
Autophagy and adaptive immunity

Introduction

Autophagy has been defined as an ‘auto-digestive’ process

that promotes the delivery of intracellular components

from the cytoplasm to lysosomal or vacuolar compart-

ments for terminal degradation and recycling. Thus, in

many cells, autophagy functions in the removal of aggre-

gated and misfolded proteins, in the turnover of senescent

or damaged organelles, in cellular remodelling and in

regenerating molecular building blocks during conditions

of stress. Autophagy is also now widely recognized as

playing an important role in modulating several pathways

involved in immune recognition and responsiveness. Cells

of the immune system exploit autophagy as a means to

detect invading pathogens or changes in the status of self,

and to initiate innate and/or adaptive immune responses.

This review will focus on the importance of autophagic

processes within antigen-presenting cells (APC) and how

these pathways facilitate immune surveillance to influence

T-cell responses. Autophagy-related genes may also func-

tion in processes that are only indirectly linked to degra-

dation, and the potential importance of these findings in

terms of host immunity is briefly discussed.

Pathways for autophagy

Bulk and selective transport via autophagy

In eukaryotic cells, multiple constitutive and inducible

pathways for autophagy promote cargo delivery from the

cytoplasm to vacuolar organelles for degradation. Two of

these routes – microautophagy and macroautophagy –

were initially described as bulk processes that indiscrimi-

nately capture cytoplasmic components, including
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Summary

Autophagy plays an important role in maintaining intracellular homeosta-

sis by promoting the transit of cytoplasmic material, such as proteins,

organelles and pathogens, for degradation within acidic organelles. Yet, in

immune cells, autophagy pathways serve an additional role in facilitating

intracellular surveillance for pathogens and changes in self. Autophagy

pathways can modulate key steps in the development of innate and adap-

tive immunity. In terms of adaptive immunity, autophagy regulates the

development and survival of lymphocytes as well as the modulation of

antigen processing and presentation. Specialized forms of autophagy may

be induced by some viral pathogens, providing a novel route for major

histocompatibility complex (MHC) class I antigen presentation and

enhanced CD8+ T-cell responses. Autophagy induction in target cells also

increases their potential to serve as immunogens for dendritic cell cross-

presentation to CD8+ T cells. The requirement for autophagy in MHC

class II presentation of cytoplasmic and nuclear antigens is well estab-

lished, yet recent studies also point to a critical role for autophagy in

modulating CD4+ T-cell responses to phagocytosed pathogens. Autophagy

pathways can also modulate the selection and survival of some CD4+ T

cells in the thymus. However, much still remains to be learned mechanis-

tically with respect to how autophagy and autophagy-linked genes regulate

pathogen recognition and antigen presentation, as well as the develop-

ment and survival of immune cells.
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proteins, ribosomes and organelles, for digestion in acidic

vacuolar compartments such as lysosomes.1 Microauto-

phagy has been extensively studied in yeast but

few reports have been published addressing the signifi-

cance of this pathway in mammalian cells. During

microautophagy, lysosomal membrane invaginations

directly engulf cytoplasmic components, including organ-

elles such as nuclei, peroxisomes and mitochondria, for

digestion. Notably, while some pharmacological agents

have been used to distinguish microautophagy from mac-

roautophagy, both pathways appear to utilize a conserved

family of autophagy-related (Atg) proteins.2,3

Macroautophagy is constitutively active at low levels in

many mammalian cells, promoting the degradation of

long-lived proteins and organelles.1 During cellular-nutri-

ent or growth-factor deprivation, bulk macroautophagy is

rapidly induced to salvage amino acids. While macroauto-

phagy was classically defined as indiscriminate, there may

be some selectivity in directing molecules for digestion

via this pathway. Degradation of polyubiquitinated pro-

tein aggregates by macroautophagy is dependent on their

ability to bind a conserved adaptor protein, p62/

SQSTM1.3 This may facilitate the clearance of misfolded

protein aggregates, which are unable to access the protea-

some for conventional cytoplasmic degradation. p62/

SQSTM1 also binds light chain-3 (LC3), a homologue of

yeast Atg8 that is important in macroautophagy.4 Anti-

genic epitopes linked to LC3 are digested by macroauto-

phagy and transported to major histocompatibility

complex (MHC) class II+ compartments within APC for

presentation to CD4+ T cells.5 Specialized forms of mac-

roautophagy have also evolved to promote the selective

encapsulation of cytoplasmic microorganisms (xeno-

phagy), the turnover of mitochondria (mitophagy), the

clearance of peroxisomes (pexophagy) and nuclear degra-

dation (nucleophagy). The steps imparting specificity to

each of these pathways still remain poorly defined. p62/

SQSTM1 has been implicated in conferring specificity

during xenophagy, as autophagic capture of some cyto-

plasmic bacteria was linked to this adaptor protein and

polyubiquitinated bacterial proteins.6 In xenophagy, acti-

vation of autophagy pathways in response to innate sig-

nalling may be important in selectively promoting

pathogen sequestration or destruction. Interferon-c (IFN-

c) treatment of macrophages stimulates autophagy and

the destruction of phagocytosed pathogens, which is

dependent on the expression of Irgm1, an immunity-

related guanosine triphosphatase that regulates auto-

phagy.7 Surprisingly, Irmg1 also functions in promoting

T-cell survival following stimulation with IFN-c, probably

by preventing autophagy-induced T-cell death.8 Polymor-

phisms at the immunity-related GTPase family, M loci in

humans are linked to susceptibility to Crohn’s disease.9

The selective autophagy of mitochondria (mitophagy) is

mediated by Ulk1 and multiple conserved Atg proteins,

including Atg5 and Atg7.3,10 In mice, deletion of the

autophagy genes Atg7 or Atg5 results in severe develop-

mental consequences and impairs the generation and sur-

vival of B lymphocytes and mature T lymphocytes.11–13

Analysis of T lymphocytes from Atg7-deficient mice

revealed an increased amount of cellular reactive oxygen

species, which was attributed to impaired mitophagy.14 It

is therefore important to recognize that autophagy path-

ways and Atg proteins play multiple, and sometimes

counterintuitive, roles in immune cells.

The ins and outs of macroautophagy

In immune cells, macroautophagy can be up-regulated by

the activation of innate immune receptors, including toll-

like receptor (TLR) ligation, nucleotide-binding oligomer-

ization domain protein (NOD)1 and NOD2 engagement,

and receptors for cytokines such as IFN-c.7,8,11,15–18 Yet,

mechanistically how these signals promote autophagy is

not well defined. By contrast, the initiation of macroauto-

phagy in response to nutrient/growth factor depletion has

been studied in detail. Depletion of cellular growth factors

disrupts signalling through growth factor receptors and

prevents the activation of a class I phosphatidylinositol-3

phosphatase (PI3P) kinase, which blocks the activation of

mammalian target of rapamycin (mTOR).19 This failure

to activate mTOR induces macroautophagy, a condition

that is mimicked by treating cells with rapamycin. Macro-

autophagy is initiated in the cytoplasm by the formation

of a crescent-shaped isolation membrane (IM) (Fig. 1).

The class III PI3P kinase, Vps34, binds to Beclin 1, Vps15

and other cofactors to promote formation of the IM. This

kinase complex is sensitive to 3-methyladenine and wort-

mannin, agents used to inhibit macroautophagy in cells.

Yet, Vsp34 is not a perfect target for selectively disrupting

autophagy because this kinase also associates with endo-

somes and phagosomes, regulating the fusion and transit

of molecules between these organelles.19 Confirming the

inhibition of macroautophagy using gene targeting, as

well as pharmacological agents, is therefore important.11

The IM enlarges to capture and enclose its cytoplasmic

cargo in a double membrane vesicle known as an

autophagosome. This requires two protein-conjugation

systems: the first consisting of Atg12-Atg5-Atg16L; and

the second a complex to promote LC3 lipidation. Atg4,

Atg7 and Atg3 promote cytoplasmic LC3-I processing and

phosphatidylethanolamine conjugation, giving rise to

LC3-II, which associates with the membranes of auto-

phagosomes.

Autophagosomes can fuse with early endosomes, mul-

tivesicular bodies, or late endosomes, giving rise to

organelles known as amphisomes that subsequently fuse

with lysosomes to form the terminal digestive compart-

ment known as an autolysosome.19 During these fusion

processes, proteases and lipases from endosomes and
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lysosomes are delivered into these autophagic vesicles to

promote digestion of the contents, along with the trans-

fer of proteins mediating endosome/lysosome fusion.

However, in several cases, molecules captured from the

cytoplasm into autophagosomes appear to reach TLR or

MHC class II molecules within endosomes and lyso-

somes to promote innate or adaptive immunity.5,11,15

This would imply the transit of molecules from auto-

phagosomes or amphisomes back into the endocytic net-

work. Indeed, such transit for membrane-associated

proteins was detected by live cell imaging.20 Stable auto-

phagosome and lysosome fusion was observed approxi-

mately one-third of the time in cells, while, more

frequently, these organelles docked, transferred their

contents and then separated in a process dubbed ‘kiss

and run fusion’. This may also explain reports of the

co-localization of LC3 with class II molecules, the MHC

encoded peptide editor (DM) and proteins resident in

mature endosomes and phagosomes.5,18 The fusion of

autophagosomes/amphisomes with phagosomes has yet

to be documented, and much remains to be established

in terms of defining how autophagy and Atg proteins

promote phagosome maturation.16,21–23

To ascertain a requirement for macroautophagy in

immunological processes, investigators have frequently

disrupted the expression of proteins linked to this path-

way, including Beclin1, Atg12, Atg5, Atg7 or Atg16L1.11

However, caution is necessary as molecules such as Atg5

function in protein transport, separately from conven-

tional macroautophagy and macromolecular degrada-

tion.11,22 Thus, the use of multiple complementary

approaches to demonstrate a role for autophagy in

immunology pathways is highly recommended. These

include testing the effects of targeted disruption of several

autophagy-linked or Atg proteins, biochemical assays to

track the autophagy-linked conversion of LC3-I to

LC3-II, morphological detection of double-membrane

autophagosomes, or pharmacological disruption of

macroautophagy.24,25 The detection of LC3 or fluores-

cent-tagged LC3 proteins bound to intracellular vesicles

has been used as a measure of autophagosome formation;

however, such results must be interpreted with consider-

able care as LC3 molecules function in membrane expan-

sion and associate with other cellular structures, including

RNA virus-replication complexes, the endoplasmic reticu-

lum (ER), phagosomes, protein aggregates and lipid

Peptide-
class II complex

Endosome

TLR

LC3-II

Isolation
membrane

Cytoplasmic
Ag

Autophagosome Amphisome Autolysosome

Lysosome

Cathepsins

Endosome

LC3-II ?

Figure 1. Macroautophagy modulates the degradation of long-lived proteins and organelles. Macroautophagy is initiated in the cytoplasm by the

formation of an isolation membrane that engulfs macromolecules and organelles to yield a double-membrane vesicle known as an autophagosome.

Treatment of cells with 3-methyadenine or RNA interference (RNAi), to perturb the expression of several different Atg proteins, blocks the forma-

tion of these vesicles. Autophagosomes readily fuse with endosomes, giving rise to amphisomes. In many cases the fusion of these vesicles is tran-

sient, with an exchange of contents and dissociation of each organelle. This temporary vesicle docking may promote the delivery of cytoplasmic or

nuclear antigens (Ags), as well as toll-like receptor (TLR) ligands, into endosomes. In endosomes, some TLR ligands intersect their receptors to ini-

tiate pathways for innate signalling. Upon transport into acidic endosomes, cytoplasmic and nuclear Ags are proteolytically processed by cathepsins.

The resulting antigenic peptides bind major histocompatibility complex (MHC) class II molecules, followed by the transit of these complexes to the

cell surface for presentation to CD4+ T cells. Amphisomes can also fuse with lysosomes to form a terminal digestive compartment, known as an

autolysosome. Upon induction of autophagy, cytoplasmic light chain-3 (LC3)-I is modified to yield LC3-II, which preferentially associates with

membrane vesicles such as autophagosomes. LC3-II may also be exchanged during vesicle fusion. During the fusion of autophagosomes with lyso-

somes, proteases are transferred to the resulting autolysosomes to facilitate the digestion of captured macromolecules such as LC3-II.
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vacuoles.11,16–21,26–28 A recent report also documented the

formation of autophagic vesicles in cells lacking both

Atg5 and Atg7.29

Chaperone-mediated autophagy

Chaperone-mediated autophagy (CMA) is a highly

selective pathway promoting protein delivery from the

cytoplasm to endosomes and lysosomes.30 While constitu-

tively active in many mammalian cells, this pathway is

significantly up-regulated following prolonged cell duress

as a result of nutrient depletion, upon oxidative or chem-

ically induced stress and in response to protein misfold-

ing. Macroautophagy and CMA are linked via their

sequential induction in response to starvation. Macro-

autophagy is rapidly induced upon serum starvation but

decreases after 24 hr, while cellular levels of CMA increase

as macroautophagy subsides. Disruption of cellular Atg

proteins that block macroautophagy results in increased

protein transport and degradation via CMA.30 CMA is

dependent upon a molecular chaperone complex com-

posed of several heat shock proteins, including constitu-

tively expressed heat shock 70-kDa protein (hsc70) and

lysosome-associated membrane protein 2A (LAMP2A).31

Cytoplasmic proteins and peptides bearing a pentapeptide

motif loosely homologous to the sequence KFERQ, asso-

ciate with hsc70 and are delivered to a membrane translo-

cation complex containing LAMP2A (Fig. 2). It is unclear

whether additional molecular signals target proteins for

CMA. CMA is ATP-dependent, and cytoplasmic hsc70

probably serves to select and promote the unfolding of

substrates for translocation. hsc70 resident in endosomes

and lysosomes is also required for translocation, yet

whether this chaperone influences the processing of the

transported proteins and peptides within these organelles

is unknown. hsp90 in the cytoplasm also modulates

CMA, although the precise role of this heat shock protein

in substrate selection versus translocation is unclear.

CMA diminishes with aging, and prolonged life span in

rodents was observed with inducible expression of

LAMP2A in the liver.32 In terms of innate immunity,

mice lacking both LAMP2A and the highly homologous

protein, LAMP2B, display reduced neutrophil phagosome

maturation, probably as a result of defects in late endo-

some or lysosome fusion with phagosomes.33 As discussed

next, both CMA and macroautophagy play important

roles in modulating antigen (Ag) presentation.

Autophagy and Ag presentation

MHC class I-restricted Ag presentation and
autophagy

CD8+ T cells recognize antigenic peptides in the context

of MHC class I molecules expressed on the surface of

nucleated cells. Epitopes from cytoplasmic and nuclear

Ags, including viral proteins, endogenous tumour Ags

and self-Ags, access class I molecules for presentation via

a conventional pathway that is dependent upon the pro-

teasome and a transporter for antigenic peptides

(TAP).34,35 In the cytoplasm of cells, Ags are processed by

the proteasome, with the resulting peptides translocating

into the ER via TAP. In the ER these peptides may be

further processed or directly bind newly synthesized

MHC class I complexes with the aid of chaperone pro-

teins. Peptide-loaded MHC class I complexes transit to

the Golgi and gain entry into secretory vesicles for deliv-

ery to the cell surface. Using this pathway, MHC class I

molecules access peptides from the cytoplasm and nucleus

as a means to detect infection or cell transformation.

In dendritic cells and macrophages, an alternate path,

termed cross-presentation, facilitates MHC class I presen-

tation of epitopes from exogenous Ags and phagocytosed

material. Cross-presentation is critical in promoting

CD8+ T-cell responses to lipid-encapsulated Ags, tumour

cells and bacteria.36,37 There are multiple pathways that

promote Ag cross-presentation via MHC class I

Early
endosome

Mature endosome
or lysosome Cathepsins

Peptide-class
II complexes

LAMP2A

Cytosolic
protease

Cytoplasmic Ag

hsp90

hsp90

hsp90 hsc70

hsc70
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Figure 2. Chaperone-mediated autophagy (CMA) is a regulated

pathway that promotes protein delivery from the cytoplasm to

endosomal compartments. In the cytoplasm, heat shock proteins,

such as hsc70 and hsp90, selectively bind proteins or antigens (Ags)

via the recognition of loosely conserved peptide motifs or structures.

Complex formation with these heat shock proteins probably pro-

motes Ag unfolding and may direct these Ags for processing by cyto-

plasmic proteases such as the proteasome and calpain, although

whether these chaperones act in concert or sequentially remains

untested. Cytoplasmic hsc70 also binds to a transmembrane protein,

lysosome-associated membrane protein 2A (LAMP2A), which is

found in mature endosomes and lysosomes. Thus, hsc70 may play a

critical role in guiding Ags or antigenic peptides to LAMP2A for

membrane translocation and entry into endosomes or lysosomes.

Within these acidic compartments, the translocated Ags and peptides

are further processed by cathepsin proteases before binding major

histocompatibility complex (MHC) class II molecules. The resulting

peptide–MHC class II complexes are subject to editing by the MHC

encoded peptide editor (DM) within late or mature endosomal vesi-

cles before transport to the cell surface for presentation to CD4+ T

cells.
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molecules, with the majority of these routes involving Ag

capture by phagocytosis. Both TAP-dependent and TAP-

independent routes for cross-presentation have been

reported, as well as peptide loading by MHC class I mole-

cules in the ER or phagosome before the egress of these

resulting MHC class I–peptide complexes to the cell

surface.

Evidence that autophagy directly influences the conven-

tional pathway for MHC class I presentation is very lim-

ited, yet studies do suggest that the induction of

autophagy may play a role in alternate pathways for

MHC class I presentation. Inhibition of macroautophagy

in APC by disrupting Atg12 or Atg5 expression, or by

using pharmacological agents, failed to perturb MHC

class I presentation of multiple endogenous and exoge-

nous protein Ags.23,38,39,40 Conjugation of LC3 to a viral

epitope similarly did not alter MHC class I presentation

of this epitope.5 Yet, inhibition of macroautophagy in

IFN-c-treated B16 murine melanoma cells diminished

MHC class I protein surface expression and tumour cell

cytolysis by CD8+ T lymphocytes.41 MHC class I presen-

tation by these IFN-c-treated tumours was proteasome-

dependent, suggesting a possible connection between

autophagy and the conventional pathway for MHC class I

presentation. Herpes simplex virus (HSV) infection of

macrophages induces a novel autophagy pathway modu-

lating MHC class I presentation. Initially, viral capsid Ag

presentation in infected macrophages proceeds via the

conventional MHC class I pathway.42 During the late

stages of infection, viral capsid presentation is dependent

upon Ag processing in acidic organelles as well as Atg5

expression. These HSV-infected cells contain LC3+ dou-

ble-membrane vesicles that are closely associated with the

nuclear envelope, consistent with virus induction of a

novel form of xenophagy. HSV-1 encodes the ICP34.5

protein, which is known to inhibit classical macroauto-

phagy, and in macrophages infected with an ICP34.5-defi-

cient virus the accumulation of autophagosomes

containing LC3 and the capsid Ag is detected. These stud-

ies suggest a potential role for some forms of autophagy

in modulating MHC class I presentation by some

tumours or virus-infected cells.

A small number of studies have examined the in vivo

requirements for autophagy in MHC class I cross-pre-

sentation, and intriguing results were obtained. Selective

deletion of Atg5 in dendritic cells did not alter the

cross-presentation of phagocytosed Ags by MHC class I,

as demonstrated using Ag-coated splenocytes.23 Yet,

induction of autophagy in target cells did promote their

cross-presentation to Ag-specific CD8+ T cells. CD8+

T-cell responses were enhanced using dendritic cells that

had phagocytosed tumour cells treated with rapamycin

or starvation to induce autophagy.43 Immunization of

mice with purified autophagosomes from these tumour

cells similarly promoted the activation of tumour-specific

T cells. Using a related approach, in vivo immunization

of mice with virus-infected ultraviolet (UV)-irradiated

target cells, which were undergoing autophagy before cell

death, also proved superior for inducing viral Ag cross-

presentation to CD8+ T cells.44 This effect was depen-

dent upon target-cell Atg5 expression, suggesting a

requirement for target-cell autophagy induction. Den-

dritic cell production of type I IFNs in response to these

virus-infected target cells was proposed as one possible

explanation for this enhancement of CD8+ T-cell

responses in vivo. Further mechanistic studies are needed

to define how autophagic cells and autophagosomes

serve as targets for MHC class I cross-presentation and

to identify potential applications of these approaches for

vaccine development.

MHC class II-restricted Ag presentation and
autophagy

CD4+ T cells recognize antigenic peptides bound to MHC

class II molecules expressed on APC and thymic epithelial

cells (TEC). MHC class II protein expression can also be

induced on non-professional APC and tumour cells

following exposure to cytokines, TLR ligands and other

activators of innate signalling pathways. Traditionally,

MHC class II molecules were viewed as promoting CD4+

T-cell responses to extracellular pathogens and protein

Ags, as well as inactivated viral vaccines. Yet, studies of

human T-cell responses also suggested a role for MHC

class II molecules in promoting immunity to infectious

viruses and tumour Ags.45–47 Sequencing of MHC class II

ligands from a variety of APC revealed predominantly

self-Ags found either on the cell surface or within the

endosomal network.48,49 Yet, 10–30% of the ligands iden-

tified after release from MHC class II molecules are

derived from cytoplasmic or nuclear Ags, suggesting that

alternate pathways, such as autophagy, may deliver

ligands to MHC class II molecules.48,50,51

MHC class II a and b subunits assemble in the ER with

a conserved chaperone, the invariant chain (Ii), and tran-

sit to endosomal compartments. Within acidic endo-

somes, Ii is proteolytically cleaved, releasing peptide-

receptive MHC class II ab complexes. The binding of

antigenic peptides to these MHC class II proteins is mod-

ulated by the editing molecules DM and peptide editor.

MHC class II complexes travel through early endosomes,

multivesicular bodies or mature endosomes (termed

MIIC), lysosomes and phagosomes to acquire peptides

before transit to the cell surface for display to CD4+ T

cells.37,52 Ligand binding to MHC class II complexes at

the cell surface is also observed, probably as a result of

peptide exchange. Ags, including self- and foreign pro-

teins, continuously traffick into the endosomal network

for processing by cellular cathepsins and reductases.

Remarkably, exposure of APC to cytokines such as IFN-c
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and TLR ligands regulates autophagy pathways as well as

cellular endocytosis.11,15,53–56 The physical intersection of

autophagy pathways with endosomes and lysosomes is

critical in promoting cytoplasmic and nuclear Ag process-

ing and presentation by MHC class II molecules (Figs 1

and 2).

A wide variety of short- and long-lived cytoplasmic and

nuclear Ags, including viral, tumour, self- and ectopically

expressed bacterial proteins, are presented by MHC class

II molecules on APC and tumours, probably via several

distinct autophagy pathways.57,58 Presentation of these

Ags is typically sensitive to choloroquine or lysomotroph-

ic amines, as these agents block the acidification of

endosomal compartments through which MHC class II

molecules transit. Remarkably, MHC class II presentation

of some cytoplasmic Ags is dependent upon proteolysis

by the proteasome or calpains,59–61 while the processing

of other nuclear and cytoplasmic Ags is mediated by

cathepsin proteases in acidic compartments.38,39,59–62 In

contrast to MHC class I proteins, TAP is not required for

MHC class II presentation of cytoplasmic or nuclear

Ags.60,63,64 While cytoplasmic and nuclear Ags display

some heterogeneity in their processing, these endogenous

Ags also appear to access distinct pathways for autophagy.

Exposure of APC to 3-methyladenine failed to perturb

MHC class II presentation of a number of some cytoplas-

mic Ags, suggesting a role for pathways other than mac-

roautophagy.60,61 Yet, for several nuclear and cytoplasmic

Ags, 3-methyladenine was a potent inhibitor of MHC

class II presentation (Fig. 1).5,38,39,61 Disrupting Atg12 or

Atg7 expression via RNA interference (RNAi) also con-

firmed a requirement for macroautophagy in the presen-

tation of two distinct nuclear Ags.5,38,40,65 MHC class II

presentation of influenza matrix protein is enhanced by

conjugation to LC3 before expression in APC.5 Whether

nuclear localization favours Ag processing via macroauto-

phagy, remains controversial. MHC class II presentation

of a bacterial Ag via macroautophagy was found to be

equally efficient regardless of whether this protein was

ectopically expressed in the cytoplasm or in the nucleus

of renal tumour cells.65 By contrast, MHC class II presen-

tation of the viral Epstein Barr virus nuclear Ag 1

(EBNA1) by macroautophagy was enhanced upon dele-

tion of its nuclear targeting sequence.40 Notably, macro-

autophagy is not involved in the presentation of epitopes

from two other viral nuclear Ags – EBNA2 and EBNA3C

– which rely on cross-presentation and processing via the

conventional MHC class II pathway.66 Several cytoplasmic

Ags access the selective autophagy pathway of CMA for

MHC class II presentation (Fig. 2).63 Peptides from the

cytoplasmic Ags glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) and aspartate aminotransferase are fre-

quently detected bound to MHC class II molecules, with

the transit of both these Ags from the cytoplasm to lyso-

somes occurring via CMA.30,50,58 We showed previously

that MHC class II presentation of cytoplasmic GAD65, a

key diabetes autoantigen, is dependent upon CMA by

manipulating the expression of LAMP2A and hsc70 in

human B lymphoblasts.63 A recent study also demon-

strated that both a and b isoforms of hsp90 are required

for MHC class II presentation of cytoplasmic GAD Ag.67

Misfolded proteins in the ER are frequently translocated

to the cytoplasm for proteolysis, and MHC class II pre-

sentation of one of these Ags was also dependent on

CMA.63 Together these studies suggest that several auto-

phagy pathways, which intersect the endosomal network,

facilitate MHC class II presentation of cytoplasmic and

nuclear Ags.

MHC class II presentation, autophagy and innate
signalling

Several studies point to a role for autophagy or Atg pro-

teins in promoting MHC class II presentation following

innate signalling and phagocytosis (Fig. 3). Much like

TLR ligands, muramyldipeptides can activate an innate

signalling cascade mediated by NOD2, which induces

autophagy and mobilizes the transit of intracellular MHC

class II to the surface of dendritic cells.18 NOD2 activa-

tion also results in co-localization of the MHC class II

editor, DM, with LC3 in intracellular vesicles. Disrupting

dendritic cell expression of Atg5, Atg7 or Atg16L1 impairs

the transit of MHC class II to the cell surface, DM

co-localization with LC3 and MHC class II presentation

of a bacterially delivered Ag in response to muramyldi-

peptides. Notably, genetic studies in humans have linked

variants of NOD2 and ATG16L1 with susceptibility to

Crohn’s disease. Using dendritic cells from individuals

expressing these genetic variants of NOD2 or ATG16L,

muramyldipeptide treatment failed to induce cellular

LC3+ vesicle accumulation, MHC class II transit to the

cell surface and MHC class II presentation of bacterial

Ags. Together these studies suggest roles for autophagy

and Atg proteins in modulating innate immune responses

to NOD2 ligands, as well as promoting the presentation

of a phagocytosed bacterial Ag.

Studies of HSV also suggest a connection among innate

signalling, Atg proteins and Ag cross-presentation. HSV

infection triggers innate signalling via TLRs, as well as the

induction of adaptive CD4+ and CD8+ T-cell responses.

In vivo activation of virus-specific CD4+ T cells was sig-

nificantly impaired upon HSV infection of mice with

Atg5-deficient dendritic cells.23 HSV-infected dendritic

cells are unable to directly prime CD4+ T cells, leading

this team of investigators to speculate that Atg5 expres-

sion in dendritic cells may modulate Ag cross-presen-

tation. Indeed, MHC class II cross-presentation of

phagocytosed Ags is significantly reduced in Atg5-defi-

cient dendritic cells, but this is only observed in the pres-

ence of lipopolysaccharide (LPS). In the absence of TLR
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ligands, MHC class II cross-presentation of phagocytosed

Ags was independent of Atg5 expression. Dendritic cells

lacking Atg5 expression also displayed defects in MHC

class II presentation of soluble protein Ags. Surprisingly

in this model system, the induction of classical macro-

autophagy by dendritic cell starvation or treatment with

rapamycin reduced MHC class II presentation of phago-

cytosed Ags. These studies reveal a role for Atg5 in MHC

class II Ag presentation which is dependent on TLR acti-

vation but probably distinct from classical macroauto-

phagy.

By contrast, the induction of autophagy using rapamy-

cin or starvation enhanced MHC class II presentation of

a secreted mycobacterial Ag following the phagocytosis of

bacille Calmette–Guérin (BCG) by macrophages and den-

dritic cells.68 The induction of macroautophagy in these

APC results in the enhanced delivery of lysosomal cathep-

sins and LC3 to mycobacteria-positive phagosomes. A

secreted mycobacterial Ag (Ag85B) appears to localize in

LC3+ autophagosomes, suggesting perhaps Ag release

from phagosomes and recapture in autophagosomes.

In vivo the immunization of mice with rapamycin-treated

dendritic cells infected with mycobacteria increases the

priming of IFN-c-positive mycobacteria-specific CD4+ T

cells. Whether these observations are specific for myco-

bacteria or are more broadly applicable, remains to be

tested. These studies also suggest a role for classical mac-

roautophagy in capturing intracellular Ags released from

pathogens for MHC class II presentation. Yet, the recruit-

ment or activation of Atg proteins may also play a critical

role here in promoting phagosome maturation and path-

ogen killing. Much remains to be established in terms of

understanding this latter process, as well as the multiple

functions of Atg proteins in immune cells.

Autophagy and thymic selection

Developing T lymphocytes in the thymus interact with

TEC, including cortical cells (cTEC), which promote posi-

tive selection, and medullary cells (mTEC), which func-

tion in negative selection to delete autoreactive T cells. In

contrast to professional APC, TEC are inefficient at cap-

turing and internalizing Ags by endocytosis.69 This has

given rise to suggestions that TEC may rely heavily on

intracellular pathways, such as autophagy, to acquire epi-

topes from endogenous or intracellular Ags for presenta-

tion in the context of MHC proteins. Analysis of thymus

tissue from mice expressing a green fluorescent protein-

conjugated LC3 (GFP–LC3) transgene expressed under

the control of the actin promoter, revealed constitutive

activation of macroautophagy in TEC, in contrast to tis-

sues such as skeletal muscle.70 Nearly 70% of cTEC in

murine thymic tissue sections contain GFP–LC3+ auto-

phagosomes, compared with < 1% of dendritic cells and

mTEC.71 A recent study also confirmed the detection of

LC3-II in both cTEC and mTEC, along with the co-locali-

zation of MHC class II in vesicles with LC3 in immortal-

ized TEC lines treated with IFN-c.72 To test if

macroautophagy in TEC influences T-cell selection, thymi

from embryonic Atg5-deficient or wild-type mice were

engrafted into adult wild-type mice or T-cell-receptor

(TCR) transgenic mice.71 The cellular organization of

thymi from Atg5-deficient mice is similar to that in wild-

type animals, while TEC from these mice display normal

levels of MHC class I expression and slightly reduced lev-

els of MHC class II expression. Remarkably, positive

selection of some, but not all, CD4+ TCR transgenic cell

lines is impacted by the loss of thymic Atg5. Depending

on the TCR transgenic line tested, no change, an increase,

or a decrease, in the generation of single positive trans-

genic T cells is observed in animals lacking thymic Atg5.

Pathogen

MHC
class II

Phagosome

LC3-I LC3-II

Cytoplasmic Ag

Autophagosome

Lysosome

Phagolysosome

Endosome
TLR

Ag

Cathepsins

?

?

Figure 3. Autophagy, Atg proteins and pathogen phagocytosis. Dur-

ing phagocytosis, extracellular pathogens, such as bacteria, are inter-

nalized into phagosomes which fuse with endosomes and lysosomes

to form phagolysosomes to promote pathogen degradation. Endo-

somes enriched for major histocompatibility complex (MHC) class II

molecules, and select proteases, fuse with phagosomes, facilitating

the association of antigenic peptides from the pathogen with class II

molecules for presentation to CD4+ T cells. Disrupting the expres-

sion of Atg5, Atg7 or Atg16L1 proteins can perturb this pathway for

MHC class II antigen (Ag) presentation. Lysosomes contribute diges-

tive enzymes to the phagosome to promote its maturation into a

phagolysosome. Signalling through toll-like receptor (TLR) or other

innate receptors during phagocytosis can induce autophagy along

with enhanced surface expression of MHC class II protein. Light

chain-3 (LC3)-II is detected on phagolysosomes, yet there is cur-

rently no firm evidence to suggest that this is mediated by auto-

phagosome fusion with phagosomes or phagolysosomes. Rather,

LC3-I in the cytoplasm may be converted to LC3-II and sequestered

onto phagocytic vesicles, along with other cytoplasmic cofactors that

regulate organelle fusion and membrane remodelling. Alternatively,

LC3-II may be delivered to endosomes (Fig. 1), which fuse with

phagocytic organelles. Defining mechanistically how Atg proteins

and autophagy pathways regulate phagocytosis and Ag cross-presen-

tation remain important priorities.
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By contrast, no change in the selection of CD8+ T cells is

observed with the deletion of Atg5 in the thymus. These

studies are provocative in suggesting that Atg5, and

potentially macroautophagy, can regulate the positive

selection of T cells. Yet, neonatal lethality is observed in

Atg5-deficient animals, as well as defects in T-cell devel-

opment and survival.11 Further studies are needed to

ensure that the loss of Atg5 in TEC selectively perturbs

only macroautophagy to influence T-cell selection, espe-

cially in light of studies suggesting Atg5 regulation in

multiple intracellular processes.11–13,22,23

Concluding remarks

Immune cells, and in particular APC, exploit multiple

intracellular pathways, including secretion, endocytosis,

phagocytosis and autophagy, to survey the host and to

modulate the activation of innate and adaptive responses.

Evidence now suggests that in many cases CD4+ T-cell

responses to pathogens are dependent on cellular auto-

phagy pathways. Yet, much still remains to be ascertained

to determine whether these observations are linked to a

requirement for classical degradative autophagy, or reflect

novel roles for autophagy-related proteins in innate sig-

nalling or in trafficking regulatory proteins to organelles

such as phagosomes. Further studies are also required to

define the role of autophagy in modulating CD8+ T-cell-

mediated immunity, and in particular why phagosome

maturation linked to autophagy enhances MHC class II,

but not MHC class I, cross-presentation. The potential

that autophagy induction in target cells may be useful in

the development of vaccines that activate both CD4+ and

CD8+ T cells is intriguing, particularly in light of the need

for novel protocols for inducing protective immunity to

tumours as well as emerging infectious diseases.
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