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Presenting Cells
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Endocytosis by myeloid antigen presenting cells such as dendritic cells and macrophages
regulates both antigen processing and major histocompatibility complex (MHC) molecule
trafficking during antigen presentation. The molecular machinery of macroautophagy, a
catabolic pathway that delivers cytoplasmic constituents to lysosomal degradation, has
recently been found to modulate both MHC class | internalization and phagocytosis of
antigens for efficient MHC class Il presentation. In this review, | will discuss the respective
studies and how these alternative pathways of macroautophagy protein usage differ
from their canonical functions. A better understanding of these additional functions
of the macroautophagy machinery should allow us to interpret biological effects of
macroautophagy protein deficiencies more comprehensively and to therapeutically target
the different pathways which utilize the molecular machinery of macroautophagy.

Keywords: LC3-associated phagocytosis (LAP), MHC class I, MHC (HLA) class Il proteins, Phagocytosis,
autophagy (macroautophagy)

INTRODUCTION

Adaptive immune responses are coordinated and in part executed by T cells. Their activation
requires the presentation of non-self peptides on major histocompatibility complex (MHC)
molecules (1, 2). These peptides originate from the main proteolytic machineries in cells with
the proteasome mainly responsible to produce MHC class I ligands to stimulate CD8™" T cells
and lysosomal proteases, like cathepsins, predominantly generating MHC class II ligands. These
proteolytic machineries do not discriminate between self and non-self, including pathogen derived
proteins, but central (e.g., clonal T cell deletion) and peripheral (e.g., regulatory T cells) tolerance
mechanisms prevent most T cell activation by complexes of self-peptides plus MHC molecules.
Proteasome products reach MHC class I molecules mainly after import into the endoplasmic
reticulum (ER) via the transporter associated with antigen processing (TAP), where they are loaded
onto co-translationally inserted MHC class I molecules in the MHC class I loading complex
containing chaperones and protein disulfide isomerases (1). MHC class I molecules with their
octa- to nonameric peptide ligands get then transported to the cell surface for interaction with
the T cell receptor (TCR) and CD8 co-receptor of CD8* T cells. The longer MHC class II ligands,
often around 15 amino acid long peptides, are primarily generated by lysosomal proteolysis and
loaded in late endosomal compartments, that often present as multivesicular bodies (MVBs),
called MIICs, onto MHC class II molecules (2). These reach MIICs under the guidance of the
invariant chain (Ii) chaperone, which is then degraded by lysosomal proteases and the final Ii
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peptide remnant is exchanged for high affinity peptide ligands
with the help of the HLA-DM chaperone. The resulting
complexes of MHC class II molecules and their peptide ligands
then gets transported to the cell membrane for interaction with
the TCR and CD4 co-receptor of CD4™ T cells. According to
these cell biological requirements for MHC class I and II ligand
generation, CD8" T cells recognize mainly intracellular antigens,
and CD4™ T cells extracellular antigens after their endocytosis
into late endosomes. However, alternative pathways exist for
access to proteasomes and lysosomal proteases in MIICs, namely
mechanistically poorly defined escape from endosomes during
MHC class I cross-presentation, recently coined type 1 cross-
presentation, and cytoplasmic constituent delivery to MIICs via
autophagy for MHC class II presentation, recently coined type 2
cross-presentation (3).

Autophagy consists of at least three pathways, micro-
autophagy, chaperone-mediated autophagy and macroautophagy
(4, 5). So far, only chaperone-mediated and macroautophagy
have been implicated in antigen processing for MHC class
II presentation (6-9). However, microautophagy also delivers
cytoplasmic material to MVBs (10-13) and, thereby, might also
contribute to MHC class II presentation of intracellular antigens.
While chaperone-mediated autophagy utilizes LAMP2A and
cytosolic as well as lysosomal chaperones to transport proteins
with a KFERQ-like signal peptide across lysosomal and
possibly MVB membranes, macroautophagy employs more than
30 autophagy-related gene (atg) products to build double-
membrane surrounded autophagosomes and regulate their
fusion with lysosomes and late endosomes, including MVBs
(5, 14). The macroautophagy machinery mainly consists of
five complexes. The ULK1/Atgl complex integrates metabolic
cues. It is relieved of its inhibition by mTOR and activated
via phosphorylation by the AMP-activated protein kinase
(AMPK) during starvation. The ULK1/Atgl complex itself then
phosphorylates the VPS34 PI3 kinase complex containing Atgl4
on its Beclin-1/Atg6 component, which in turn phosphorylates
membranes at which autophagosome formation is initiated, the
so called phagophore. Via PI3P the LC3/Atg8 lipidation complex
is recruited which consists of Atg5, 12, and 16L1 and conjugates
the ubiquitin-like Atg8 proteins, including LC3B/Atg8 and
GABARAP/Atg8, to phosphatidylethanolamine (PE) at the
phagophore. LC3/Atg8 lipidation then allows for membrane
elongation and substrate recruitment, either by directly binding
proteins that contain LC3-interacting regions (LIRs) or adaptors
that include LIRs and ubiquitin-binding domains to deliver
ubiquitinated aggregates, damaged organelles or pathogens
into autophagosomes. A fourth complex, that also facilitates
endosome maturation, containing VPS34, Beclin-1/Atg6, and
UVRAG then regulates fusion with lysosomes, which is executed
by the HOPS complex, Rab7 and syntaxin 17 (STX17). While
the Atg4 protease recycles LC3/Atg8 proteins from the outer
autophagosomal membrane upon vesicle completion, LC3/Atg8
on the inner autophagosomal membrane and its cargo including
ubiquitin-binding LIR adaptors like sequestosome/p62 are then
degraded by lysosomes. This highly sophisticated machinery
of membrane tagging by phosphorylation and then LC3/Atg8
protein conjugation that is used to generate autophagosomes

and regulate their fusion with other membrane compartments,
is, however, also used for alternative functions including the
regulation of endocytosis. This alternative use of the Atg
machinery will be discussed in this review.

RECEPTOR INTERNALIZATION VIA
LC3/ATGS8 BINDING PROTEINS

The first protein for which an involvement of the
macroautophagy machinery for its internalization was
discovered is the amyloid precursor protein (APP) (15-17).
APP proteolysis gives rise to Ap peptide, the main component of
extracellular proteaneous plaques in the central nervous system
of patients with Alzheimer’s disease (18). It was noted that
stimulation of the macroautophagy machinery stimulates APP
degradation in a fashion that neurodegenerative A peptides are
not produced (15). This protective APP degradation depends
on the membrane conjugation machinery of LC3/Atg8 (16)
as well as Beclin-1/Atg6 (17). However, lipidated LC3/Atg8
does not recruit APP itself, but rather components of the
clathrin dependent internalization machinery, primarily
the adaptor protein complex 2 (AP2) (16) (Figurel). Its
AP2A1 subunit contains a LIR motif, which was found to be
required for its binding to LC3. Boosting the macroautophagy
machinery via starvation or mTOR inhibition increased APP
internalization and degradation, and this process was inhibited
by RNA silencing of Atg5 (16). In addition to AP2A1, another
component of clathrin mediated endocytosis, namely clathrin
itself, also contains another LIR motif (19). Furthermore, APP
binds directly to Beclin-1/Atg6 via APP’s evolutionary conserved
domain (ECD) (17). This binding facilitates internalization
via the recruitment of the VPS34, Beclin-1/Atg6 and UVRAG
containing complex that enhances endosome maturation.
Thus, both binding of the clathrin dependent internalization
machinery to LC3/Atg8 that is coupled to the cell membrane and
Beclin-1/Atg6 binding to APP itself facilitates internalization and
degradation of the AP precursor and thereby inhibits amyloid
generation.

This enhanced internalization with the support of the
macroautophagy machinery is also hijacked by viruses
(Figure 1). The single stranded RNA virus ECHO (enteric
cytopathic human orphan) virus 7 of the picornaviridae family
was shown to require core components of macroautophagy for its
clathrin dependent internalization (20). RNA silencing of Beclin-
1/Atg6, Atgl2, Atgl4, Atgl6, or LC3/Atg8 inhibited echovirus
7 entry prior to uncoating. Of these Atgl6L1 was required for
echovirus internalization from the cell membrane of intestinal
epithelial cells, while attachment was unchanged. Furthermore,
the double stranded DNA virus white spot syndrome virus
(WSSV) of the Nimaviridae family requires GABARAP/Atg8
for clathrin mediated entry into crayfish cells (21). During entry
WSSV colocalized with GABARAP/Atg8 at the cell membrane.
Thus, echovirus 7 and WSSV seem to use clathrin mediated
endocytosis for surface internalization and this process is
facilitated by LC3/Atg8 and GABARAP/Atg8 conjugation to the
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FIGURE 1 | Support of the macroautophagy machinery for receptor and virus internalization. MHC class | molecules, Alzheimer precursor protein (APP) and the two
viruses Echovirus 7 (ECHO) and white spot syndrome virus (WSSV) seem to utilize LC3/Atg8 or GABARAP/Atg8 lipidation of the cell membrane for more efficient
clathrin dependent internalization. For MHC class | molecules, LC3/Atg8 (LC3) mediated recruitment of the adaptor associated kinase 1 (AAK1), for APP, LC3/Atg8
binding of adaptor protein complex 2 (AP2) and direct binding to Beclin-1/Atg6, and for Echovirus 7 and WSSV, Atg16L1 and GABARAP/Atg8, respectively, have
been implicated in their internalization from the cell membrane. While this internalization leads to lysosomal degradation for MHC class | molecules and APP, the two
viruses escape to the cytosol from the respective endosomes. This figure was created in part with modified Servier Medical Art templates, which are licensed under a
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cell membrane, which might support recruitment of the clathrin
mediated endocytosis machinery.

THE ROLE OF ATG ASSISTED
ENDOCYTOSIS FOR MHC CLASS |
RESTRICTED ANTIGEN PRESENTATION

The internalization mechanism that benefits from Atg8 ortholog
mediated recruitment of components of the clathrin mediated
endocytosis machinery seems to also influence both classical
and non-classical MHC class I molecules (22, 23). In mice that
are deficient in the LC3/Atg8 lipidation complex components
Atg5 or Atg7 in their dendritic cells and some macrophage
populations, these myeloid cells have increased classical MHC
class Ta (H2-K® and H2-DP) and non-classical MHC class Ib
(CD1d) surface expression levels. While these molecules are
transported to the cell surface at similar rate in Atg5 or Atg7
deficient cells, their internalization is significantly attenuated.

Other surface molecules like MHC class II, CD86 and CD40,
as well as MHC class I on B and T cells were not affected by
Atg5 or Atg7 deficiency in dendritic cells and some macrophages
(22-24). In immunoprecipitation experiments it was found that
the adaptor associated kinase 1 (AAKI) interacts with MHC
class Ia molecules less efficiently in the absence of Atg5 or
Atg7 (22). This kinase phosphorylates the p subunit of the
AP2 complex (AP2M1) for more efficient clathrin mediated
endocytosis (25, 26). AAK1 also associates with LC3/Atg8
and contains predicted LIR motifs, suggesting that LC3/Atg8
lipidation at the plasma membrane localizes AAK1 in proximity
to MHC class I molecules for their more efficient internalization
(Figure 1). Accordingly, RNA silencing of AAKI1 stabilizes
MHC class Ia molecules on the surface of mouse dendritic
cells (22). This MHC class I stabilization is of functional
relevance because influenza and lymphocytic choriomeningitis
virus (LCMV) specific CD8™ T cell responses are more efficiently
primed and/or expanded in mice with Atg5 deficiency in their
dendritic cells and some macrophage compartments, including
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alveolar macrophages (22). Influenza infected Atg5 deficient
dendritic cells also stimulate virus specific CD8*" T cells more
efficiently in vitro (22). The increased CD8™ T cell expansion in
mice with Atg5 or Atg7 deficiency in dendritic cells and some
macrophage populations also correlates with improved control
of viral titers and pathology in the influenza infected mice (22).
Similarly, Atg5 or Atg7 deficiency in macrophages rescues mice
from influenza induced pathology only after priming of adaptive
immune responses (10 days post-infection), while components
of the ULK1/Atgl complex and the VPS34 PI3 kinase complex,
Fip200 and Atgl4, are also required for the influenza induced
pathology during innate immunity at earlier timepoints (27).
In addition to this regulation of CD8" T cell responses by
altered classical MHC class Ia internalization, NKT cell responses
that are restricted by the non-classical MHC class Ib molecule
CD1d are also altered in mice with Atg5 deficiency in dendritic
cells and some macrophage populations (23). Invariant NKT
cells recognize phospholipids on CD1d molecules (28). CD1d
accumulation on the surface of Atg5 deficient dendritic cells
leads to increased a-galactosylceramide (aGalCer) presentation
to NKT cells in vitro, and aGalCer injection leads to elevated
cytokine production in mice with Atg5 deficiency in dendritic
cells and some macrophage populations (23). Furthermore,
the pathogen Sphingomonas paucimobilis, which is exquisitely
sensitive to NKT cell mediated immune control during early
infection, reached lower bacterial loads associated with higher
cytokine production in the absence of Atg5 in dendritic cells
and some macrophages (23). These findings suggest that also
NKT cell responses are elevated in the absence of efficient
CD1d internalization that is supported by components of the
macroautophay machinery.

While endogenous antigen presentation by MHC class I
molecules seems to be increased in the absence of LC3/Atg8
lipidation, cross-presentation of exogenous antigens might be
compromised (29, 30). Indeed, the pool of MHC class I molecules
that is internalized into early endosomes of dendritic cells has
been suggested to be required for efficient cross-presentation
(31). Dendritic cells with VPS34 deficiency displayed increased
LCMYV derived antigen presentation on MHC class I molecules
to CD8T T cells, but failed to cross-present cell associated
ovalbumin efficiently (29, 30). Accordingly, mice with VPS34
deficiency in their dendritic cells and some macrophage
populations were more susceptible to challenge with B16
melanoma cells (30). This might suggest that loss of Atg
supported MHC class I internalization improves endogenous
antigen presentation, but inhibits cross-presentation to CD8" T
cells.

LC3 ASSOCIATED PHAGOCYTOSIS (LAP)

In addition to LC3/Atg8 lipidation events at the cell membrane
that might support receptor as well as virus internalization, such
modifications have also been found to take place at endosomal
membranes (32, 33). The respective process was coined LC3
associated phagocytosis or LAP (32). It depends on the VPS34
and LC3/Atg8 lipidation complexes, but does not require the

ULK1/Atgl complex (34). This machinery gets engaged when
extracellular material is phagocytosed that binds to distinct
receptors, including the pathogen associated molecular pattern
receptor toll-like receptor 2 (TLR2), antibody Fc receptors, the
C-type lectin Dectin-1 and the apoptotic body receptor TIM4
(32, 33, 35, 36) (Figure 2). VPS34 then introduces PI3P marks
on the phagosomal membrane, which allow the recruitment of
NADPH oxidase 2 (NOX2), whose reactive oxygen species (ROS)
generation is required for LAP (33, 34, 37). So far it is unclear
how ROS production by NOX2 regulates LAP, but macrophages
of chronic granulomatous disease (CGD) patients with defined
NOX2 mutations are not able to form LAP phagosomes after
TLR2 ligand internalization (33). The LC3/Atg8 lipidation
complex can be recruited to phagosomal membranes via the
WD40 domain of Atgl6L1, which is not present in yeast Atgl6
and might be an adaptation in higher eukaryotes to allow
for LAP (38). How this WD40 domain, however, recognizes
phagosomes that are in need of LC3/Atg8 modification remains
unclear. Nevertheless, Atgl6L1 mediated recruitment of Atg5
and Atgl2 then allows LC3/Atg8 conjugation to the cytosolic
side of phagosomes and these membrane tags are only removed
prior to phagosome fusion with lysosomes and MIICs (32,
33). LC3/Atg8 conjugation to phagosomes influences their
fate differently depending on the cellular background. While
it accelerates fusion with lysosomes, possibly by improving
endosome transport along microtubules and recruitment of the
fusion machinery, in mouse macrophages (39-41), LC3/Atg8
attenuates phagosome maturation and fusion with lysosomes
in human macrophages and monocyte-derived dendritic cells
(33). In plasmacytoid dendritic cells LC3/Atg8 seems to divert
phagosomes to TLR containing endosomes for efficient type I
interferon production after phagocytosed pathogen sensing (42).
Therefore, LAP seems to regulate endocytosis to adapt the fate
of the internalized cargo to the functional needs of the respective

phagocyte.

THE ROLE OF LAP DURING MHC CLASS Il
RESTRICTED ANTIGEN PRESENTATION

Irrespective of the different kinetics of LC3 associated phagosome
fusion with lysosomes in human and mouse macrophages, in
both species LAP seems to enhance MHC class II restricted
antigen presentation (33, 35) (Figure 2). This was shown for
Candida albicans antigens in human macrophages and for
ovalbumin expressed in Saccharomyces cerevisiae in mouse
macrophages. Accordingly, exogenous antigen presentation on
MHC class 1T molecules to CD4™" T cells is also compromised
in mice with Atg5 deficiency in dendritic cells and some
macrophage populations (24). This also extends to autoantigens,
because experimental autoimmune encephalomyelitis (EAE)
upon myelin oligodendrocyte glycoprotein (MOG) specific
CD4™ T cell transfer is severely attenuated in mice with Atg5
deficiency in dendritic cells and some macrophage populations
(43). The respective dendritic cells are less efficient in processing
apoptotic MOG expressing oligodendrocytes for MHC class 11
presentation to CD4™ T cells also in vitro. Commensal specific
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FIGURE 2 | LC3-associated phagocytosis (LAP) of antigens for improved MHC class Il presentation. Phagocytosis of ligands for toll-like receptor 2 (TLR2), Dectin-1,
T-cell immunoglobulin and mucin domain-containing molecule 4 (TIM4) or antibody Fc receptors (FCcR) leads to LC3/Atg8 conjugation to the cytosolic side of the
phagosomal membrane in a process called LC3-associated phagocytosis (LAP). Presumably prior to LC3 conjugation this membrane is modified by the PI3 kinase
(PISK) to recruit NADPH oxidase 2 (NOX2), whose reactive oxygen species (ROS) production is required for LAP. The cargo of LC3/Atg8-associated phagosomes is
then more efficiently processed for prolonged antigen presentation on MHC class Il molecules (MHC class Il) which are loaded with lysosomal degradation products in
MHC class Il containing compartments (MIICs) with the help of the chaperone HLA-DM. This figure was created in part with modified Servier Medical Art templates,
which are licensed under a Creative Commons Attribution 3.0 Unported License: https://smart.servier.com.
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regulatory CD4™" T cells are also less well-induced in mice with
Atgl6L1 deficiency in dendritic cells and some macrophage
compartments (44). Atgl6L1 mutations are associated with
inflammatory bowel disease (IBD) in humans and patients with
such mutations have a decreased frequency of regulatory CD4"
T cells. Accordingly, mice with Atgl6Ll deficient dendritic
cells and some macrophage populations develop inflammatory
bowel disease. In this study, the missing regulatory CD4% T
cell induction was proposed to be mediated by outer membrane
vesicles (OMVs) of commensals. Similarly, mice that lack
LAP components in their macrophages were less able to clear
apoptotic cells, which led to the induction of autoantibodies
resulting in a lupus erythematosus like systemic autoimmunity
(45). Interestingly, this phenotype was observed in macrophage
deficiencies in Atg5, Atg7, Beclin-1/Atg6 or NOX2, but not
affected by loss of the ULK1/Atgl complex components ULK1 or
Fip200. In this experimental system inefficient regulatory CD4™"
T cell induction could have also contributed to the observed
autoimmune phenotype. Therefore, LAP supports anti-fungal,
autoimmune and regulatory CD4™ T cell responses in vitro and

in vivo by regulating endocytosed antigen processing for MHC
class IT presentation.

CONCLUSIONS

The above summarized studies suggest that the macroautophagy
machinery fulfills important functions for the optimization
of endocytosis. So far two stages of endocytosis have been
found to be affected by deficiencies in the LC3/Atg8 lipidation
machinery, namely early internalization from the membrane,
presumably by a more efficient recruitment of the clathrin
dependent internalization machinery, and governing phagosome
fate by LC3/Atg8 conjugation to the cytosolic side of these
vesicles during LAP (46). The ability of the macroautophagy
machinery to conjugate LC3/Atg8 to other membranes than
autophagosomes has already been realized by Yoshinori Ohsumi,
who received for the discovery of the atg genes the Nobel prize
for physiology and medicine in 2016. He observed in yeast
that was deficient in the Atg4 protease that cleaves LC3/Atg8
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from the outer membrane of completed autophagosomes, and
that was transgenic for C-terminally truncated Atg8 which is
ready for conjugation to PE that LC3/Atg8 could be found
on lysosomal, endosomal and ER membranes (47). These
findings suggested that LC3/Atg8 deconjugation by Atg4 restricts
this membrane tag to autophagosomes in yeast and that any
regulatory mechanism of Atg4 mediated deconjugation would
allow LC3/Atg8 to be used for other membrane trafficking
functions. The identification of such regulatory mechanisms
that allows LC3/Atg8 lipidation to be retained at endosome
membranes and then used for phagocytosis should clarify in the
future how the macroautophagy machinery can fulfill its different
tasks during intracellular and extracellular cargo degradation in
lysosomes and MIICs.

REFERENCES
1. Blander JM. Regulation of the cell biology of antigen
cross-presentation. Annu Rev Immunol. (2018) 36:717-53.

doi: 10.1146/annurev-immunol-041015-055523

2. Unanue ER, Turk V, Neefjes J. Variations in MHC class II antigen processing
and presentation in health and disease. Annu Rev Immunol. (2016) 34:265-97.
doi: 10.1146/annurev-immunol-041015-055420

3. Valecka J, Almeida CR, Su B, Pierre P, Gatti E. Autophagy and
MHC-restricted antigen presentation. Mol Immunol. (2018) 99:163-70.
doi: 10.1016/j.molimm.2018.05.009

4. Matsuzawa-Ishimoto Y, Hwang S,
and  inflammation. Annu  Rev  Immunol.
doi: 10.1146/annurev-immunol-042617-053253

5. Mizushima N, Yoshimori T, Ohsumi Y. The role of Atg proteins in
autophagosome formation. Annu Rev Cell Dev Biol. (2011) 27:107-32.
doi: 10.1146/annurev-cellbio-092910-154005

6. Zhou D, Li P, Lott JM, Hislop A, Canaday DH, Brutkiewicz RR, et al. Lamp-
2a facilitates MHC class II presentation of cytoplasmic antigens. Immunity
(2005) 22:571-81. doi: 10.1016/j.immuni.2005.03.009

7. Perez L, McLetchie S, Gardiner GJ, Deffit SN, Zhou D, Blum JS.
LAMP-2C inhibits MHC class II presentation of cytoplasmic antigens by
disrupting chaperone-mediated autophagy. J Immunol. (2016) 196:2457-65.
doi: 10.4049/jimmunol.1501476

8. Paludan C, Schmid D, Landthaler M, Vockerodt M, Kube D, Tuschl T,
et al. Endogenous MHC class II processing of a viral nuclear antigen after
autophagy. Science (2005) 307:593-6. doi: 10.1126/science.1104904

9. Schmid D, Pypaert M, Miinz C. MHC class II antigen loading compartments
continuously receive input from autophagosomes. Immunity (2007) 26:79-92.
doi: 10.1016/j.immuni.2006.10.018

10. Sahu R, Kaushik S, Clement CC, Cannizzo ES, Scharf B, Follenzi A, et al.
Microautophagy of cytosolic proteins by late endosomes. Dev Cell (2011)
20:131-9. doi: 10.1016/j.devcel.2010.12.003

11. Lefebvre C, Legouis R, Culetto E. ESCRT and autophagies: endosomal
functions and beyond. Semin Cell Dev Biol. (2018) 74:21-8.
doi: 10.1016/j.semcdb.2017.08.014

12. Mejlvang J, Olsvik H, Svenning S, Bruun JA, Abudu YP, Larsen KB,
et al. Starvation induces rapid degradation of selective autophagy
receptors by endosomal microautophagy. J Cell Biol. (2018) 217:3640-55.
doi: 10.1083/jcb.201711002

13. Oku M, Maeda Y, Kagohashi Y, Kondo T, Yamada M, Fujimoto T, et al.
Evidence for ESCRT- and clathrin-dependent microautophagy. J Cell Biol.
(2017) 216:3263-74. doi: 10.1083/jcb.201611029

14. Kaushik S, Cuervo AM. The coming of age of chaperone-mediated autophagy.
Nat Rev Mol Cell Biol. (2018) 19:365-81. doi: 10.1038/s41580-018-0001-6

15. Tian Y, Bustos V, Flajolet M, Greengard P. A small-molecule enhancer
of autophagy decreases levels of Abeta and APP-CTF via Atg5-dependent
autophagy pathway. FASEB J. (2011) 25:1934-42. doi: 10.1096/fj.10-175158

Cadwell K.
(2018)

Autophagy
36:73-101.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

Research in my laboratory is supported by Cancer Research
Switzerland (KFS-4091-02-2017), KESPMS, KESP-Precision™S,
and KFSPHHLD of the University of Zurich, the Vontobel
Foundation, the Baugarten Foundation, the Sobek Foundation,
the Swiss Vaccine Research Institute, the Swiss MS Society and
the Swiss National Science Foundation (310030_162560 and
CRSII3_160708).

16. Tian Y, Chang JC, Fan EY, Flajolet M, Greengard P. Adaptor complex
AP2/PICALM, through interaction with LC3, targets Alzheimer’s APP-CTF
for terminal degradation via autophagy. Proc Natl Acad Sci USA. (2013)
110:17071-6. doi: 10.1073/pnas.1315110110

17. Swaminathan G, Zhu W, Plowey ED. BECN1/Beclin 1 sorts cell-surface
APP/amyloid beta precursor protein for lysosomal degradation. Autophagy
(2016) 12:2404-19. doi: 10.1080/15548627.2016.1234561

18. Chiti E Dobson CM. Protein misfolding, amyloid formation, and human
disease: a summary of progress over the last decade. Annu Rev Biochem. (2017)
86:27-68. doi: 10.1146/annurev-biochem-061516-045115

19. Rogov V, Dotsch V, Johansen T, Kirkin V. Interactions between autophagy
receptors and ubiquitin-like proteins form the molecular basis for selective
autophagy. Mol Cell (2014) 53:167-78. doi: 10.1016/j.molcel.2013.12.014

20. Kim C, Bergelson JM. Echovirus 7 entry into polarized caco-2 intestinal
epithelial cells involves core components of the autophagy machinery. J Virol.
(2014) 88:434-43. doi: 10.1128/JV1.02706-13

21. Chen RY, Shen KL, Chen Z, Fan WW, Xie XL, Meng C, et al. White spot
syndrome virus entry is dependent on multiple endocytic routes and strongly
facilitated by Cq-GABARAP in a CME-dependent manner. Sci Rep. (2016)
6:28694. doi: 10.1038/srep28694

22. Loi M, Muller A, Steinbach K, Niven J, Barreira da Silva R, Paul P, et al.
Macroautophagy proteins control MHC class I levels on dendritic cells
and shape anti-viral CD8+ T cell responses. Cell Rep. (2016) 15:1076-87.
doi: 10.1016/j.celrep.2016.04.002

23. Keller CW, Loi M, Ewert S, Quast I, Theiler R, Gannage M,
et al. The autophagy machinery restrains iNKT cell activation
through CDIDI internalization.  Autophagy (2017)  13:1025-36.
doi: 10.1080/15548627.2017.1297907

24. Lee HK, Mattei LM, Steinberg BE, Alberts P, Lee YH, Chervonsky A,et al.
In vivo requirement for Atg5 in antigen presentation by dendritic cells.
Immunity (2010) 32:227-39. doi: 10.1016/j.immuni.2009.12.006

25. Conner SD, Schmid SL. Identification of an adaptor-associated kinase, AAKI,
as a regulator of clathrin-mediated endocytosis. J Cell Biol. (2002) 156:921-9.
doi: 10.1083/jcb.200108123

26. Henderson DM, Conner SD. A novel AAKI1 splice variant functions at
multiple steps of the endocytic pathway. Mol Biol Cell (2007) 18:2698-706.
doi: 10.1091/mbc.e06-09-0831

27. Lu Q, Yokoyama CC, Williams JW, Baldridge MT, Jin X, DesRochers B, et al.
Homeostatic control of innate lung inflammation by vici syndrome gene Epg5
and additional autophagy genes promotes influenza pathogenesis. Cell Host
Microbe (2016) 19:102-13. doi: 10.1016/j.chom.2015.12.011

28. Mori L, Lepore M, De Libero G. The immunology of CDI1- and
MRI1-restricted T cells. Annu Rev Immunol. (2016) 34:479-510.
doi: 10.1146/annurev-immunol-032414-112008

29. Mintern JD, Macri C, Chin W], Panozza SE, Segura E, Patterson
NL, et al. Differential use of autophagy by primary dendritic cells
specialized in  cross-presentation.  Autophagy  (2015)  11:906-17.
doi: 10.1080/15548627.2015.1045178

Frontiers in Immunology | www.frontiersin.org

November 2018 | Volume 9 | Article 2765


https://doi.org/10.1146/annurev-immunol-041015-055523
https://doi.org/10.1146/annurev-immunol-041015-055420
https://doi.org/10.1016/j.molimm.2018.05.009
https://doi.org/10.1146/annurev-immunol-042617-053253
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.1016/j.immuni.2005.03.009
https://doi.org/10.4049/jimmunol.1501476
https://doi.org/10.1126/science.1104904
https://doi.org/10.1016/j.immuni.2006.10.018
https://doi.org/10.1016/j.devcel.2010.12.003
https://doi.org/10.1016/j.semcdb.2017.08.014
https://doi.org/10.1083/jcb.201711002
https://doi.org/10.1083/jcb.201611029
https://doi.org/10.1038/s41580-018-0001-6
https://doi.org/10.1096/fj.10-175158
https://doi.org/10.1073/pnas.1315110110
https://doi.org/10.1080/15548627.2016.1234561
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1016/j.molcel.2013.12.014
https://doi.org/10.1128/JVI.02706-13
https://doi.org/10.1038/srep28694
https://doi.org/10.1016/j.celrep.2016.04.002
https://doi.org/10.1080/15548627.2017.1297907
https://doi.org/10.1016/j.immuni.2009.12.006
https://doi.org/10.1083/jcb.200108123
https://doi.org/10.1091/mbc.e06-09-0831
https://doi.org/10.1016/j.chom.2015.12.011
https://doi.org/10.1146/annurev-immunol-032414-112008
https://doi.org/10.1080/15548627.2015.1045178
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Minz

Atg Proteins During Endocytosis

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Parekh VYV, Pabbisetty SK, Wu L, Sebzda E, Martinez ], Zhang J, et al.
Autophagy-related protein Vps34 controls the homeostasis and function of
antigen cross-presenting CD8alpha-+ dendritic cells. Proc Natl Acad Sci USA.
(2017) 114:E6371-80. doi: 10.1073/pnas.1706504114

Nair-Gupta P, Baccarini A, Tung N, Seyffer E Florey O, Huang Y, et al.
TLR signals induce phagosomal MHC-I delivery from the endosomal
recycling compartment to allow cross-presentation. Cell (2014) 158:506-21.
doi: 10.1016/j.cell.2014.04.054

Sanjuan MA, Dillon CP, Tait SW, Moshiach S, Dorsey F, Connell S, et al.
Toll-like receptor signalling in macrophages links the autophagy pathway to
phagocytosis. Nature (2007) 450:1253-7. doi: 10.1038/nature06421

Romao S, Gasser N, Becker AC, Guhl B, Bagajic M, Vanoaica LD, et al.
Essential autophagy proteins stabilize pathogen containing phagosomes for
prolonged MHC class II antigen processing. J Cell Biol. (2013) 203:757-66.
doi: 10.1083/jcb.201308173

Martinez J, Malireddi RK, Lu Q, Cunha LD, Pelletier S, Gingras S, et al.
Molecular characterization of LC3-associated phagocytosis reveals distinct
roles for Rubicon, NOX2 and autophagy proteins. Nat Cell Biol. (2015)
17:893-906. doi: 10.1038/ncb3192

Ma J, Becker C, Lowell CA, Underhill DM. Dectin-1-triggered recruitment
of light chain 3 protein to phagosomes facilitates major histocompatibility
complex class II presentation of fungal-derived antigens. J Biol Chem. (2012)
287:34149-56. doi: 10.1074/jbc.M112.382812

Martinez ], Almendinger J, Oberst A, Ness R, Dillon CP, Fitzgerald P,
et al. Microtubule-associated protein 1 light chain 3 alpha (LC3)-associated
phagocytosis is required for the efficient clearance of dead cells. Proc Natl Acad
Sci USA. (2011) 108:17396-401. doi: 10.1073/pnas.1113421108

Huang J, Canadien V, Lam GY, Steinberg BE, Dinauer MC, Magalhaes MA,
et al. Activation of antibacterial autophagy by NADPH oxidases. Proc Natl
Acad Sci USA. (2009) 106:6226-31. doi: 10.1073/pnas.0811045106

Fletcher K, Ulferts R, Jacquin E, Veith T, Gammoh N, Arasteh JM, et al.
The WD40 domain of ATGI6L1 is required for its non-canonical role
in lipidation of LC3 at single membranes. EMBO J. (2018) 37:¢97840.
doi: 10.15252/embj.201797840

Verlhac P, Gregoire IP, Azocar O, Petkova DS, Baguet ], Viret C,
Autophagy receptor NDP52 regulates pathogen-containing
autophagosome maturation. Cell Host Microbe (2015) 17:515-25.
doi: 10.1016/j.chom.2015.02.008

Ma J, Becker C, Reyes C, Underhill DM. Cutting edge: FYCOLI recruitment
to dectin-1 phagosomes is accelerated by light chain 3 protein and regulates

et al

41.

42.

43.

44.

45.

46.

47.

phagosome maturation and reactive oxygen production. J Immunol. (2014)
192:1356-60. doi: 10.4049/jimmunol.1302835

McEwan DG, Popovic D, Gubas A, Terawaki S, Suzuki H, Stadel
D, et al. PLEKHMI regulates autophagosome-lysosome fusion through
HOPS complex and LC3/GABARAP proteins. Mol Cell. (2015) 57:39-54.
doi: 10.1016/j.molcel.2014.11.006

Henault J, Martinez J, Riggs JM, Tian ], Mehta P, Clarke L, et al.
Noncanonical autophagy is required for type I interferon secretion
in response to DNA-immune complexes. Immunity (2012) 37:986-97.
doi: 10.1016/j.immuni.2012.09.014

Keller CW, Sina C, Kotur MB, Ramelli G, Mundt S, Quast I, et al. ATG-
dependent phagocytosis in dendritic cells drives myelin-specific CD4+ T cell
pathogenicity during CNS inflammation. Proc Natl Acad Sci USA. (2017)
114:E11228-37. doi: 10.1073/pnas.1713664114

Chu H, Khosravi A, Kusumawardhani IP, Kwon AH, Vasconcelos
AC, Cunha LD, et al. Gene-microbiota interactions contribute to the
pathogenesis of inflammatory bowel disease. Science (2016) 352:1116-20.
doi: 10.1126/science.aad9948

Martinez J, Cunha LD, Park S, Yang M, Lu Q, Orchard R, et al
Noncanonical —autophagy inhibits the autoinflammatory, lupus-like
response to dying cells. Nature (2016) 533:115-9. doi: 10.1038/nature
17950

Keller CW, Loi M, Ligeon LA, Gannage M, Lunemann JD,
Miinz C. Endocytosis regulation by autophagy proteins in MHC
restricted antigen presentation. Curr Opin Immunol. (2018) 52:68-73.
doi: 10.1016/.c0i.2018.04.014

Nakatogawa H, Ishii J, Asai E, Ohsumi Y. Atg4 recycles inappropriately
lipidated Atg8 to promote autophagosome biogenesis. Autophagy (2012)
8:177-86. doi: 10.4161/auto.8.2.18373

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Miinz. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2018 | Volume 9 | Article 2765


https://doi.org/10.1073/pnas.1706504114
https://doi.org/10.1016/j.cell.2014.04.054
https://doi.org/10.1038/nature06421
https://doi.org/10.1083/jcb.201308173
https://doi.org/10.1038/ncb3192
https://doi.org/10.1074/jbc.M112.382812
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.0811045106
https://doi.org/10.15252/embj.201797840
https://doi.org/10.1016/j.chom.2015.02.008
https://doi.org/10.4049/jimmunol.1302835
https://doi.org/10.1016/j.molcel.2014.11.006
https://doi.org/10.1016/j.immuni.2012.09.014
https://doi.org/10.1073/pnas.1713664114
https://doi.org/10.1126/science.aad9948
https://doi.org/10.1038/nature17950
https://doi.org/10.1016/j.coi.2018.04.014
https://doi.org/10.4161/auto.8.2.18373
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Non-canonical Functions of Macroautophagy Proteins During Endocytosis by Myeloid Antigen Presenting Cells
	Introduction
	Receptor Internalization via LC3/ATG8 Binding Proteins
	The Role of ATG Assisted Endocytosis for MHC Class I Restricted Antigen Presentation
	LC3 Associated Phagocytosis (LAP)
	The Role of LAP During MHC Class II Restricted Antigen Presentation
	Conclusions
	Author Contributions
	Funding
	References


