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Autophagy in CD4þ T-cell immunity and tolerance

JD Lünemann1 and C Münz*,1

Autophagy is a homeostatic process that enables eukaryotic cells to deliver cytoplasmic constituents for lysosomal
degradation, to recycle nutrients and to survive during starvation. In addition to these primordial functions, autophagy has
emerged as a key mechanism in orchestrating innate and adaptive immune responses to intracellular pathogens. Autophagy
restricts viral infections as well as replication of intracellular bacteria and parasites and delivers pathogenic determinants for
TLR stimulation and for MHC class II presentation to the adaptive immune system. Apart from its role in defense against
pathogens, autophagy-mediated presentation of self-antigens in the steady state could have a crucial role in the induction and
maintenance of CD4þ T-cell tolerance. This review describes the mechanisms by which the immune system utilizes autophagic
degradation of cytoplasmic material to regulate adaptive immune responses.
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Eukaryotic cells contain two major protein degradation
systems, proteasomes and lysosomes. For proteasomes,
polyubiquitination allows substrates to gain access to the
catalytic chamber for proteolysis.1 Lysosomal degradation of
exogenous material is mediated by the process of endo-
cytosis/phagocytosis, whereas degradation of cytoplasmic
components occurs after autophagy. How autophagosome
cargo is selected remains unclear,2 but in contrast to
proteasomes, which degrade soluble short-lived proteins,
autophagy targets cell organelles and aggregates of long-
lived proteins for degradation.3 Basal autophagy is ubiquitous
in eukaryotes. It allows recycling of nutrients and removal of
damaged or unwanted cytosolic proteins and organelles.4

Apart from its functions in preserving cellular bioenergetics,
autophagy appears to have a protective role against
diverse pathologies owing to its cellular clearance function
and because of removal of damaged or aggregate-prone
proteins.5–8 In keeping with the clearance function, autophagy
assists in the restriction and elimination of intracellular patho-
gens as an innate immune response to viral and microbial
infection. In addition, by delivering cytoplasmic antigens for
loading onto major histocompatibility complex (MHC) class II
molecules for CD4þ T-cell recognition, autophagy enables
the immune surveillance for intracellular antigens and broad-
ens the immunological functions of MHC class II presentation.
Autophagy plays a role in the survival and cell death of
adaptive immune cells and is, in turn, regulated by innate and
adaptive immune signals. Here, we provide an introduction to

autophagy as an innate immune defense mechanism and
highlight its role in the initiation and execution of adaptive
immune responses.

Autophagy Pathways

There are at least three distinct pathways of autophagy:
microautophagy, chaperone-mediated autophagy (CMA)
and macroautophagy. Microautophagy is characterized
by the uptake of cytoplasmic components at the lyso-
somal membrane via budding into the lysosome, through
poorly defined mechanism. During CMA, proteins are directly
imported into lysosomes through the LAMP-2a transporter9,10

assisted by cytosolic and lysosomal HSC70 chaperones
(Figure 1). Substrates of chaperone-mediated autophagy
carry signal peptides for sorting into lysosomes, similar to
other protein transport mechanisms across membranes.11

Macroautophagy is the major route of degradation of
cytoplasmic constituents. During macroautophagy, cytosolic
constituents including organelles are enclosed in a double-
membrane vesicle, called autophagosome,12,13 which then
fuses with lysosomes and late endosomes for degradation
of the inner autophagosomal membrane and its cargo14

(Figure 1). The resulting breakdown products of macromole-
cules are subsequently released back into the cytosol through
permeases in the lysosomal membrane, where they can be
reused for anabolic or catabolic reactions.15
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The execution of macroautophagy is mediated by evolu-
tionary conserved proteins known as autophagy-related
(Atg) proteins. Yeast genetic studies have identified
more than 30 Atg genes required for macroautophagy.16 Atg6
(also known as Beclin-1) and its binding partner, the class III
phosphatidylinositol 3-kinase (PI3K), are required for the
initiation of the isolation membrane. The elongation and shape
of the autophagosome are regulated by at least two ubiquitin-
like systems: the Atg8 (with its mammalian homologues LC3,
GATE-16, GABARAP and Apg8L) and the Atg12 conjugation
pathways (Figure 1). The five C-terminal amino acids of Atg8/
LC3 are cleaved off by the Atg4 protease to liberate a glycine
residue (G120). This C-terminal residue then gets transferred
to phosphatidylethanolamine (PE) in the forming isolation
membrane by the E1- and E2-like enzymes Atg7 and Atg3.
Although LC3/Atg8 gets recycled from the outer autophago-
somal membrane by deconjugation from its phospholipid, it
remains attached to the inner autophagosomal membrane,
and this portion is degraded with the inner autophagosomal
membrane in lysosomes and late endosomes after fusion
with these vesicles.17 The more autophagosomes are formed,
the more LC3 is degraded in autolysosomes, and therefore,
lysosomal turnover of LC3 can be used as a measure for
macroautophagic activity.18 In addition, autophagosome-
associated LC3 (called LC3-II) and free cytosolic LC3 (called
LC3-I) can be distinguished by their apparent molecular
weights in SDS-PAGE gel electrophoresis (16 and 18 kDa,
respectively) and thus can be quantified separately in
anti-LC3 immunoblots.17,19 Therefore, LC3-II turnover has
become a universal measurement for the autophagic flux, and
autophagosomes can be visualized with Atg8/LC3, coupled
with fluorescent proteins.20

In the other ubiquitin-like system, Atg12 gets coupled
through its C-terminal glycine residue (G140) to a lysine
residue of Atg5 by the E1- and E2-like enzymes Atg7 and
Atg10. The Atg12–Atg5 complex associates with Atg16 and
then binds to the outer surface of the isolation membrane.

Upon completion of the autophagosome, the Atg5–Atg12–
Atg16 complex dissociates from the outer autophagosomal
membrane and only Atg8/LC3 remains associated with the
completed autophagosome. Autophagosomes then fuse with
late endosomes and lysosomes for degradation of their cargo
and their intravesicular membranes.

Studies on the molecular mechanisms of macroautophagy
and its importance in protein metabolism have set the stage to
analyze its role in multiple biological processes including
innate and adaptive immune responses. Macroautophagy is
now recognized to restrict viral infections and replication of
intracellular bacteria and parasites. In addition, this pathway
delivers cytoplasmic antigens for MHC class II presentation to
the adaptive immune system, which then in turn is able to
regulate macroautophagy. At the same time, macroauto-
phagy plays a role in T-cell survival and effector function.
Thus, the immune system utilizes macroautophagy, to both
restrict intracellular pathogens and to regulate innate and
adaptive immunity.

Autophagy in Innate and Adaptive Immunity

As an innate immune response to viral and microbial
pathogens, macroautophagy participates in limiting pathogen
replication in host cells by at least three mechanisms: (i) free
bacteria, such as group A Streptococci, become enveloped
by autophagosomes and are delivered for lysosomal
hydrolysis.21 (ii) Macroautophagy targets phagosomes that
have become conditioned by bacteria or parasites to avoid
fusion with lysosomes, such as in Mycobacterium (M)
tuberculosis infection.22,23 (iii) Finally, delivery of cytoplasmic
pathogen-associated molecular patterns (PAMPs) such as
viral nucleic acids to endosomal toll-like receptors (TLR)
through macroautophagy results in robust type I IFN-
dependent innate immune responses24 (Figure 2).

Notably, several prototype TLR ligands such as poly(I:C)
(TLR3), LPS (TLR4) and single-stranded RNA (TLR7), are
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Figure 1 Cellular and molecular events during macroautophagy and chaperone-mediated autophagy. The autophagosome is formed by expansion of a membrane core of
unknown origin, termed the phagophore or isolation membrane and is initiated by a complex of the type III PI3K and Atg6 (Beclin-1). Two ubiquitin-like systems are required for
elongation of the isolation membrane: the Atg8/LC3 and the Atg12 conjugation system. The five C-terminal amino acids of Atg8/LC3 are cleaved of by Atg4 to reveal glycine
120 (G120), which is required to link the protein after activation by Atg7 and ligation by Atg3 to PE in the autophagosomal membrane (green circles). Similarly, glycine 140
(G140) is used by Atg7 and Atg10 to couple Atg12 with Atg5. This complex then localizes to the outer membrane of the forming autophagosome (blue squares). Upon
autophagosome completion, the Atg12–Atg5 complex recycles from the outer membrane, and only Atg8 (LC3) remains associated with the completed autophagosome.
Autophagosomes then fuse with late endosomes and lysosomes for degradation of their cargo and their intravesicular membranes. During CMA, proteins are directly imported
into lysosomes through the LAMP-2a transporter assisted by cytosolic and lysosomal HSC70 chaperones
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capable of inducing macroautophagy in a murine macrophage
cell line (RAW 264.7).25,26 In the latter study, stimulation of
macroautophagy through TLR7 resulted in elimination of
phagocytosed vaccine strain M. bovis bacille Calmette-Guérin
(BCG). Thus, macroautophagy does not only target PAMPs to
endosomal TLRs for immune recognition, but is also suscep-
tible to TLR stimulation suggesting that the TLR signaling
pathway could be exploited for the elimination of intracellular
pathogens through induction of macroautophagy.26

In addition to TLR signaling, cytokines such as interferons
(IFNs) and members of the tumor necrosis factor (TNF)
receptor ligand family such as CD40-CD40L stimulation are
capable of modulating macroautophagy (Figure 2). Both types
I and II IFNs have been reported to induce macroautophagy in
susceptible cells. Restriction of HSV-1 infection by macro-
autophagy in vitro and in vivo was found to be dependent on
type I IFN signaling machinery.27,28 Type II IFN has been
reported to enhance M. tuberculosis and Ricksettia conorii
degradation by macroautophagy in infected cells.22,23 IFN-g
induces macroautophagy and mycobacterial clearance
through immunity-related GTPases (IRGs).29 Mouse tissues
are probably more susceptible to this macroautophagy
regulation mechanism because their IRGs are IFN-g induci-

ble, whereas the human IRG is not, suggesting that immune
signals that stimulate macroautophagy differ between rodents
and man.

TNF-a was found to upregulate macroautophagy in cells
lacking NF-kB activation30 and TNF-related apoptosis-inducing
ligand (TRAIL) was described to induce macroautophagy in
the human epithelial cells.31 Consistent with this, inactivation
of Fas-associated death domain, the signaling adapter protein
of the TRAIL receptor, decreases macroautophagy induction
by TRAIL.32 As a third TNF family member, CD40L has been
demonstrated to induce macroautophagy-mediated fusion of
Toxoplasma gondii-containing phagosomes with lysosomes
through CD40 signaling on mouse and human macrophages.33

In addition to limiting pathogen replication in host cells,
macroautophagy also delivers viral, parasitic, and bacterial
antigens to late endosomal compartments, where macro-
autophagy substrates are then degraded by lysosomal
hydrolases. The fusion vesicles between autophagosomes
and late endosomes, the so-called amphisomes, display a
multivesicular and multilamellar morphology reminiscent of
MHC class II containing compartments (MIICs).34

Indeed, a number of studies provide evidence that nuclear
and cytosolic antigens are delivered onto MHC class II
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Figure 2 Autophagy in innate and adaptive immunity. Autophagy orchestrates innate and adaptive immune responses to intracellular pathogens and is regulated by innate
and adaptive immune signals. Intracellular pathogens engulfed into autophagosomes are degraded in autolysosomes. Viral nucleic acids (ssRNA) can be transferred by
autophagosomes to TLR containing endosomes which signal the induction of type I interferon responses and enhance macroautophagy. Similarly, extracellular pathogen
patterns can stimulate macroautophagy through binding to surface TLRs. In addition, autophagic pathways can deliver antigens for MHC class II presentation.
Autophagosomes and LAMP-2a, the transporter associated with chaperone-mediated autophagy, can transport antigens into the MHC class II containing compartment (MIIC).
In MIICs, the antigen is processed and loaded onto MHC class II molecules for CD4þ T-cell stimulation. Activated CD4þ T cells can then in turn enhance macroautophagy
and autophagosome-lysosome fusion through type II IFN and TNF family members (IFN-g, TNF, TRAIL, and CD40L)
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molecules through macroautophagy or chaperone-mediated
autophagy.19,35–40 In this context, we could previously show
that GFP-Atg8 (GFP-LC3)-positive autophagosomes fuse
frequently with MIICs, as identified by the presence of MHC
class II, the lysosomal membrane protein LAMP-2 and the
chaperone HLA-DM, which is involved in peptide loading onto
MHC class II molecules.19 Targeting a model antigen into this
pathway through fusion of the autophagosome marker LC3
resulted in a strong increase in MHC class II presentation and
CD4þ T-cell recognition19 indicating that macroautophagy
efficiently delivers intracellular antigens for MHC class II
presentation and CD4þ T-cell recognition.

These data indicate that the relationship between macro-
autophagy and immunity is bidirectional and that the immune
system utilizes macroautophagy to both restrict intracellular
pathogens and to regulate adaptive immunity (Figure 2). At
the same time, the efficacy and sustainability of adaptive
immune responses appear to be determined by the capacity
to perform macroautophagy, as discussed in the next
paragraph.

Role of Autophagy in T- and B-Cell Function and
Survival

Autophagy has a central but complex role in cell survival in
numerous cell types, functioning either as a pro-survival or
as a cell death mechanism depending on the cell type, the
nature of the death stimulus and subsequent compensatory
changes.41,42 These divergent functions on cell survival are
also reflected in the role of macroautophagy for T-cell survival
(Figure 3). By using lethally irradiated mice repopulated
with haematopoetic cells from fetal livers of atg5�/� mice, Pua
et al.43 showed that atg5�/� CD4þ and CD8þ T cells deve-
loped normally in the recipient thymus, but failed to repopulate
the periphery because of massive cell death (predominantly of
CD8þ T cells) and failed to undergo efficient proliferation after

T-cell receptor stimulation. These data indicate a critical role
for Atg5/macroautophagy in lymphocyte development and
function and suggest that macroautophagy may be essential
for both T lymphocyte survival and proliferation in the steady
state and after immune activation. Future studies will show
whether and to what degree these results can be extrapolated
to other lymphoid and myeloid cells of the immune system,
such as innate lymphocytes and dendritic cells (DCs).
Furthermore, it is currently not known whether distinct
functional subsets of lymphocytes, for example, effector
versus memory T cells, are particularly dependent on
macroautophagy.

In contrast to its function as a T-cell survival mechanism, Li
et al.44 reported that Th2-polarized CD4þ T cells, which are
thought to support humoral immune responses most effi-
ciently, display more GFP-Atg8/LC3þ autophagosomes than
Th1 cells, which are particularly important for cell-mediated
immune responses. Th2 cells were found to be more resistant
to cell death upon growth factor withdrawal when macro-
autophagy was inhibited upon RNA silencing of Atg7 or Atg6
(Beclin-1), whereas steady-state survival and proliferation
were not affected by macroautophagy inhibition. These data
indicate that Th2-polarized CD4þ T cells, which show a high
level of autophagic activity, utilize the macroautophagy
machinery to execute apoptotic cell death. In line with this
interpretation, HIV envelope glycoproteins have been shown
to induce autophagic cell death by binding to CXC-chemokine
receptor 4 on uninfected bystander CD4þ T cells, which could
be blocked by RNA silencing of Atg7 or Atg6 (Beclin-1).45

Similar to T-cell development, B cells require macroauto-
phagy both during development and maintenance in the
periphery. Atg5-deficient pro-B cells do not efficiently develop
into pre-B cells, but instead, seem to die at increased
frequencies of apoptosis.46 This leads to reduced B-1 cell
numbers in the periphery. In addition, B-1a cell survival is
compromised in the absence of Atg5. This suggests that
highly proliferative lymphocyte compartments of the adaptive
immune system require macroautophagy to efficiently mobi-
lize nutrients and maintain cellular fitness both during
development and immune responses.

Antigen Processing for MHC Presentation

As this review focuses on the role of autophagy in mediating
CD4þ T-cell responses and in regulating CD4þ T-cell
immunity through processing and presentation of intracellular
antigens on MHC class II molecules, we will briefly discuss the
classical paradigm of antigen processing for MHC presen-
tation. The two main classes of classical and polymorphic
MHC molecules are loaded with protein fragments in distinct
cellular compartments and their peptide cargo reaches these
compartments by different routes. Antigens for MHC class I
presentation are derived from proteins that are degraded in
the cytosol by the proteasome, a large cytosolic enzyme
complex. Targeting these antigens for proteasomal degrada-
tion is often mediated by ubiquitinylation. A significant
proportion of these peptides are thought to be generated
from defective ribosomal products, which are newly synthe-
sized proteins that fail to fold properly or whose translation
was terminated prematurely. To fit into the closed groove of
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Figure 3 Autophagy in lymphocyte survival. Autophagy has a complex role on
cell survival in immune cells, functioning either as pro-survival or as cell death
mechanism. Highly proliferative lymphocyte compartments of the adaptive immune
system such as T cells and B cells appear to require macroautophagy to efficiently
mobilize nutrients and maintain cellular fitness both during development and
immune responses (a), whereas Th2-polarized CD4þ T cells are susceptible to cell
death by macroautophagy (b)
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the MHC class I molecule, the peptides generated by the
proteasome, many of which are more than 10 amino acids in
length, undergo further trimming by aminopeptidases in the
cytosol and in the endoplasmic reticulum. With the help of the
MHC class I loading complex, which includes chaperones,
aminopeptidases and thiol oxidoreductases individual pep-
tides of 8–9 amino acids in length are loaded into the peptide-
binding groove of MHC class I molecules. Stable peptide–
MHC class I complexes are then exported through the Golgi
apparatus to the cell surface for recognition by CD8þ T cells.

MHC class II molecules are constitutively expressed on
phagocytes, dendritic cells, B cells, lymph node stromal cells
and thymic epithelial cells where they participate in the
selection of the T-cell receptor repertoire. In addition,
cytokines such as IFN-g can induce MHC class II surface
expression on non-professional antigen-presenting cells, and
activation induces MHC class II on nearly all human
lymphocytes. MHC class II molecules bind peptides gener-
ated in the endosomal–lysosomal systems and display them
on the cell surface for recognition of CD4þ T cells. Antigens
reach this compartment often by endocytosis and are then
degraded by lysosomal endo- and exoproteases. They meet
MHC class II molecules in the so-called MIICs or class II
vesicles as outlined above. MHC class II peptides are
generated by a number of lysosomal proteases, which
together with the open-ended peptide-binding cleft of MHC
class II molecules are thought to enable the MHC molecules to
capture a maximal range of potential antigenic peptides. Like
classical MHC class I molecules, newly synthesized MHC
class II molecules are unstable in the absence of bound
peptide. Therefore, the transmembrane protein invariant
chain (Ii) protein blocks the peptide-binding groove of newly
synthesized MHC class II molecules to prevent premature
binding of antigens. In addition, the li contains an endosomal
targeting signal and thus targets MHC class II molecules
to late endosomes, where they meet peptides generated
by lysosomal proteases. In this MHC class II loading

compartment, lysosomal proteases also degrade the Ii, and
the remaining peptide (CLIP for class II-associated Ii peptide)
is exchanged for antigenic peptides with the help of the
non-classical MHC class II molecule HLA-DM. As a result of
this pathway, MHC class II ligands are generated from
extracellular antigens after endocytosis and degradation in
lysosomes.

The finding that professional APCs, especially DCs, are
able to present extracellular antigen not only on MHC class II,
but also on MHC class I through cross-presentation chal-
lenged the traditional paradigm that MHC class I antigens are
exclusively of cytosolic or nuclear origin. Cross-presentation
allows DCs to prime CD8þ T-cell responses to antigens
synthesized by cells other than DCs and to trigger both CD8þ

and CD4þ T-cell responses at the same time, generating
more effective and sustained T-cell responses. Similarly,
pathogens that replicate in the cytoplasm of antigen-present-
ing cells should be detectable for the immune system through
both MHC class I and MHC class II presentation.

Autophagy and Antigen Presentation

As cross-presentation of extracellular antigen onto MHC class
I molecules changed our understanding of antigen processing
for MHC class I presentation, several lines of evidence
support the notion that intracellular antigen can also access
MHC class II presentation (Table 1). The first evidence for the
existence of an endogenous MHC class II pathway came from
studies on viral antigen presentation to CD4þ T cells. Eric
Long and coworkers47,48 described that measles and influen-
za antigens could be presented to CD4þ T cells through an
intracellular route that did not sensitize bystander cells for
recognition. Additional support for this alternate MHC class II
loading pathway was found in the analysis of natural MHC
class II ligands. When MHC class II molecules were affinity-
purified, primarily from Epstein–Barr virus (EBV)-transformed
B lymphoblastoid cell lines, murine B cell lymphoma and

Table 1 Intracellular antigens processed endogenously onto MHC class II

Type of antigen Protein Localization Cell type Reference

Viral Measles virus matrix protein Cytosol HLA-DR transf. fibroblasts 47

Measles virus
Nucleocapsid protein

Cytosol HLA-DR transf. fibroblasts 47

Influenza A virus matrix protein 1 Cytosol, nucleus B cells 48–50

Influenza A virus hemagglutinin Cytosol, ER HLA-DR-transf. HeLa, B cells 51,52

Hepatitis C virus (HCV) core protein Cytosol B cells 53

Epstein–Barr virus (EBV) EBNA1 Nucleus B cells 39

Self Glutamate decarboxylase (GAD65) Cytosol B cells 54

Complement C5 Cytosol B cells, macrophages 35

Actin, AAT, Rab5 Cytosol B cells, DCs 55

LC3/GABARAP Cytosol B cells, pancreatic islet b-cells 36,56

Model Hen egg lysozyme (HEL) Cytosol, ER, mitoch.,
nucleus

B cells, MHC class II-transf. sarcoma cells 57,58

Ovalbumin, Conalbumin Cytosol B cells, macrophages 59

Neomycin phosphotransferase II Cytosol, nucleus B cells, IFN-g-treated epithelial cells 38

b-Galactosidase Nucleus Thymic epithelial cells 60,61

I-Ea52–68-GFP Cytosol Macrophages 62

Igl light chain ER B cells 63

Tumor MUC-1 Cytosol Dendritic cells 37

Mutated Cdc27 Cytosol HLA-DR-transf. 293 cells, melanoma cells 64
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human as well as mouse myeloid cells, the majority of natural
MHC class II ligands was found to be derived from intracellular
proteins.65 Although the majority of natural MHC class II
ligands is derived from membrane and secreted proteins,
more than 20% originate from cytosolic and nuclear anti-
gens.36,55,66 A prominent source of human MHC class II
ligands is the glyceraldehyde-3-phosphate dehydrogenase,
which gives rise to natural peptide ligands for five different
HLA class II alleles, but has not been eluted from MHC class I
molecules so far.36,67 This prominent protein of MHC class II
presentation was shown to be degraded via chaperone-
mediated autophagy68 and could be isolated from autophago-
somes.12 Moreover, peptides of two mammalian Atg8
homologues, LC3 and GABARAP, have been isolated from
human and mouse MHC class II molecules,36,56 and the latter
was even recognized by a T-cell clone isolated from the
pancreas draining lymph node of a NOD mouse. These data
suggest that macroautophagy and chaperone-mediated
autophagy could be involved in intracellular antigen proces-
sing for MHC class II loading.

This suspicion was indeed confirmed initially by pharma-
cological inhibition of macroautophagy with 3-methyladenine
(3-MA). Overexpression of complement C5,35 neomycin
phosphotransferase II38 and mucin 137 led to intracellular
antigen processing onto MHC class II, which was 3-MA
sensitive. With more specific inhibition of macroautophagy,
namely targeting of Atg12 by siRNA-mediated gene silencing,
we could show that the nuclear antigen 1 of EBV (EBNA1),
which is intracellularly processed onto MHC class II,69

requires macroautophagy to be presented on EBV-trans-
formed B cells to CD4þ T cells.39 In parallel, overexpression
of the molecular machinery of chaperone-mediated auto-
phagy was shown to enhance MHC class II presentation of
two autoantigens, glutamate decarbozylase 65 (GAD65) and
the mutant human immunoglobulin k chain SMA.40 Both
LAMP-2a and HSC70 overexpression enhanced presentation
of these two autoantigens to CD4þ T cells. Therefore, both
macroautophagy and chaperone-mediated autophagy seem
to be involved in intracellular processing of some antigens for
MHC class II presentation to CD4þ T cells. Further studies will
have to analyze to what extent this pathway contributes to
priming and tolerance of CD4þ T cells, as well as immune
surveillance by these adaptive lymphocytes in vivo.

Autophagy in Tolerance and Autoimmunity

The function of macroautophagy and chaperone-mediated
autophagy in facilitating cytoplasmic self- or foreign-antigen
recognition by CD4þ T cells has primarily been studied in
cell culture models. Thus, the in vivo significance of these
pathways remains yet to be clearly established. However,
recent studies suggest that macroautophagy could play an
important role in maintaining T-cell tolerance and that defects
in the macroautophagy pathway might contribute to the
development of autoimmune diseases.

The chief mechanism of T-cell tolerance is the deletion of
self-reactive T cells in the thymus, a process called central
tolerance induction.70 Cells whose T-cell receptors have a too
low affinity for peptides derived from endogenous proteins
bound to MHC molecules do not receive a signal to switch off

the process of spontaneous apoptosis and therefore die in the
thymus. Cells whose T-cell receptors have a high affinity for
such complexes presented by medullary thymic epithelial
cells and bone marrow-derived thymic dendritic cells are also
eliminated by means of apoptosis (negative selection) or are
converted into a regulatory cell type following induction of the
FoxP3 transcriptional regulator. Some self-reactive lympho-
cytes exit the thymus and enter the periphery as mature
T cells, and this necessitates the existence of peripheral
mechanisms that participate in T-cell tolerance. One of these
mechanisms is deletion or abortive activation of self-reactive
lymphocytes by autoantigen-presenting cells that express low
levels of costimulators.71

Direct self-antigen presentation on MHC class II through
macroautophagy in thymic epithelial cells as well as thymic
and peripheral professional and non-professional antigen-
presenting cells72 could contribute to central and peripheral
tolerance maintenance in the CD4þ T-cell compartment. In
agreement with this hypothesis, thymic epithelia display great
amounts of autophagosomes in the GFP-LC3 transgenic
macroautophagy reporter mouse in the steady state.73

Notably, more autophagosomes were found in this tissue in
newborn compared with adult mice. These findings correlate
with T-cell selection and central tolerance induction for
CD4þ T cells being most active at a young age.70 In addition,
we find considerable macroautophagy in immature dendritic
cells,19 which have been implicated in peripheral tolerance
induction.71

Some of these tolerance mechanisms might be compro-
mised in patients with mutations in autophagy genes, resulting
in Crohn’s disease, a chronic immune-mediated bowel
disease. Several recent genome-wide scans identified a
single-nucleotide polymorphism in the autophagy gene
ATG16L1 (T300A variant),74–76 involved in autophagosome
formation, as well as in the macroautophagy-stimulatory
GTPase IRGM77 as novel risk-conferring genes in Crohn’s
disease. Although it is not established whether these
mutations lead to a defective function of macroautophagy, it
is tempting to speculate that decreased macroautophagy
because of Atg16 mutations might either impair innate
resistance to invading bacteria in intestinal epithelial cells
and thereby trigger inflammation as a result of increased
antigenic load or lead to insufficient tolerance induction
against commensals or self-antigens in the gut.

Another possible link between macroautophagy, tolerance
and autoimmunity is the role of macroautophagy in the
removal of apoptotic cell corpses.78 Rapid removal of
apoptotic cell material is thought to be crucial for the preven-
tion of tissue inflammation. Qu et al.78 found that dying cells
in macroautophagy-deficient atg5�/� embryos fail to express
signals that ensure their clearance. This functional deficit
was associated with increased inflammation in tissues
that showed impaired clearance of apoptotic cells. Defective
clearance of apoptotic cells has long been suggested to drive
autoimmunity in patients with systemic lupus erythematosus
and other autoimmune diseases.79

Thus, macroautophagy potentially prevents inflam-
matory tissue damage and the generation of autoimmune
effector responses owing to sensitization of dying cells for
early recognition and non-inflammatory removal. In addition,
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macroautophagy might be crucial in the induction and
maintenance of CD4þ T-cell tolerance through thymic T-cell
repertoire selection and by mediating peripheral CD4þ T-cell
tolerance toward self-antigens.

Conclusion

Previous studies provided evidence that autophagy plays an
important role in eliminating intracellular pathogens and in
mediating CD4þ T-cell recognition of endogenous antigens,
although the substrate requirements for pathogen and antigen
import into autophagsomes remain to be defined. In turn,
innate and adaptive immune signals can induce, augment or
inhibit autophagy in susceptible cell types. Moreover, auto-
phagy might be essential in maintaining cellular fitness of
innate and adaptive immune effector cells during immune
responses. A role for autophagy in central and peripheral
T-cell tolerance and in the prevention of autoimmune diseases
is intriguing but remains speculative. In vivo studies in
conditional knockout mice for essential autophagy genes
should provide a better understanding of how and by which
mechanisms autophagy regulates CD4þ T-cell immunity and
tolerance in the steady state and during immune activation.
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