid DCs (pDCs),

can differentiate into immunogenic DCs that, upon stimu-

lation, prime T cells against viral antigens. To distinguish

pDCs from the DCs described earlier, the latter have been

renamed “classical” DCs (cDCs) [11].

Autophagy contributes to cell survival in an important

way by maintaining a metabolic balance, but also by per-

forming essential quality control on organelles and removal

of unneeded and aggregated macromolecules. Thus, as in

almost all cells, it is not surprising that autophagy impacts

on the immune system. However, the autophagic facility for

packaging, dismemberment and removal of unwanted

materials provides special opportunities for antimicrobial

defense. Consequently, the role of autophagy in regulating

innate immune cells is important and is under intense

investigation. In an accompanying article published in this

issue, we focussed on functions of autophagy which reg-

ulate the behavior of neutrophils, eosinophils, mast cells

and natural killer (NK) cells [1]. In the present review, we

summarize what is known about autophagy as impacting on

the functions performed by monocytes/macrophages and

DCs.

Role of autophagy in monocytes/
macrophages

Differentiation

It has been reported that autophagy is induced and is

required for proper macrophage differentiation of human

and murine monocytes driven by colony-stimulating factor-

1 (CSF-1) or granulocyte/macrophage colony-stimulating

factor (GM-CSF) [12]. The induction of autophagy has been

shown to be essential for survival and differentiation of

monocytes. The differentiation signal releases BCL-2-

interacting coiled-coil protein 1 (Beclin 1) from BCL-2 by

activating c-Jun N-terminal kinase (JNK) and preventing

ATG5 cleavage, both of which are pivotal for the autophagy

initiation [13]. Preventing the induction of autophagy hin-

ders differentiation and cytokine production; thus, autop-

hagy is important in the transition from monocyte apoptosis

to differentiation [13]. Collectively, these findings point to

an essential role for autophagy in monocyte differentiation

(Fig. 1).

Bacterial clearance

Both autophagy and phagocytosis represent evolutionarily

conserved eukaryotic mechanisms for engulfment and dis-

posal of unwanted, and potentially harmful, materials.

However, in contrast to phagocytosis, autophagy can also

dispose of cytoplasmic materials by engulfing them in the

double membrane vesicles called autophagosomes. Phago-

cytosis is the main mechanism in the repertoire of the innate

immune system for eliminating bacteria. These are targeted

into phagosomes in which they are then delivered to the

lysosome for degradation [14]. Some bacteria, however, are

able to escape the phagosome and to multiply in the cytosol.

In another approach, some bacteria modify the phagosome

to prevent its fusion with the lysosome [15]. In such cases,

autophagy presents an alternative mechanism that can target

bacteria into autophagosomes which subsequently fuse

successfully with the lysosome [16–19] (Fig. 2).

How is this process of defense autophagy initiated? It

seems likely that the triggers are produced by the bacteria
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themselves; that Toll-like receptors (TLRs) might play a

role has been suggested [20–22]. For instance, TLR4 acti-

vation results in the recruitment of the adaptors myeloid

differentiation primary response 88 (MyD88) and Toll/IL-1

receptor (TIR) domain-containing adaptor inducing inter-

feron β (TRIF), which can bind Beclin 1 to initiate autop-

hagy in mouse macrophage RAW264.7 cells [23]. In

addition, it has been reported that tumor necrosis factor

(TNF) receptor-associated factor 6 (TRAF6)-mediated,

Lys63 (K63)-linked ubiquitination of Beclin 1 is essential

for TLR4-triggered autophagy in macrophages. Two

TRAF6-binding motifs in Beclin 1 facilitate TRAF6-

binding and Beclin 1 ubiquitination. Thus, the degree of

K63-linked Beclin 1 ubiquitination plays a key role in

regulating autophagy [24]. Moreover, neutrophils release

extracellular vesicles (EVs) to the extracellular milieu that

then participate in intercellular communication. Ligands for

TLR-2/6 were detected in EVs released from M. tubercu-

losis-infected neutrophils (EV-TB). Such EVs induced

elevated expression of microtubule-associated proteins 1 A/

1B light chains (LC3-II) in macrophages and LC3-II co-

localization with bacteria present inside infected

macrophages. The intracellular mycobacterial load

increased after wortmannin inhibition of autophagy. In

conclusion, EV-TB promotes macrophage autophagy and

thereby reduces intracellular mycobacterial survival [25].

Another possibility is that pathogens trigger cytosolic

receptors, which subsequently induce autophagy. Con-

sistent with this concept, both nucleotide-binding oligo-

merization domain (NOD)1 and NOD2 activation led to an

upregulation of autophagy after ATG16L1 was recruited to

bacterial invasion sites [26]. Since cytokines, such as tumor

necrosis factor (TNF)-α [27], TNF-related apoptosis-indu-

cing ligand (TRAIL) [28], and interferon (IFN)-γ [17] also

increase autophagic activity, TLR-mediated targeting of

intracellular pathogens might not be direct, but rather

involve cytokines. It should be noted that interleukin (IL)

−10 and IL-10 receptor signaling inhibits autophagy

induction in murine macrophages. The mechanism involves

the activation of the class I phosphatidylinositol 3-kinase

(PI3K)-pathway, which leads to the phosphorylation of the

70-kilodalton (kDa) ribosomal protein S6 kinase (p70S6K)

through the activation of AKT/PKB (protein kinase B) and

the mammalian target of rapamycin complex 1 (mTORC1)

[29]. Besides cytokines, vitamin D3 is believed to modulate

autophagic activity in human macrophages via cathelicidin,

which activates transcription of Beclin 1 and ATG5.

Colocalization of mycobacterial phagosomes with autop-

hagosomes was also induced by vitamin D3 in a

cathelicidin-dependent manner [30].

Autophagy was induced after CD40 activation of mac-

rophages, helping to fuse Toxoplasma gondii (T. gondii)-

containing vacuoles with lysosomes, resulting in killing of

the pathogen [31]. In addition to the initiation of autophagy

and maturation of autophagosomes, p62 was required for

mycobactericidal activity. p62 was responsible for delivery

of specific ribosomal and bulk ubiquitinated cytosolic pro-

teins to autolysosomes where they underwent proteolytic

processing into products capable of killing Mycobacterium

(M.) tuberculosis, indicating some of the unique bactericidal

properties of autophagic organelles [32].

Interesting strategies for escape from lysosomal killing

mechanisms have been developed by many pathogens, for

example by blocking the fusion of phagosomes with lyso-

somes, demonstrating the importance of autophagy induc-

tion for pathogen killing by monocytes/macrophages [33]

(Fig. 2).

Phagocytosis

Autophagy has also been associated with innate immunity

against pathogens even where pathogens have developed no

phagosome escape mechanisms. In such cases, autophagy

seems able to enhance the fusion of phagosomes with

lysosomes, seemingly without the intermediate formation of

Hematopoietic stem cell

Monocyte

DC

Common myeloid progenitor

Macrophage

Monoblast

+ [12,13]

Fig. 1 Autophagic activity in the differentiation from monocytes to

macrophages. Innate immune cells such as macrophages and DCs arise

from a hematopoietic stem cell (HSC) that has committed to a common

myeloid progenitor (CMP). Monoblasts then further generate a

monocytic cell lineage, leading to the development of macrophages

and DCs. To date, autophagy is known to be involved in the differ-

entiation step from monocytes to macrophages. Numbers in brackets

designate references:+ , enhanced function
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autophagosomes [20]. The result is a rapid destruction of

the engulfed pathogen. Prior to fusion, phagosomes recruit

LC3 in a process requiring ATG5, Beclin 1, ATG7 and

PI3K activity [20] together with TLR signaling in order to

recognize that the phagosome contains a pathogen [33]. On

the other hand, macrophages lacking ATG7 demonstrated

increased bacterial uptake when infected with M. tubercu-

losis or with M. tuberculosis var. bovis BCG. Atg7-/- mac-

rophages showed elevated expression of two class A

scavenger receptors: the macrophage receptor with col-

lagenous structure (MARCO) and the macrophage sca-

venger receptor 1 (MSR1). This increase in scavenger

receptors resulted from an increased nuclear factor (ery-

throid-derived 2)-like 2 (NFE2L2) transcription factor

activity as a consequence of accumulating p62 in Atg7-/-

macrophages [34].

M. tuberculosis is also known as an intracellular patho-

gen persisting within phagosomes owing to its interference

with phagolysosome biogenesis. Stimulation of autophagic

pathways in macrophages increases the maturation of

mycobacterial phagosomes into phagolysosomes. Stimula-

tion of autophagy physiologically, or pharmacologically

with rapamycin, caused mycobacterial phagosome coloca-

lization with LC3. Hence, that autophagic pathways can

overcome the M. tuberculosis trafficking block is apparent

from these findings [17].

The promotion of phagocytosis by autophagy has also

been demonstrated in other models. Adenosine triphosphate

(ATP) treatment ofM. tuberculosis var. bovis BCG-infected

human macrophages induced a Ca2+ and P2X7 (pur-

inoceptors for ATP) receptor-dependent killing of intracel-

lular mycobacteria which required autophagic activity. The

bacteria were demonstrated within the characteristic double-

membraned autophagosomes of ATP-treated, BCG-infected

monocyte-derived macrophages. Autophagy inhibition by

wortmannin or pre-treatment of macrophages with anti-

P2X7 antibody blocked ATP-induced phago-lysosomal

fusion. Stimulation of autophagy with ATP was also

TLR

Bacteria
LPS

NOD2

Autophagosome

Autophagolysosome

Phagosome

Lysosome

Anti-microbial 

peptide precursor

Lysosome

Pathogen 

escape

Phagolysosome

LAP Xenophagy

Fusion

Delivery of pathogen

p62

Pathogen 

clearance

LC3-II LC3-II

Fig. 2 Involvement of autophagy in the process of phagocytosis.

Autophagy in phagocytic cells is regulated by a variety of immuno-

logical signals. Pathogens on the cell surface or in the cytosol are

recognized by pattern-recognition receptors, such as Toll-like recep-

tors or Nod-like receptors. The most direct role of autophagy for the

removal of microbes is a selective engulfment of intracellular patho-

gens by the autophagosomal membrane and their subsequent

degradation after fusion with the lysosome, a process called xeno-

phagy. Protein p62 can deliver specific ubiquitinated proteins to

autophagolysosomes where they are converted into microbial killing

products. Another autophagic contribution to pathogen removal is

through LC3-associated phagocytosis (LAP). LC3-II binds to the

phagosomal membrane, facilitating phagosomal maturation and its

fusion with the lysosome to enhance pathogen removal
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temporally associated with a drop in intracellular myco-

bacterial viability, but this could be suppressed by treatment

with wortmannin or the selective P2X7 antagonist, oxidized

ATP. Collectively, ATP/P2X7-mediated killing of intracel-

lular mycobacteria was shown to be dependent on the

induction of autophagy [35].

Another study reported a requirement for ATG5 for

in vivo resistance to the intracellular pathogens Listeria

monocytogenes (L. monocytogenes) and T. gondii. In pri-

mary macrophages, ATG5 was required for IFN-γ/LPS-

induced damage to the T. gondii parasitophorous vacuole

membrane and for parasite clearance. While no classical

hallmarks of autophagy were detected, i.e. autophagosomes

enveloping T. gondii, ATG5 was presumably required to

recruit the IFN-γ-inducible p47 GTPase IIGP1 (Irga6) to the

vacuole membrane, an event which is responsible for the

clearance of T. gondii [36]. This work established that

ATG5 expression in phagocytic cells is essential for cellular

immunity to intracellular pathogens in vivo. Furthermore, it

was a demonstration that an autophagy protein can parti-

cipate in immunity and intracellular killing of pathogens

through autophagosome-independent processes such as

GTPase trafficking.

Autophagy, whether induced by physiological or phar-

macological means, reduced the phagocytic capacity of

murine macrophages, regardless of the source of the cells or

the nature of the particles being phagocytosed. The inhibi-

tory effect of autophagy on phagocytosis was early and

reversible, resulting in no loss of cell viability. Furthermore,

the induction of autophagy did not affect the capacity to

recognize and bind particles, indicating that autophagy does

not inhibit the particle recognition process in the macro-

phage, even though particle internalization is suppressed

[37]. Moreover, a different process called LC3-associated

phagocytosis (LAP), has been described recently. The

molecular requirements for LAP are at least partially dif-

ferent from canonical autophagy [20, 38, 39]. Hence, these

findings support the notion that phagocytosis and autophagy

can be interdependent and complementary processes

(Fig. 2).

Cytokine production

Blocking autophagy enhances IL-1β production in mono-

cytes/macrophages. Loss of autophagy due to ATG16L1

deficiency increases IL-1β and IL-18 levels in a mouse

model of gut inflammation, suggesting that autophagy

controls inflammasome activation and limits production of

IL-1β and IL-18 (ref. [40]). Similarly, a lack of ATG7

resulted in elevated production of IL-1β and pyroptosis,

thus consistent with enhanced inflammasome activation

[41]. Moreover, it has been reported that ATG5 suppresses

the production of IL-1β [42].

Similarly, depletion of LC3 or Beclin 1 caused increased

activation of caspase-1 and secretion of IL-1β and IL-18. In

addition, any lack of autophagic proteins in macrophages

increased the accumulation of damaged or dysfunctional

mitochondria and the cytosolic translocation of mitochon-

drial DNA (mtDNA) in response to lipopolysaccharide

(LPS) and ATP treatment. Release of mtDNA into the

cytosol depended on the NACHT, LRR and PYD domains-

containing protein 3 (NALP3, also called NLRP3) inflam-

masome and availability of mitochondrial reactive oxygen

species (ROS). Cytosolic mtDNA contributed to the secre-

tion of IL-1β and IL-18 in response to LPS and ATP [43].

Therefore, this study implied that autophagic proteins reg-

ulate a (NOD)-like receptor protein 3 (NLRP3), and that

prevention of dysfunctional mitochondrial removal via

autophagy/mitophagy causes NLRP3-dependent inflamma-

tion [43]. In agreement with this assumption, it was reported

that the NLRP3 inflammasome can sense mitochondrial

dysfunction, thus explaining the frequent accumulation of

damaged mitochondria in inflammatory diseases [44]. It

was subsequently shown that autophagy degrades inflam-

masome components, while processed caspase-1 is reduced

in cell extracts following stimulation of autophagy [45]

(Fig. 3).

After treatment of macrophages with TLR ligands, pro-

IL-1β was specifically sequestered into autophagosomes.

Further autophagy activation using rapamycin induced

pro-IL-1β degradation, blocking secretion of the mature

cytokine. Inhibition of autophagy promoted processing

and secretion of IL-1β by antigen-presenting cells in an

NLRP3- and TRIF-dependent manner. Autophagy

induction in mice in vivo using rapamycin diminished

serum IL-1β levels following challenge with LPS. Thus,

autophagy controls production of IL-1β in two ways: by

targeting lysosomal degradation of pro-IL-1β and by

regulating the activation of the NLRP3 inflammasome

[46] (Fig. 3).

The link between autophagy and cytokine production

plays a role in multiple chronic inflammatory diseases. For

instance, Gaucher disease is an inherited deficiency in

lysosomal glucocerebrosidase, with increased secretion of

inflammatory cytokines. Studying macrophages of these

patients revealed increased inflammasome activation as a

result of impaired autophagy. The small‐molecule gluco-

cerebrosidase chaperone NCGC758 was able to reverse the

defects in parallel with autophagy induction and lowered

IL‐1β secretion, underlining the role of lysosomal gluco-

cerebrosidase deficiency in these processes. Moreover, in

Gaucher macrophages, increased levels of the autophagic

adaptor p62 prevented incorporation of inflammasomes into

autophagosomes. Increased p62 levels caused activation of

p65‐NF‐κB in the nucleus, promoting inflammatory cyto-

kine expression and secretion of IL‐1β. This novel

Regulation of the innate immune system by autophagy: monocytes, macrophages, dendritic cells and. . . 719



mechanism connects the idea of lysosomal dysfunction with

inflammasome activation [47].

Furthermore, deletion of several autophagy genes in

macrophages can cause an inflammation-mediated eye dis-

ease, uveitis, and can lead to blindness. A failure in

autophagy activates inflammasome-mediated IL-1β secre-

tion, thereby increasing disease severity. Interestingly,

experimental uveitis was also found to be elevated in a

model for Crohn disease, a systemic autoimmune disease in

which patients often develop uveitis. This finding provides

a potential mechanistic link between macrophage autophagy

and systemic disease [48]. Moreover, macrophages isolated

from human diabetic wounds exhibited a proinflammatory

phenotype, including sustained NLRP3 inflammasome

activity associated with IL-1β secretion. Autophagy inhi-

bition plays an important role in this process [49] (Fig. 3).

Macrophages and neutrophils of mice with a LysM-cre-

mediated conditional knockout of Atg5 developed systemic

and hepatic inflammation following treatment with low-

dose LPS and a high-fat diet. Loss of autophagy promoted

inflammation through the regulation of macrophage polar-

ization. Bone marrow-derived macrophages and Kupffer

cells from knockout mice exhibited abnormalities in

polarization with both increased proinflammatory M1 and

decreased anti-inflammatory M2 polarization as determined

by measurements on genes and proteins [50].

Moreover, autophagy inhibition was accompanied by a

shift to aerobic glycolysis together with a lowered mito-

chondrial membrane potential (MOMP). The reduced

MOMP combined with autophagy inhibition resulted in an

increased mitochondrial content and elevated cellular ROS

levels which eventually led to cell death. In human mac-

rophages, AKT/PKB was identified as being responsible for

the glycolytic shift and autophagy inhibition. Surprisingly,

AKT/PKB knockdown rescued these cells from death. In

agreement with these observations, inflammatory M1 mac-

rophages with active glycolysis exhibit reduced autophagy

[51]. Furthermore, macrophages from aged mice demon-

strated a definitely reduced autophagic flux compared to

macrophages from young mice. The reduced autophagy

skews macrophage metabolism toward glycolysis. There-

fore, a modulation of autophagy may allow us to control

excess inflammation and to maintain macrophage function

during aging [52].

Taken together, one can say that autophagy somehow

limits inflammatory responses. Pharmacological inhibition

of mTOR can thus act to produce increased anti-

inflammatory activities, also in humans [53]. Clearly, fur-

ther experimental work and clinical trials will be necessary

to reach a better understanding of the the potential link

between autophagy and the intensity of innate immune

responses.

Caspase-1

activation

Pro-IL-1β,

pro-IL-18

IL-1β,

IL-18

Inflammatory stimuli

(LPS, ATP, ROS

flagellin)

Inflammasome

activation

ROS,

mtDNA

Inflammasome

elimination

Pro-IL-1β

elimination
Inflammasome

activation

Caspase-1

activation

IL-1β,

IL-18

Fig. 3 Regulation of inflammasomes by autophagy. Autophagy

negatively controls the activation of inflammasomes in response to

inflammatory stimuli and degrades inflammasome components, lead-

ing to reduced caspase-1 activation. Decreased caspase-1 activation

blocks conversion of the inactive cytokine precursors pro-IL-1β and

pro-IL-18 to active IL-1β and IL-18 forms, which would otherwise be

released from the cell to perform proinflammatory functions.

Autophagy also directly regulates IL-1β production by targeting pro-

IL-1β for lysosomal degradation. In the absence of autophagy, dys-

functional mitochondria accumulate in the cells, causing the release of

mtDNA in the cytosol and increasing intracellular ROS levels. As a

consequence, the activation of the inflammasome and caspase-1 is

accelerated, leading to an increased secretion of IL-1β and IL-18
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Role of autophagy in dendritic cells

Antigen presentation by MHC class II molecules

Lysosomal degradation products are known to be presented

via major histocompatibility complex (MHC) class II

molecules to CD4+ T cells and it is these helper T cells

which orchestrate the specific immune response [54].

Interestingly, this pathway may also be responsible for

antigen presentation by other cells expressing MHC class II

molecules, even those lacking a high endocytic capacity,

such as, for example, cortical thymic epithelial cells [55].

As discussed above, autophagy is used to direct pathogens

into autophagosomes subsequently fusing with lysosomes

[16–19]. In this way, epitopes of pathogens and intracellular

antigens can be delivered to MHC class II molecules [56–

59]. It is therefore unsurprising that autophagic pathways

promote MHC class II antigen-presentation. Thus, apart

from its role in innate immunity, autophagy may also serve

to alarm the adaptive immune system against pathogens that

were delivered in DCs by the autophagy pathway for

lysosomal degradation. In the following, we provide some

examples how autophagy connects DCs with adaptive

immunity.

It has been reported that 3-methyladenine (3-MA)

decreased MHC class II presentation of an endogenously

expressed bacterial peptide [56]. Autophagy induction upon

amino-acid starvation promoted MHC-II presentation of

peptides derived from both intracellular and lysosomal

source proteins [57]. Pharmacological and genetic inhibi-

tion of autophagy diminished efficient MHC class II pre-

sentation of an endogenously synthesized viral protein

(Epstein–Barr virus nuclear antigen 1 (EBNA1)) [58]. The

initial studies led to the generally accepted concept that the

autophagy pathway facilitates transfer of cytosolic antigens

directly to late endosomal or lysosomal compartments, as

opposed to the processing of exogenous antigens captured

through endocytosis or phagocytosis in antigen-presenting

cells [59].

Autophagosomes continuously fuse with multivesicular

MHC class II-loading compartments. This pathway is of

functional relevance, because targeting of influenza matrix

protein 1 to autophagosomes via its fusion with the

autophagosome-associated protein LC3 caused strongly

enhanced MHC class II presentation to CD4+ T cell clones.

Therefore, autophagy constitutively and efficiently delivers

cytosolic proteins for MHC class II presentation and this

facility can be utilized for improved helper T cell stimula-

tion [60, 61]. This pathway is also of in vivo relevance,

since mice with a DC-conditional deletion in Atg5 showed

impaired CD4+ T cell priming after Herpes simplex virus

infection and succumbed rapidly to the disease. The most

pronounced defect in Atg5-/- DCs was with phagosome-to-

lysosome fusion and subsequent processing and presenta-

tion of phagocytized antigens containing TLR stimuli for

MHC class II. In contrast, cross-presentation of peptides on

MHC class I was unaffected by the absence of Atg5 (ref.

[62]) (Fig. 4).

Another report suggested that a subset of phagosomes

becomes coated with LC3 and maintains phagocytized

antigens, allowing prolonged presentation on MHC class II

molecules. Such LC3-positive phagosomes are formed

around the antigen with TLR2 agonists and are dependent

on ROS production by NADPH oxidase 2 (NOX2) for their

generation. LC3-positive phagosomes do not contain other

classical autophagy markers, showing delayed maturation

and enabling prolonged antigen presentation by MHC class

II molecules. A deficiency in the formation of these antigen

storage phagosomes could impair CD4+ T cell responses

and compromise immune control. Therefore, autophagy

proteins stabilize pathogen-containing phagosomes for

prolonged MHC-II antigen processing [63] (Fig. 4).

Dectin-1 is a pattern-recognition receptor that binds to β-

glucans in fungal cell walls triggering phagocytosis and

production of ROS by the NADPH oxidase, subsequently,

together with inflammatory cytokines. It has been demon-

strated that dectin-1 signaling in macrophages and bone

marrow-derived dendritic cells (BMDC) triggers induction

of autophagy. Furthermore, dectin-1 directs the recruitment

of LC3-II to phagosomes, and for this, requires Syk, acti-

vation of ROS production by the NADPH oxidase, and

ATG5. Employing LC3-deficient DCs, the authors showed

that whereas LC3 recruitment to phagosomes is not

important for triggering phagocytosis, microbial killing or

dectin-1-mediated inflammatory cytokine production, its

presence does facilitate recruitment of MHC class II

molecules to phagosomes and enhances the presentation of

fungal-derived antigens to CD4+ T cells. Collectively,

dectin-1-triggered recruitment of LC3 protein to phago-

somes is fundamental for the MHC class II presentation of

fungal-derived antigens [64].

NOD2 acts as a bacterial sensor in monocyte-derived

DCs, but how does bacterial recognition link with antigen

presentation after NOD2 stimulation? It has been shown that

NOD2 triggering by muramyldipeptide induces autophagy in

DCs. This effect requires receptor interacting protein kinase-

2 (RIPK-2), ATG5, ATG7 and ATG16L1. NOD2-mediated

autophagy is necessary for bacterial processing and for eli-

citing MHC class II antigen-specific CD4+ T cell responses

in dendritic cells. DCs from individuals with Crohn’s dis-

ease who express Crohn’s disease-associated NOD2 or

ATG16L1 risk variants, show defects in autophagy induc-

tion, bacterial trafficking and antigen presentation [65].

Antibody responses to citrullinated self-proteins are

found in several autoimmunities, particularly in rheumatoid

arthritis, where they serve as a diagnostic indicators.
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Investigations have demonstrated that processing of the

protein hen egg-white lysozyme (HEL) resulted in citrulli-

nation of peptides presented with MHC class II molecules

of antigen-presenting cells. The presentation of these

citrullinated peptides, but not of unmodified peptides, is a

consequence and a biochemical marker for an autophagic

response. DCs, macrophages, and thymic DCs presented

citrullinated peptides constitutively. 3-MA treatment was

highly selective as it blocked only presentation of citrulli-

nated HEL peptides, but did not affect unmodified peptide

presentation. Autophagy in antigen-presenting cells is a key

cellular event for the generation and presentation of citrul-

linated peptides to CD4+ T cells. These findings indicate a

connection between autophagy and autoreactivity through

the generation of this new citrullinated epitope [66].

Clearly, inducing autophagy in DCs leading to enhanced

immunogenicity is a strategy to increase the success of

vaccination [67, 68]. Moreover, unraveling the role of

autophagic antigen processing and presentation has impli-

cations not only for infectious diseases, but also for cancer,

autoimmunity, allergy, and transplantation medicine. It

should be noted that some pathogens have developed

mechanisms that suppress autophagy and inhibit MHC class

II-restricted antigen presentation [69].

Antigen presentation by MHC class I molecules

Unlike the supportive role of autophagy for CD4+ T cell

stimulation, autophagy diminishes antigen presentation on

MHC class I molecules during anti-viral CD8+ T cell

Fig. 4 Role of autophagy in antigen presentation by dendritic cells.

Autophagy promotes the presentation of antigens on MHC class II

molecules, but hinders their presentation on MHC class I molecules. a

Autophagy supports presentation of exogenous phagocytosed antigens

on MHC class II molecules. Extracellular proteins are phagocytosed,

and LC3-II is recruited to phagosomal membranes enhancing fusion

between phagosomes and lysosomes. Recruitment of MHC class II

molecules to phagolysosomes and their loading with antigenic pep-

tides is facilitated, leading to upregulation of MHC class II molecules

on the surface of DCs and stimulation of CD4+ helper T cells. b

Autophagosomes can target cytosolic proteins for lysosomal degra-

dation, delivering them to the MHC class II loading compartment. This

classical autophagy pathway enables MHC class II presentation of

intracellular antigens and gives rise to a CD4+ helper T cell response.

c Autophagy compromises the presentation of antigens on MHC class

I molecules through their increased internalization. LC3-II molecules

recruit the internalization machinery to MHC class I molecules on the

surface of DCs and target them for intracellular transport, reducing

CD8+ cytotoxic T cell responses
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responses by enhancing MHC class I internalization in

dendritic cells. Atg5- and Atg7-knockout DCs have elevated

surface MHC class I levels owing to decreased endocytosis

and degradation of MHC-I molecules. Therefore, with

reduced ATG-dependent MHC class I internalization, DCs

can stimulate CD8+ T cell responses more efficiently both

in vitro and in vivo. During viral infections, lack of ATG5

results in enhanced influenza- and lymphocytic chor-

iomeningitis virus (LCMV)-specific CD8+ T cell responses

in vivo. Elevated influenza-specific CD8+ T-cell responses

go together with an improved immune control of this

infection [70] (Fig. 4).

The endogenous presentation of most viral epitopes

through the MHC class I pathway is entirely dependent on

the transporter associated with the antigen processing

(TAP) complex, which transfers the peptide products after

proteasomal degradation into the endoplasmic reticulum.

However, a pathway involving autophagy has been

described; it could be shown that autophagy can mediate

TAP-independent presentation of viral epitopes through a

MHC class I pathway [71]. In addition, a recent publication

shows an increase in the capacity of murine DCs to present

viral antigens with MHC class I after infection with a

mutant of Herpes simplex virus 1 (HSV-1-Δ34.5) which

lacks infected cell protein 34.5 (ICP34.5), as compared to

the wild-type HSV-1 strain. The ICP34.5 protein over-

comes host cell translational arrest, suppressing autophagy.

The lack of this protein leads to a low viral protein abun-

dance, which, however, could be processed and presented

efficiently, demonstrating the important role of autophagy

in processing endogenous viral proteins in HSV-1-infected

DCs [72].

Cytokine production

Plasmacytoid DCs (pDCs) are crucial mediators for the

establishment of immunity against most viruses, given their

extraordinary capacity to produce large quantities of type I

IFNs. pDCs are able to detect viruses in acidified endo-

somes with the help of TLRs. Several studies presented

evidence that the recognition of single-stranded RNA

(ssRNA) viruses occurs via TLR7 and requires the transport

of cytosolic viral replication intermediates into the lyso-

some by the process of autophagy. In this context, autop-

hagy was found to be required for the production of IFN-α

by pDCs [73]. Similarly, Simian Virus 5 (SV5) activated

TLR7 in pDCs, resulting in the secretion of large amounts

of IFN-α which depended on autophagy [74]. Moreover,

large amounts of type I IFNs were released from isolated

pDCs after exposure to Epstein–Barr virus (EBV) by a

mechanism requiring both TLRs and the autophagic

machinery. It should be noted, however, that EBV is able to

induce activation, but impairs maturation of pDCs.

Therefore, TNF-α release is reduced and EBV-infected

pDCs are unable to mount a full T-cell response, suggesting

an immune-evasion strategy promoted by the virus [75].

Autophagy-dependent cytokine production was also

observed in bone marrow-derived DCs (BMDC). After

infection with the influenza A (H1N1) in autophagy-

deficient haploinsufficient Beclin 1+/- BMDCs, lower

levels of IL-6, TNF-α, IFN-β, IL-12p70 and IFN-γ were

secreted as compared to control BMDCs. H1N1-infected

Beclin 1+/- BMDCs exhibited decreased activation of

extracellular signal-regulated kinase, JNK, p38, and NF-κB,

as well as IFN regulatory factor 7 nuclear translocation.

H1N1-infected control BMDCs were more efficient in

inducing allogeneic CD4+ T-cell proliferation and driving T

helper type 1, 2 and 17 cell differentiation while inhibiting

CD4+ forkhead box P3+ (Foxp3+) regulatory T-cell dif-

ferentiation. These data indicate that autophagy is important

in the regulation of BMDC immune responses to H1N1

infection [76]. Autophagy-dependent cytokine production

after influenza A virus infection was also observed in other

models. For instance, Ripk2−/− BMDCs exhibited defective

autophagy of mitochondria (mitophagy), leading to

enhanced mitochondrial superoxide production and con-

sequent activation of the NLRP3 inflammasome with sub-

sequent increased production of IL-18. RIPK2-regulated

mitophagy is induced after phosphorylation and activation

of the mitophagy inducer unc-51-like kinase 1 (ULK1).

Accordingly, Ulk1−/− BMDCs exhibited also enhanced

mitochondrial production of superoxide and activation of

caspase-1. Taken together, these results demonstrate a role

for NOD2-RIPK2 signaling in protection against virally

triggered immunopathology by negatively regulating the

activation of the NLRP3 inflammasome and production of

IL-18 via the ULK1-dependent mitophagy in BMDCs [77].

Low levels of autophagy in immature monocyte-derived

DCs (iDCs) were also associated with low cytokine pro-

duction in the context of human immunodeficiency virus-1

(HIV-1) infection. Autophagy is blocked in iDCs, because

the HIV-1 envelope protein activates the mTOR pathway.

HIV-1-mediated downregulation of autophagy in DCs

impaired both innate and adaptive immune responses [78].

Interestingly, defective autophagy in BMDCs can result

in increased cytokine production by T cells. After a

respiratory syncytial virus (RSV) infection in vivo, lungs of

Beclin 1+/- mice showed increased Th2 cytokine produc-

tion, mucus secretion, and lung infiltration by eosinophils

and inflammatory dendritic cells. Beclin 1+/- pulmonary and

BMDCs showed decreased expression of MHC class II and

innate cytokine production upon RSV infection. Further

examination indicated that Beclin 1+/- BMDCs stimulated

less IFN-γ and IL-17 production by cocultured CD4+

T cells, but increased Th2 cytokine production in compar-

ison with control BMDCs from wild-type mice [79].
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Tolerance

Phagocytosis of apoptotic cells has been implicated in the

maintenance of immune tolerance and prevention of excess

inflammation. It has been reported that T cell immunoglo-

bulin- and mucin domain protein-4 (TIM-4) repressed tumor-

specific immunity which had been triggered by

chemotherapy-induced tumor cell death. TIM-4 was highly

expressed on tumor-associated myeloid cells such as macro-

phages and DCs. TIM-4 directly interacted with AMP-

dependent protein kinase α1 (AMPKα1) and activated

autophagy-mediated degradation of ingested tumors, leading

to reduced antigen presentation and impaired CD8+ cytotoxic

T lymphocyte responses. Consistently, blockade of TIM-4-

AMPKα1-autophagy improved the antitumor effect of che-

motherapeutics by enhancing tumor-specific CD8+ T cell

immune responses. This finding provides insight into the

immune tolerance mediated by phagocytosis of dying cells,

and the concept of targeting the TIM-4-AMPKα1 interaction

constitutes a unique strategy for augmenting antitumor

immunity and improving cancer chemotherapy [80].

Moreover, it has been demonstrated that Foxp3+ T

regulatory cells (Tregs) strongly inhibit autoimmune

responses in vivo by blocking the autophagic machinery in

DCs in a cytotoxic T lymphocyte-associated protein 4

(CTLA4)-dependent manner. Autophagy-deficient DCs

exhibited reduced immunogenic potential and failed to

prime autoantigen-specific CD4+ T cells to mediate auto-

immunity. Mechanistically, CTLA4 binding promoted

activation of the PI3K/AKT/mTOR axis and forkhead box

O (FoxO)1 nuclear exclusion in DCs, leading to decreased

transcription of the important autophagy component LC3.

Human DCs treated with CTLA4-Ig, a fusion protein

composed of the fragment crystallizable (Fc) region of

IgG1 and the extracellular domain of CTLA4, elicited

reduced levels of autophagosome formation, whereas DCs

from CTLA4-Ig-treated rheumatoid arthritis patients

showed reduced levels of LC3 transcripts. The canonical

autophagy pathway in DCs was identified as a molecular

target of Foxp3+ Treg-mediated suppression that leads to

amelioration of autoimmune responses [81] (Fig. 5).

Association of host DNA with autoantibodies activates

TLR9, inducing the pathogenic secretion of type I IFNs

from pDCs. In response to DNA-containing immune com-

plexes, IFN-α production depends upon the convergence of

phagocytic and autophagic pathways, a process called LC3-

associated phagocytosis (LAP; see above). LAP was

required for TLR9 trafficking into a specialized IFN sig-

naling compartment by a mechanism involving ATG pro-

teins, but not the conventional autophagic initiation
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T cell 
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Fig. 5 Autophagy-mediated prevention of autoimmunity. Autophagy

is required for DCs to be able to efficiently present peptides on MHC

class II molecules. Regulatory T cells (Tregs) are important components

in mechanisms of peripheral tolerance that control the development of

autoimmune diseases. Inhibitory receptor CTLA4 on Foxp3+ Tregs

suppresses the autophagy machinery in DCs, leading to decreased

turnover of peptide–MHC class II complexes and decreased stimula-

tion of peptide–specific T cell responses, resulting in the amelioration

of autoimmune responses
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complex. The requirement for LAP to induce a DNA-

immune complex-mediated IFN-α response in pDCs

implies that this pathway could be involved in the patho-

genesis of autoimmune diseases, where secreted type I IFNs

contribute to disease progression [82].

Concluding remarks

Autophagy is a key cellular catabolic pathway that is uti-

lized for multiple functions in different cell types. In the

cells of the innate immune system, the special capabilities

conferred by the autophagic pathway modulate dramatic

changes seen during differentiation. Autophagy also modi-

fies cell-specific functions such as antigen presentation,

phagocytosis, and cytokine production. Autophagy can

carry out responsibilities for microbial defence such as

antigen presentation and production of antimicrobial pep-

tides since pathogens can be directly digested in autopha-

golysosomes. Finally, the contributions of autophagy to the

pathophysiology of inflammatory diseases are now recog-

nized as a wide field for further investigation. Increasing

awareness of the functional roles of autophagy in anti-

microbial defence and an understanding of the modifica-

tions in these roles which can be achieved by particular

bacteria and viruses promise a fruitful area of research and

novel therapy approaches.
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