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Summary

Autophagy is a highly conserved mechanism of lysosomal-mediated protein degradation that plays
a crucial role in maintaining cellular homeostasis by recycling amino acids, reducing the amount
of damaged proteins and regulating protein levels in response to extracellular signals. In the last
few years specific functions for different forms of autophagy have been identified in many tissues
and organs. In the Immune System, autophagy functions range from the elimination infectious
agents and the modulation of the inflammatory response, to the selection of antigens for
presentation and the regulation of T cell homeostasis and activation. Here, we review the recent
advances that have allowed us to better understand why autophagy is a crucial process in the
regulation of the innate and adaptive immune responses.
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1. Introduction

Autophagy was initially characterized as a cellular process responsible for the turnover of
cellular components through lysosomal degradation, constituting a crucial mechanism of
quality control, but also able to provide an alternative source of energy as an adaptive
response to metabolic stress (e.g. starvation). A better understanding of the molecular
mechanisms responsible for the activation and regulation of the different forms of autophagy
and the development of accurate tools to assess autophagic activity has led in the last few
years to the identification of new roles for this cellular process, including, among others, the
regulation of organ development and cell differentiation, its activation as a mechanism of
cell defense against biological, physical or chemical stresses, the modulation of cell death
and survival and its protective effect in the aging process [1-3]. Similarly, defects in one or
more forms of autophagy have been reported as causative agents in different pathologies,
such as cancer, several neurodegenerative processes, myopathies and inflammatory diseases
[4-6]. In this review we will explore the recent findings that have identified new functions
for autophagy in the regulation of the immune system through modulation of the activity of
the different cell types involved in an immune response.

Three distinctive main forms of autophagy have been described in mammalian cells and
specific functions for each of these forms have been characterized in cells of the immune
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system. Macroautophagy defines the sequestration of cytosolic components, from soluble
molecules to whole organelles, inside de novo formed double-membrane vesicles termed
autophagosomes, which then deliver the cargo to the lysosomes where luminal hydrolases
can degrade it. A series of autophagy related proteins (Atg) have been discovered that
participate in the different stages of this process, from nucleation of the limiting membrane
to the elongation and sealing of the double membrane of the autophagosome, until its final
fusion with the lysosome to form the autolysosome, where cargo is hydrolyzed [7]. While
originally described as a non-specific form of autophagy, it has become increasingly evident
that selective recognition frequently occurs to target specific molecules, organelles or even
pathogens to the autophagic vacuoles. Adaptor proteins such as p62 and NBR1 play a key
role in this process by recognizing ubiquitinated moieties in the substrate and interacting
with the light chain 3 protein (LC3) or LC3-related proteins in the nascent autophagic
vacuole [8]. While a basal macroautophagic activity appears to be present in almost all cell
types, macroautophagy may also be induced in response to different stressors or activating
signals. In bulk of selective degradation can also occur through microautophagy, though in
this case the cargo is not sequestered in cytosolic vesicles but instead incorporated into the
lysosomal lumen by invaginations of the lysosomal membrane [9].While basal
microautophagy has been described in several cell types, whether this process might also be
activated in response to any stimuli remains to be determined. The third form of autophagy,
chaperone-mediated autophagy, exclusively targets soluble cytosolic proteins for
degradation. Substrate proteins that contain a five amino acid motif biochemically related to
the KFERQ pentapeptide are recognized by the heat shock cognate protein of 70 kD (Hsc70)
chaperone and delivered to a receptor at the lysosomal membrane, the lysosome-associated
membrane protein type 2A (LAMP-2A). Translocation of the unfolded protein substrate
occurs through a complex formed by LAMP-2A multimers, is assisted by a luminal form of
Hsc70 and leads to the degradation of those proteins by lysosomal proteases. As it has been
described for macroautophagy, basal activity of chaperone-mediated autophagy occurs in
many cell types but a series of stimuli, including prolonged starvation and oxidative stress,
lead to the upregulation of this form of autophagy [1, 10].

In the last few years the activity of each of these forms of autophagy have been reported in
several types of immune cells, such as macrophages, dendritic cells (DCs) or lymphocytes,
where they regulate different cell functions that range from the maintenance of cell
homeostasis to more specific functions such as pathogen killing or antigen processing and
presentation.

2. Autophagy and the innate immune system

2.1. Responses to pathogens

An active cross talk exists between autophagy and phagocytic pathways, which may be
especially relevant to the innate immune responses mediated by macrophages.
Macroautophagy has been shown to participate in the defense against intracellular pathogens
[11-13]. Different mechanisms have been proposed to explain how macroautophagy may
enhance pathogen killing in infected or phagocytic cells (Fig. 1). Proteomic studies of latex
bead-containing phagosomes isolated from macrophages demonstrated that part of the
protein content of those vesicles was modulated by macroautophagy induction, indicating
functional interaction between phagocytosis and autophagy [14]. Toll-like receptor
engagement on murine macrophages has been shown to induce recruitment of the
autophagy-associated protein LC3 to the phagosome, accelerating its maturation and
enhancing fusion with lysosomes [15]. Macroautophagy seems also able to control
pathogens that are replicating inside of phagosomes. For instance, Mycobacterium
tuberculosis residing in phagocytic vesicles has been shown to be cleared upon
macroautophagy induction, which leads to increased colocalization of autophagy proteins
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(e.g. LC3 and Beclinl) with the phagosome and increased presence of mycobacterium inside
autophagosomes [16, 17]. Furthermore, mice with Atg5-deficient macrophages fail to
control Mycobacterium tuberculosis infection /n vivo [18]. These results indicate that
macroautophagy may function to overcome the maturation block that Mycobacteria can
exert on the phagosomes that contain them. Furthermore, genetic studies using sSiRNA
screening support a of macroautophagy during Mycobacterium tuberculosis infection, since
genes involved in the activation of macroautophagy were found to associate with cellular
resistance against this pathogen [19]. Autophagy also plays a role in the selective
elimination of intracellular pathogens in non phagocytic cells, as has been shown for
pathogenic group A Streptococcus, which is enveloped by LC3+ autophagosomes in an
Atg5-dependent manner and degraded by lysosome fusion [20]. Bacteria are not the only
pathogens whose elimination is regulated by macroautophagy. For instance, some groups
have found that the protozoan Toxoplasma gondii can also be targeted by macroautophagy,
as fusion of parasitophorous vacuoles with lysosomes can be enhanced by activation of
macroautophagy. Alternatively, after disruption of the parasitophorous vesicle, Toxoplasma
has been shown to be engulfed in autophagosomes-like vacuoles which fuse with the
lysosome to degrade the parasites [21, 22]. Macroautophagy is also involved in the uptake of
virions, causing their degradation and therefore limiting viral accumulation, but it has also
specific roles in the regulation of viral replication, virus-induced cell death programs, viral
pathogenesis and the host anti-viral immune response [23]. Morphological and biochemical
studies have shown that macroautophagy can degrade Herpex simple virions and proteins, a
process dependent on the protein kinase R and the elongation factor 2 alpha [24].
Furthermore, in a model of Sindbir virus infection of the central nervous system, the
macroautopahgy adaptor protein p62 interacts with viral capsid proteins to target them for
degradation in autolysosomes [25]. Macroautophagy has not only been implicated in the
degradation of viral components, but also in the regulation of other aspects of the antiviral
responses. For instance, macroautophagy participates in the engulfment and delivery of viral
nucleic acids to endosomal Toll-like receptors (TLR), which induces an inflammatory
response in plasmocytoid DCs [26], and regulates the antiviral type | interferon responses
activated in infected cells [27-29]. TLR signaling is however not the only innate immune
response regulated by macroautophagy and recent evidence indicates that it also modulates
the inflammasome activity. Macroautophagy activation has been shown to inhibit
inflammasome-mediated responses by limiting the generation of mitochondria-generated
reactive oxygen species or directly targeting for degradation inflammasome components [30,
31].

The existence of selective poly-ubiquitination of autophagy substrates and their interaction
with adaptor proteins, which present both ubiquitin-binding domains (UBA or UBZ) and
LC3 interacting motifs (LIRS: WXXXL or WXXI), to target them to the inner
autophagosome membrane has been well documented [32]. Adaptor/receptor proteins
identified in mammalian cells include p62/sequestosome 1 [33], NBR1 [34] and NDP52
[35]. NDP52 has been shown to be implicated in macroautophagy of intracellular
Salmonella typhimurium, recognizing accumulated poly-ubiquitinated proteins in the
bacterial surface and recruiting Tank-Binding Kinase (TBK1) to suppress bacterial growth
[35]. This kinase, which can be activated by sensing of bacterial DNA, has also been
recently identified as a crucial switch required to allow targeting of Mycobacteriaand
maturation of the Mycobacteria-containing autophagosomes [18, 36]. The adaptor protein
p62, which is a substrate of TBK1, can also bind to the surface of different bacteria,
including Mycobacteria, Salmonella, Shigellaand Listeria monocitogenes, to select them as
cargo for macroautophagy [18, 36—39]. Interestingly, recent studies on the role of
macroautophagy in Mycobacterium tuberculosis infected macrophages, have demonstrated
that p62 also acts as an intermediate in the delivery of ubiquitinated proteins to the
autolysosomes, where they are processed into antimicrobial peptides to enhance pathogen
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killing [40, 41]. p62 has also been found to be an adaptor intermediate in the autophagy of
virus. As we have discussed above, p62 can interact with Sidbis virus capsid proteins and
target them into autophagosomes, which leads to viral protein clearance and increases cell
survival [25]. Recently, a new receptor protein for selective autophagy of pathogens,
Optineurin, has been identified. Optineurin is phosphorylated by TBK1, which renders it
capable of bridging between LC3 and ubiquitinated Sa/monella, enhancing bacterial
clearance. Consequently, impairment of autophagic degradation of these intracellular
bacteria is seen when ubiquitin- or LC3-binding interaction-deficient mutants of Optineurin
are expressed, leading to intracellular accumulation of the bacteria [42].

Given macroautophagy protective role against intracellular pathogens, it is not surprising
that several infectious agents have developed virulence mechanisms that allow them to
escape from the autophagic process and survive inside infected cells. Listeria
monocytogenes can escape from the phagosome by making cholesterol-dependent cytolysin
listeriolysin-O pores in the phagosome membrane and exiting into the cytosol where it could
become a target for macroautophagy [43, 44]. However, once in the cytosol the bacterial
protein ActaA mediates recruitment of VASP and the Arp2/3 complex to the Listeria
surface, which prevent ubiquitination and p62 binding and allow the bacteria to escape
autophagosome engulfment [39]. Shigella can also evade autophagy by secreting the protein
IcsB, which impairs the engulfment by the autophagosome by blocking the interaction
between ShigellaVirG and Atg5, an essential protein for autophagosome formation [45].
Also many viruses, such as those from the Herpes viridae family, have been found to
develop escape strategies to inhibit autophagic defense. For instance, targeting of the
initiator of macroautophagy Beclinl by the HSV-1 ICP34.5 protein inhibits Beclinl and
impairs macroautophagy, which results in enhanced virulence and pathogenesis of HSV-1
[46].

2.2. Regulation of macroautophagy during the innate immune response

TLRs were the first class of immune receptors identified as regulators of macroautophagy in
cells of the innate immune system [11, 47]. Engagement of different TLRs has been shown
to induce autophagy in several cell types, including macrophages, DCs and neutrophils [17,
48, 49]. Recent studies have begun to elucidate the signaling pathways that induce
autophagy following TLR engagement. The activation of the TLR-downstream signaling
proteins MyD88 and Trif appears to be involved in the induction of macroautophagy.
MyD88 and Trif are recruited together with Beclin-1 to TLR4, which promotes the
dissociation of the Beclin1/Bcl2 complex and induces autophagosome formation [49].
Recently it has also been shown that, in the macrophage cell line RAW264.7, TLR4
stimulation activates the ubiquitin E3 ligase TRAF6, which binds Beclin-1 and ubiquitinates
it at Lysq417, located in the BH3 domain. This modification amplifies the TLR4-dependent
activation of macroautophagy, although how ubiquitination of Beclinl may potentiate its
activity remains to be determined [50]. Interestingly, TRAF6 is also a signaling intermediary
that participates in the TLR-induced MyD88-dependent activation of the IKK complex,
which has recently been shown to mediate starvation-induced macroautophagy activation in
an NF-xB-independent way in several cell lines [51]. TLRs have also been shown to
promote a process involving the autophagy machinery termed LC3-associated phagocytosis.
The uptake of cargo containing TLR ligands by macrophages leads to the recruitment of
LC3 on the phagosome surface, promoting the degradation of the pathogens by enhancing
phagosome-lysosome fusion in the absence of autophagosome formation [52]. This process
suggests that LC3, which forms part of the classical macroautophagy machinery, may also
have yet uncharacterized novel autophagy-independent functions. Another class of pattern
recognition receptors, the Nod-like receptors (NLR), has also been implicated in the
pathogen-induced activation of macroautophagy. Engagement of NOD1 and NOD?2 induces
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autophagy in macrophages, likely through a process that involves recruitment of ATG16L1,
one of the earliest effectors in the macroautophagy cascade, to the bacterial entry point at the
plasma membrane to promote efficient autophagosome nucleation from that membrane [53].
This effect appears to be, as it has been shown for TLRs, independent of the NLR-induced
activation of NFxB. Also in DCs NOD2 induces autophagosome formation contributing to
efficient antigen presentation on major histocompatibility complex (MHC) 1l [54].

During the innate immune response, macroautophagy is also regulated by mechanisms other
than activation of pattern recognition receptors. HSV-1 infection in DCs and macrophages
has recently been described to trigger autophagy in a stimulator of IFN gene (STING)
dependent manner [28]. Vitamin D3 can also trigger autophagy in human macrophages
inhibiting HIV-1 replication through an Atg5 and Beclin-1 dependent mechanism [55].
Other immune receptors such as CD40 are also able to activate autophagy. It has been
shown that CD40 stimulation in Toxopasma gondii infected human and mouse macrophages
triggers colocalization of the parasite-containing vacuoles with LC3 and enhances the
vacuole/lysosome fusion. This process can be inhibited through genetic or pharmacological
blockade of macroautophagy [21].

Cytokines also appear to play a key role in the regulation of macroautophagy. IFN-y
induces macroautophagy in an IFN-y inducible GTPase Irgm1/IRGM (murine/human)-
dependent manner in macrophages. Mycobacterium tuberculosis infected macrophages
activate macroautophagy and show increased pathogen elimination in response to pre-
treatment with IFN-y [16, 56]. This effect appears to be dependent on the activation of
macroautophagy since silencing the expression of Beclin-1 prevents maturation of
pathogens-containing phagosomes in response to IFN-y [56]. Recently, lipid mediators
generated by the cytosolic phospholipase A2 have also been reported to participate in the
regulation of IFN-y-induced autophagy in the murine macrophage cell line RAW264.7 [57].
CCL2 and IL-6 can also upregulate autophagy in human CD11b+ peripheral blood
mononuclear cells [58], while IL1 a/p have been shown to induced autophagy in human
macrophages [50]. Whereas IFN-y, the archetypical T helper (Th) 1 cytokine, induces
macroautophagy in macrophages, 1L4 and IL-13, classical Th2 cytokines, have been
reported to inhibit autophagy in murine and human macrophages [59]. Furthermore, in
Mycobacterium tuberculosis infected murine macrophages, I1L-4 and IL-13 can block IFNy-
induced macroautophagy and phagosome maturation in a STAT6-dependent manner [59].
IL-10, another cytokine that can be produced by Th2 cells, inhibits starvation-induced
autophagy via activation of the PI3K/Akt/mTOR pathway in murine macrophages [60].

3. Autophagy and the adaptive immune system

3.1 Antigen presentation: tolerance and immunity

One of the first functions attributed to autophagy in the regulation of the adaptive immune
response was its role in the presentation of antigens by professional antigen presenting cells,
including DCs, macrophages and B cells (Fig. 2). In these cells, delivery of intracellular
proteins to class Il loading compartments would account for the presentation of intracellular
antigens on MHC class Il molecules. Initial analyses of the peptides presented on MHC-I11 in
human B cell lines revealed that starvation-mediated induction of macroautophagy caused
increased presentation of peptides from cytosolic and lysosomal origin [61]. However, not
only the presentation of cellular endogenous proteins was enhanced by macroautophagy, but
also antigens from intracellular bacteria and virus appeared to be processed through
macroautophagy to be loaded in MHC class Il proteins, enhancing antigen presentation and
the subsequent adaptive response against the pathogen [62-66]. As we discussed above,
those pathogens can frequently be specifically targeted via several adaptor proteins, such as
p62, NDP52 or Optineurin, which recognize ubiquitinated moieties in the pathogen surface

Pharmacol Res. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Valdor and Macian

Page 6

and help recruit them to forming autophagosomes [35, 40, 42]. Alternatively, increased
maturation of phagosomes can also be facilitated by the activation of macroautophagy or by
the direct action of autophagy-related proteins, such as LC3 [15, 16]. However, as suggested
from the regulation by macroautophagy of the self-antigen peptidome presented in MHC
class Il by antigen presenting cells [61], there appears to exist a basal level of
macroautophagy that continuously provides proteins to class Il loading compartments [67].
These results suggest that macroautophagy may not only participate in the regulation of the
immune responses to foreign antigens, but it may also be involved in the establishment of
tolerance to self proteins. However, generation and presentation of citrullinated peptides,
which are frequent targets of autoantibodies in several autoimmune diseases, has recently
been shown to be dependent on macroautophagy in DCs and B cells, suggesting that
autophagy may also contribute to the presentation of modified neo-antigens that cause a
break in tolerance and lead to autoimmunity [68]. In further support of the involvement of
macroautophagy in the regulation of immune homeostasis and tolerance, genome wide
association studies in human populations have revealed genetic predisposition to Crohn’s
disease associated with single nucleotide polymorphisms in several autophagy genes
including, among others, ATG16L 1 and /IRGM [69-72]. Studies using irradiated mice
reconstituted with Atg16/1~~ fetal liver cells or cells expressing a hypomorphic mutant
protein have confirmed the association of ATG16L1 and Crohn’s disease [73, 74]. The exact
mechanism through which ATG16L1 may regulate inflammatory bowel disease is still not
clear, and may in fact be independent of the autophagy process itself, as mice expressing a
hypomorphic ATG16L1 have disorganized structure and defective granule exocytosis in a
population of specialized intestinal epithelial cells, Paneth cells, which are implicated in the
secretion of antimicrobial proteins to maintain the intestinal homeostasis [74]. In addition,
fetal liver-derived Atg16L 1-deficient macrophages show a dramatic increase in the
production of several cytokine and interleukin-1 p after LPS stimulation [73]. The
involvement of macroautophagy in other autoimmune disorders has also been reported. For
instance, increased Atg5 expression has been detected in peripheral T cells of multiple
sclerosis patients [75], while genetic association of this gene with lupus has also been
reported [76]. Furthermore, studies in mouse models of lupus revealed dysregulated
macroautophagy, whereas administration of a the protective peptide P140 to those mice
resulted in diminished autophagic flux in B cells leading to decreased autoreactive T cell
priming [77, 78].

Although the precise mechanism has not yet been fully elucidated, macroautophagy has
been reported to facilitate the loading of intracellular viral antigens into MHC class |
molecules. In a model of murine HSV-1 infection, early loading of viral antigen on MHC
class | was clearly dependent on the proteasome system, but at a later stage activation of
macroautophagy was responsible for increased antigen presentation and enhanced CD8+ T
cell responses [79].

Macroautophagy is however not the only form of autophagy that contributes to the
presentation of antigen on MHC molecules. Modification of the levels of expression of
LAMP-2A, the receptor for chaperone-mediated autophagy, led to changes in the
presentation on MHC class Il of antigens in a lymphoblastoid B cell line; whereas
overexpression of this receptor caused increased CD4+ T cell responses to a cytosolic
antigen, silencing LAMP-2A expression resulted in decreased CD4+ T cell activation [80].
Recently, a process that has the characteristics of microautophagy has been reported to occur
in late endosomes in DCs [81]. This form of autophagy delivers cytosolic proteins through a
process on invagination that occurs in the endosomal membrane in multivesicular bodies in
an endosomal sorting complex required for transport (ESCRT)-dependent manner. In
addition to in bulk engulfment of cytosolic component in those invaginations, this process
has also been shown to select specific cytosolic proteins for internalization through
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interactions of the cytosolic chaperone Hsc70 with selected proteins and the endosomal
membrane, which confers substrate specificity [81]. The fact that both chaperone-mediated
autophagy and endosomal microautophagy share the Hsc70 chaperone and the protein
substrate targeting motif opens the possibility of the latest pathway also contributing, at least
in part, to the antigen presentation originally attributed to chaperone-mediated autophagy.

Although many questions still remain to be answered on how the delivery of proteins by
each form of autophagy to antigen loading compartments is regulated, the nature of the
proteins targeted or the role that macroautophagy, endosomal microautophagy or chaperone-
mediated autophagy may play in specific physiological contexts in the modulation of T cell
responses to endogenous or exogenous antigens, it is becoming increasingly clear that all
forms of autophagy described in mammalian cells participate in the processing or delivery of
proteins to antigen loading compartments to be presented on MHC molecules in the cell
surface. This opens, thus, the exciting possibility of targeting autophagy as a therapeutic tool
to increase efficient antigen presentation and induce stronger T cell responses. In fact,
targeted delivery of proteins achieved through the generation of LC3-fusions clearly
increases antigen presentation from those proteins in DCs [12]. Furthermore, treatment with
rapamyecin, which by inhibiting the mammalian target of rapamycin (mMTOR)1 complex
activates macroautophagy in many cell types, enhances presentation of mycobacterial
antigens by DCs and increases the efficiency of vaccination achieved using BCG infected
DCs in mice [82].

Interestingly, whereas different forms of autophagy contribute to antigen processing and
presentation in antigen-presenting cells, the autophagic activity in antigen donor cells is also
crucial for efficient antigen presentation and the priming of immune responses. Studies
performed with mice immunized with influenza A virus-infected cells have shown that the
activation of macroautophagy in those infected cells leads to strong MHC class | antigen
presentation and increased CD8+ T cell activity. Consequently, vaccinations using Atg5-
deficient infected cells are much less effective [83]. This process appears to play a key role
in regulating the response of the immune system against cancer cells by enhancing the
presentation of tumor antigens and therefore the generation of anti-cancer immune
responses. Macroautophagy activity in the tumor cells is required for chemotherapy-induced
cell death to become immunogenic. This effect appears to be mediated by the regulation of
ATP release, which is blocked when macroautophagy is inhibited. Consequently, cancer
cells deficient in Atg5, Atg7 or Beclinl fail to generate an effective antitumor T cell
response following chemotherapy [84]. Therefore, modulation of autophagy could become
an effective adjuvant therapy, as it would potentiate immune responses against tumor
antigens in cancers treated with chemotherapeutic agents. In this sense, the vitamin E analog
a-tocopheryloxyacetic acid has been reported to induce macroautophagy in several murine
tumor cell lines resulting in enhanced antigen cross-presentation [85]. Similarly
nanoparticle-mediated delivery of tumor antigens into autophagosomes has also been
recently shown to increase cross-presentation of those antigens and cause stronger CD8+ T
cell responses following vaccination [86].

The involvement of autophagy in processing and presentation of antigens is however not
restricted to peripheral professional antigen presenting cells. Thymic epithelial cells also
rely on macroautophagy to generate peptides presented on MHC-I1 [87]. As described in
DCs, thymic epithelial cell show a constitutive activation of macroautophagy which feeds
antigens to be loaded on MHC class Il complexes, modulating positive and negative
thymocyte selection. In fact, transplanted thymi defective in Atg5 fail to sustain effective
selection of certain TCR-transgenic thymocytes, and animals receiving those grafts
developed with time multiorgan infiltrates and colitis, underlying the role of
macroautophagy in the regulation of central T cell tolerance [87].
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3.2. Regulation of T cell function

Whereas autophagy can shape T cell responses through its contribution to the presentation of
antigens in the thymus and peripheral antigen presenting cells, recent evidence has also
identified specific roles of autophagy in T and B cells themselves, regulating cell
homeostasis, cell activation and cell death.

Basal macroautophagy activity has been reported in thymocytes at all stages of development
ranging from double negative to single positive cells [88]. Although the exact role of
macroautophagy in thymocyte development has not yet been elucidated, current studies
indicate that this form of autophagy is required for thymocyte progenitor survival.
Accordingly, Atg5-deficient Rag2~~ and Beclinl-deficient RagZ™~ chimeras present
greatly reduced total numbers of thymocytes [89, 90].

Peripheral T cells show also basal levels of macroautophagy that are upregulated in response
to TCR engagement [89, 91, 92]. The regulation of this process is still not completely
understood. Rapamycin treatment of T cells has been described to cause increased basal
macroautophagy, suggesting that, as in other cell types, mTOR acts as an inhibitor of basal
macroautophagy in T cells [91]. In activated Jurkat T cells, an NF-xB-mediated
upregulation of Beclinl expression has been described, supporting that increased expression
of Beclinl in response to TCR engagement could underlie the activation of macroautophagy
that follows TCR stimulation [93]. Studies using T cell specific knock-out mice of the class
I11 phosphpinositide-3 kinase Vps34, an essential component of the autophagy-activating
complex, have yielded, however conflicting results regarding the role that the Vps34/
Beclinl complex has in the regulation of macroautophagy in T cells [94, 95]. In one study,
Vps34-deficient T cells conserved macroautophagy activity but showed defect in IL7-
receptor expression, which led to decreased cell survival [94]. A different knock-out model
revealed that Vps34 was required to activate macroautophagy in T cells, which showed
accumulation of mitochondria, increased reactive oxygen species production and decreased
survival [95]. It remains to be determined, thus, whether activation of macroautophagy in T
cells in response to different stimuli or in different situations might show differential
requirements for the Vps34/Beclin1-dependent canonical pathway and for non-canonical
Vps34-independent pathways.

Macroautophagy is required to maintain organelle homeostasis in peripheral T cells.
Turnover of mitochondria content during T cell development from thymocyte to mature T
cells is controlled by macroautophagy, and peripheral Atg7 or Atg3 deficient T cells, unable
to complete the elongation of the limiting membrane to form autophagosomes, show
abnormal accumulation of mitochondria, which causes increased reactive oxygen species
production in these cells [96, 97]. However mitochondria appear to be actively excluded
from autophagic vacuoles in activated T cells [98]. It is likely that differences in the
properties of mitochondria in quiescent and activated T cells or in the engagements of
specific targeting mechanism may account for the differential substrate specificity exhibited
by T cells in those two functional states. Slowing down mitochondrial turnover during
activation may allow the cell to preserve these organelles, which play a crucial role in
specific TCR-induced responses such as the regulation of calcium signaling [99].
Endoplasmic reticulum homeostasis is also dependent on macroautophagy in T cells, and
macroautophagy-deficient T cells show functional defects in calcium signaling, a likely
consequence of altered mobilization from the endoplasmic reticulum intracellular calcium
stores [100].

Macroautophagy is a classical pathway utilized by cells in response to starvation to generate

the required nutrients to survive that stress through the degradation on non-essential cell
components [101]. High bioenergetic demand follows T cell activation to support activation-
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induced responses including the production and secretion of new proteins and rapid cell
division. T cells deficient in Atg7 fail to increase ATP generation in response to TCR and
CD28 engagement [98], which could explain the decreased proliferative responses reported
in macroautophagy-deficient T cells [89, 98]. The early kinetics of macroautophagy
activation in T cells allows the possibility that macroautophagy may be required to provide
for the initial burst of energy demand before increased anaerobic glycolysis can be initiated
through the upregulation of the expression of glucose transporters at the plasma membrane
[102].

Macroautophagy also regulates cell death and survival in T cells. Increased activation
induced cell death has been reported in Atg5, Atg3 and Beclin-1 deficient T cells, which
correlates with a reduced size of the peripheral T cell compartment in mice bearing those
cells [89, 96, 103]. Several mechanisms have been proposed to explain the involvement of
macroautophagy in the regulation of T cell survival. Altered degradation of mitochondria
through this pathway or mitophagy with increased production of reactive oxygen species has
been described in macroautophagy-deficient T cells [97]. An uncontrolled burst of reactive
oxygen species generation following TCR engagement could account for the increased
levels of cell death seen in activated macroautophagy-deficient T cells. Recently, a direct
role of Beclinl in the regulation of the intracellular levels of proapoptotic proteins has been
proposed. Beclinl1™~ T cell show increased accumulation of caspase 3, caspase 8 and Bim,
suggesting that macroautophagy may regulate the levels of these proapoptotic proteins
[103]. The protective effect of macroautophagy appears to be tightly regulated. The death
receptor adaptor protein FADD and caspase 8 limit macroautophagy activity during T cell
activation and prevent uncontrolled autophagic activity that could result deleterious to the T
cells [104]. The requirement for a balanced macroautophagy activation appears to be
exploited by some pathogens to dysregulate macroautophagy and induced cell death. The
Env protein released by the HIV-1 virus induces activation of macroautophagy in non-
infected bystander T cells leading to their death [105].

Recently, a new mechanism through which macroautophagy can regulate T cell activation
has been described. In murine Th2 and CD8+ T cells, selective macroautophagy targets
Bcl10, a component of the IKK-activating complex, for degradation and contributes to the
modulation of NF-xB activity. In those cells, TCR engagement leads to ubiquitination of
Bcl10. The adaptor protein p62 binds then ubiquitinated Bcl10 and recruits this protein to
the autophagosome for degradation [106]. Interestingly, chaperone-mediated autophagy has
also been reported to regulate NF-xB activation through the regulation of the basal levels of
IxB, although the function of this form of autophagy during T cell activation still remains to
be defined [107].

3.3. Autophagy in B cells

Macroautophagic activity has also been described activated in B cells where it appears to
regulate their development and function. Deletion of Afg5in the B cell compartment results
in decreased numbers of B cell precursors and a defective pro to pre-B cell transition [108].
As in T cells, activation of autophagy in B cells also occurs following the engagement of
their antigen receptor, the BCR, and is negatively regulated by CD40 signaling [109].
Interestingly, in activated B cells, the BCR has been shown to localize to autophagosomes
and facilitate the recruitment of the toll-like receptor TLR9 to these structures, which results
in enhanced MAPK signaling [110].

4. Concluding remarks

Even though we have just started to unveiled some of the specific functions that autophagy
has in the different types of cells that constitute the Immune System, this catabolic process
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has revealed itself as a crucial component of the regulatory machinery that ensures the
development of effective immune responses. Autophagy is involved in almost every key
step from the recognition of a pathogen, to its destruction and the development of a specific
adaptive immune response to it. Moreover, it also controls cell homeostasis and modulates
the activation of many immune cells.

There are, however, many questions that still remain unanswered. We have only begun
characterizing the complex signaling pathways that connect the engagement of immune
receptors and the activation of the different forms of autophagy. Similarly, whereas most of
the research carried out so far has been focused on canonical macroautophagy, we still know
very little on how non-canonical forms of macroautophagy, microautophagy or chaperone-
mediated autophagy may regulate specific functions in distinct types of cells of the Immune
System. It is also tempting to speculate that, as it seems to occur during LC3-associated
phagocytosis, classical proteins of the autophagic machinery may also regulate certain
functions through processes that do not involved autophagy activation. Answering these and
other questions will help us better understand the mechanisms that regulate autophagy in
immune cells and the precise role that this process has in the establishment of immune
responses against foreign pathogens or cancer cells, or in the generation of tolerance to self
antigens.

The proven importance of autophagy in key aspects of the immune response, make it an
attractive target for the development of immunomodulatory therapies. While the arsenal of
available drugs that can modulate autophagy is still small, the development of new more
potent and specific activators or inhibitors of different forms of autophagy should become a
very valuable tool to boost immune responses against pathogens or cancer cells or to
downmodulate inflammatory responses during autoimmunity.
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Figure 1. Macroautophagy and Pathogen Killing

Scheme of the mechanisms through which macroautophagy participates in the elimination of
pathogens. Pathogens that escape the autophagosome can be modified by ubiquitination and
bound by adaptor proteins, such as p62 or Optineurin, that target them to nascent
autophagosomes for degradation. It is likely that autophagosome are also able to engulf
whole phagosomes, so the cell can bypass virulence mechanisms that prevent phagosome-
lysosome fusion. Macroautophagy has also been shown to deliver peptides with

microbicidal activity to the phagosome to help inactivate and kill pathogens. Finally, LC3
can be recruited to the phagosome membrane where it facilitates phagosome maturation and
lysosomal fusion through a process termed LC3-associated phagocytosis (LAP).
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Autophagy and Antigen Presentation
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Figure 2. Autophagy and antigen presentation

MHC-I11 loading compartments have been shown to receive input from 3 different forms of
autophagy. Whereas macroautophagy can deliver peptides from pathogens and endogenous
proteins and organelles; chaperone-mediated autophagy, chaperone-mediated autophagy and
endosomal microautophagy (e-microautophagy) can deliver cytosolic proteins that contain a
specific motif recognized by the Hsc70 chaperone. Macroautophagy has also been shown to
increase presentation of viral-derived peptides in MHC-I although the precise mechanism
through which those peptides reach the class | loading compartment remains to be
elucidated.
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