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REVIEW

Autophagy in dendritic cells

Ghita Ghislat and Toby Lawrence

Autophagy and immunity share the property of being auto-protective for the organism. Autophagy is an important
degradation pathway that buffers nutrient deprivation by recycling macromolecules in organisms from yeast to man.
Perturbations in autophagy are associated with inflammation and cancer development. Emerging studies have
characterized the molecular details regarding how autophagy is controlled by immune cells. Among these, dendritic
cells (DCs) are one of the most potent professional antigen-presenting cells critical for the activation of naive

T cells to maintain immune tolerance and drive protective immunity to infection and cancer. DCs undergo
functional maturation that can either lead to an immunostimulatory phenotype, as in the context of infection, or to
a tolerogenic phenotype associated with immunosuppression to self-antigens, as well as to cancer. An increasing
number of recent studies has characterized the involvement of autophagy in DC functions in various physiological
and pathological contexts. Here, we provide a comprehensive review of these outcomes and discuss the limitation
of the models used and the forefront of the knowledge concerning the crosstalk between autophagy and DC biology.
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INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting cells
critical for the interdependence between the innate and
adaptive immune systems. Their distinctive ability to prime
naive T cells plays key roles in protective immunity to infection
and cancer as well as in maintaining immune homeostasis and
tolerance. These properties are because, among all antigen
presenting cells, DCs stand out in particle uptake and antigen
presentation. These processes require high levels of endocytic
and lysosomal activity that are tightly linked to macroauto-
phagy. Several reports have highlighted during the last decade
the modulation of DC functions by macroautophagy. This
catabolic process is evolutionarily conserved and shares with
immunity the property of being auto-protective for the organ-
ism by regulating the cellular stress response in general and,
particularly, the cellular functions of immune cells. Starvation is
considered one of the most potent inducers of macroautophagy
in eukaryotes. In immune cells, such as DCs, in addition to
starvation, several environmental stress-related stimuli interact
with autophagic pathways to drive their immune functions.

TYPES OF MACROAUTOPHAGY
At least three different types of canonical autophagy coexist in
DCs: (i) microautophagy that involves the capture of cytosolic

components by lysosomes through various modifications on
their membranes; (i7) chaperone-mediated autophagy by which
proteins holding KFERQ-like motifs translocate into the
lysosomal lumen; and (i) macroautophagy that leads to bulk
lysosomal degradation of the cytosol via double-membrane
organelles called autophagosomes.! Because more attention has
been given to macroautophagy in DCs and because the
evidence of active microautophagy’ and chaperone-mediated
autophagy® in DCs were shown only indirectly in primary cell
cultures, we will focus here on the regulation of the functions
of DCs by macroautophagy that we will call autophagy.

MOLECULAR MECHANISMS OF AUTOPHAGY IN DCS

Autophagy is orchestrated by the dynamic assembly and
interactions of up to 31 autophagy-related proteins (ATGs)
identified to date. The detailed functions of these genes have
been widely discussed elsewhere;* herein, we will only provide a
brief summary of those proteins reported to be associated with
DC functions. They include a complex formed by UNC-51-like
kinase 1 (ULK1), ATG13, focal adhesion kinase family inter-
acting protein of 200 kD (FIP200) and ATG101 involved in the
initiation of the phagophore, the first nascent membrane
during autophagosome formation. The elongation of the
phagophore is controlled by two complexes. The first is a
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ubiquitin-like conjugation system formed by the El-like
enzyme ATG7-mediated binding of ATG12 and ATG5, which
later oligomerize with ATG16L under the control of the E2-like
enzyme ATG10. The second is formed by Beclin 1, phospha-
tidylinositol 3-kinase class III (PI3K), p150 and ATG14, simply
called the class III PI3K complex. Beclin 1 is recruited to this
complex after its dissociation from BCL-2 under the effect of
some autophagy inducers such as High-mobility group box 1
(HMGBL1). Ultimately, MAP1LC3B binds covalently to phos-
phatidylethanolamine to form lipidated LC3-II on the autop-
hagosomal membrane after a series of ubiquitin-like
conjugation reactions catalyzed by the El-like enzyme ATG7
and E2-like enzyme ATG3 (Figure 1). Notably, LC3 associates
as well to phagosomes during phagocytosis, which constitutes
an LC3-associated phagocytosis (LAP) pathway that is con-
sidered non-canonical autophagy.’> The LAP relevance in DC
biology has been reviewed and highlighted in several reports.>°
Here, we will focus on the involvement of canonical autophagy
in DC functions.

Autophagy was shown to be involved in DC functions at
several levels: DC maturation, triggers of DC maturation such
as Toll-like receptor (TLR) stimulation, antigen presentation,
cytokine production, DC migration and maturation and T-cell
activation. Herein, we will review, consecutively, the role of
autophagy and ATG proteins in these functional properties of
DCs (Figure 2 and Table 1).

ROLE OF AUTOPHAGY IN THE PHENOTYPIC
MATURATION OF DCS

DCs are distributed throughout the tissues of the body where
various stimuli can induce their maturation. DCs endure two
states of maturation morphologically, phenotypic and
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functional. The change from the latent (tolerogenic) state to
the activated one is associated with functional maturation and
an immunostimulatory phenotype. This type of maturation
occurs in response to DC activation by pathogen-associated
molecular patterns (PAMPs), the most well-characterized being
the TLRs. It involves the up-regulation of antigen presentation
and acquisition of the migratory potential, enabling cells to
migrate to secondary lymphoid tissues and interact with naive
T cells and trigger effector T-cell responses. A second state of
DC maturation, less characterized, occurs in the steady-state
where the up-regulation of major histocompatibility complex
class-II (MHC-II), co-stimulatory molecules and a series of
other genes is associated with DC migration to draining lymph
nodes to subsequently trigger regulatory T-cell responses to
maintain immune homeostasis and tolerance.?”

Various reports have associated autophagy with one or
several features of the complex DC maturational program as
summarized below.

During DC maturation, the Hsc/Hsp70 co-chaperone net-
work was shown to control the transient formation of DC
aggresome-like-induced structures (DALIS) by modulating
their autophagic degradation.”® In human DCs infected with
Bacillus Calmette-Guerin, autophagy stimulation by starvation
was reported to up-regulate the expression of CD86 and HLA-
DR, as well as the secretion of IL-10 and IL-6.%° In the context
of hapten-induced maturation of DCs, the skin sensitizer 1-
fluoro-2,4-dinitrobenzene was shown to modulate, via the
PERK-elFa-ATF4 pathway, the maturation of DC-like THP-
-1 cells through up-regulating the transcription of IL-8 while
blocking the transcription of CD86 and pro-inflammatory
cytokines IL-1pB, IL-12f, and CXL10. This was associated with
an ATF4-dependent induction of the transcription of autophagy-

Ubiquitin-like ATG7

conjugation system

ATG13 ATG101;

ULK1 complex

Autophagosome
formation

Class lll PI3K complex

Figure 1 Scheme of the autophagic machinery described in DCs. The dynamic assembly and interactions of ATG proteins are highlighted:
the ULK1 complex, class Il PI3K complex and ubiquitin-like conjugation systems for ATG5-ATG12-ATG16 complex and the recruitment of
LC3 to autophagosomal membranes. The thick arrows indicate trafficking routes, and the thin arrows indicate enzymatic reactions.
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Figure 2 Scheme describing the involvement of ATG genes in the functional aspects of DC maturation. Each step of DC functional
maturation is described with the ATG proteins reported to be involved in their regulation. See Table 1 for references. LN: lymph node;
MHC-II: major histocompatibility complex class IlI; PAMP: pathogen-associated molecular patterns; TCR: T-cell receptor; TLR: Toll-like

receptor.

Table 1 Direct evidence of the involvement of ATG proteins within DCs in their functions

ATG proteins Involvement in DC functions References
ATGH MHC-II-mediated presentation in herpes simplex virus-infected DCs 7
IFN-o and IL-12 secretion by pDCs under TLR7-mediated VSV recognition 8
TLR4 and TLR8-mediated responses in HIV-1-infected DCs 9
TLR7-mediated model of autoimmunity akin to systemic lupus erythematosus 10
NOD2-dependent bacterial trafficking and antigen presentation 1
Inhibition of MHC-I internalization and a subsequent minor CD8* T cell response 12
Cross-presentation of yellow fever vaccine antigen 13
IL-2 and IFN-gamma production by Toxoplasma gondii-reactive CD4* T cells 14
CD4+ T-cell activation in Herpetic stromal keratitis disease 15
MAP1LC3B TLR4- and TLR8-mediated responses in HIV-1-infected DCs 9
CD4+ T-cell activation by HIV-infected DCs 16
Expression of type | IFN, TNF, IL-6, and IL-12p40 in RSV-infected DCs 17
ATG7 NOD2-dependent bacterial trafficking and antigen presentation 1
Inhibition of MHC-I internalization and a subsequent minor CD8* T-cell response 12
Cross-presentation of soluble antigens in CD8* DCs 18
Cross-presentation of yellow fever vaccine antigen 13
IFN-« secretion by HIV-infected pDCs 19
ATG16L NOD2-dependent bacterial trafficking and antigen presentation 1
IL-10 production leading to lower T-cell proliferation 20
DC migration through modulation of their cytoskeleton 21
Down-regulation of CD86 and CD80 expression by DCs 22
Treg activation in @ model of human commensal Bacteroides fragilis infection 23
Beclin 1 Presentation of mycobacterial antigen Ag85B by MHC-II 24
Expression of type | IFN, TNF, IL-6, and IL-12p40 in RSV-infected DCs 17
Secretion of IL-6, TNF-a, IFN-B, IL-12p70 and IFN-y in BMDCs 25
CD4* T-cell activation by DCs during RSV infection %
CD4* T-cell proliferation by H1N1-infected BMDCs 25
16

ATG4 CD4+ T-cell activation by HIV-infected DCs
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related genes MAP1LC3B and ATG3.% Furthermore, mice with
ATGI6LI1 deficiency exert an increased expression of costimu-
latory molecules CD86 and CD80 in the DCs of a mouse
model of allogeneic hematopoietic stem cell transplantation.
This phenotype was probably due to decreased amounts of A20
observed in these DCs, which is a negative regulator of their
maturation.??

DC maturation during viral infection has also been asso-
ciated with autophagy. For example, blockade of autophagy in
bone marrow-derived DCs (BMDCs) infected with respiratory
syncytial virus (RSV) inhibited their maturation as assessed by
the expression of MHC-II and co-stimulatory molecules CD40,
CD80, and CD86.!7 Another example is the effects of autop-
hagy inhibition in plasmacytoid DCs (pDCs) infected with
paramyxovirus Simian Virus 5 SV5, where a decrease in CD80
expression was observed.’!

Autophagy can lead to reduced antigen presentation and DC
maturation during cancer chemothrapy.’? Regulatory T cells
(Tregs) also reduce the immunogenic maturation of DCs
through the inhibition of their autophagic machinery in
DCs.* Autophagy has been associated with the tolerogenic
maturation of DCs and was suggested to contribute to the
enhanced allograft survival during transplantation.>*

Overall, most reports with few exceptions support an
inhibitory role for autophagy in the immunogenic maturation
of DCs and a positive role in their tolerogenic maturation.
However, whether there is a specific maturation signature
under the control of autophagy in DCs or in selected DC
subsets has yet to be revealed.

AUTOPHAGY AND FUNCTIONAL PROPERTIES OF DCS
DC migration and autophagy

DCs are strategically situated throughout the organism to
respond to invading pathogens in tissues and maintain
tolerance in the steady state. Their migration is an important
feature for their recruitment to sites of challenge and their
traffic to secondary lymphoid organs where they communicate
with lymphocytes to coordinate adaptive immune responses.
Autophagy was very recently linked to some of the molecular
trafficking signals that govern the migration of DCs, as
discussed below.

The migration of DCs was found to be reduced when
infected with Orientia tsutsugamushi that, on the other hand,
was shown to activate autophagy in BMDCs.?! A more direct
role of autophagy in DC migration was provided by ATG16-
deficient DCs that showed reduced migration to lymph nodes
and increased cellular adhesion. This phenotype was due to a
defect in DC cytoskeletal modulation through the loss of
filopodia, altered podosome distribution, and increased mem-
brane ruffling. Using thiopurines that switch-off the hyper-
activation of the small Rho GTPase Racl occurring in these
autophagy-deficient DCs, the migratory potential of these DCs
was successfully restored.?! Given that thiopurines are com-
monly used drugs in the therapy of Crohn's disease and a
genetic risk factor exclusively associated with Crohn's disease is
a variant in ATGI6L1 that reduces autophagy, targeting
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autophagic pathway nodes may sustain potential drugs to
improve DC migration in a disease context where their
involvement becomes crucial. Therefore, autophagy in DCs
seems to control their migration through the modulation of
their cytoskeleton.

TLR signaling and autophagy

TLRs are in either plasma membranes or endosomal-lysosomal
membranes. Both types of membranes are involved in autop-
hagic vesicle trafficking.>> Thus, it is not surprising that the
pathways that emanate from the activation of TLRs are
associated with autophagy alteration and vice versa.

The first evidence of autophagy crosstalk with TLR signaling
was shown in primary human and murine macrophages.>®
Next, autophagy involvement in the TLR-mediated immune
response in DCs was provided by a study showing the
requirement of autophagy in the recognition of viral PAMPs
by TLR7 and their transport to the lysosomes in pDCs that
uniquely express this TLR.® Similar observations reported a
dramatic drop in the TLR4- and TLR8-mediated responses in
autophagy-deficient DCs stimulated with lipopolysaccharide
(LPS) and ssRNA.? This upstream regulation of TLR signaling
by autophagy was very recently verified in a disease context
where a loss of autophagy in DCs slowed a TLR7-mediated
model of autoimmunity akin to systemic lupus
erythematosus.'”

Autophagy not only acts upstream of TLR signaling but can
also be regulated by TLR stimulation. For example, TLR4
stimulation in DCs was recently shown to inhibit autophagy as
a consequence of mTORCI activation.’” However, combina-
torial stimulation of TLR4 and nucleotide-binding oligomer-
ization domain-containing-2 (NOD2) in DCs was shown to
activate autophagy,®® suggesting that the previously reported
NOD2 impact on autophagy activation®® is predominant over
TLR4 stimulation.

Taken together, while autophagy was shown to impact
downstream signaling through some TLRs (TLR-4, -7 and
-8), its regulation by TLR signaling is less clear.

Cytokine production and autophagy

Autophagy 1is triggered by several environmental burdens,
including cytokines. Moreover, autophagy can itself regulate
the production of cytokines. The bi-directional interactions
between cytokines and autophagy have been thoroughly
reviewed.*’ Herein, we will review some of the latest updates
on the interplay of autophagy and cytokines secreted from and
to DCs.

Regulation of cytokine production by autophagy. Autophagy
was reported to be either positively or negatively involved in
the production of pro- (but also anti-) inflammatory cytokines
by DCs especially in the context of viral infection. Efficient viral
immunity is attained by the massive production of the cytokine
interferon alpha (IFN-a). This cytokine is massively secreted
upon exposure of pDCs to the y-herpes virus Epstein-Barr
virus (EBV), human immunodeficiency virus type 1 (HIV-1),
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vesicular stomatitis virus (VSV) and paramyxovirus Simian
Virus 5 SV5 by a mechanism requiring the autophagic
machinery following TLR7/9 signaling.®!*314! Notably, non-
canonical autophagy has also been shown to regulate IFN-«
production by pDCs upon TLR9 stimulation.*? Furthermore,
BMDC infection with RSV was shown to induce the expression
of the innate cytokines type I IFN, tumor necrosis factor
(TNF), interleukin-6 (IL-6) and interleukin-12 (IL-12) p40 in
an autophagy-dependent way, leading to subsequent T-cell
activation.!” The CD4" T-cell-mediated production of the
cytokines IL-2 and IFN-y upon parasitic infection with
Toxoplasma gondii was shown to require ATG5 but not
ATG7 in DCs.* In addition to these pro-inflammatory
cytokines, the production of the immunosuppressive cytokine
IL-10 was also revealed to be inhibited by the blockade of
autophagy either pharmacologically or by ATG16L1 knock-
down in DCs generated from human peripheral blood mono-
nuclear cells (PBMCs), leading to increased T-cell
proliferation.?’ By contrast, Tregs were shown to inhibit the
autophagic machinery of DCs, leading to the improvement of
autoimmune responses.’®> Although contradictory, these data
reveal a potential role of autophagy in DCs to control immune
tolerance.

On the other hand, autophagy was also reported to inhibit
interleukin-1f (IL-1f) production in BMDCs stimulated with
LPS with ATP or alum by targeting pro-IL-1f for lysosomal
degradation and by retaining the NLRP3 inflammasome
activity.> Haploinsufficiency of an essential autophagy protein,
Beclin 1, which forms part of the class III PI3K complex
involved in the early stages of autophagosome assembly, caused
lower secretion of IL-6, TNF-a, IEN-, IL-12p70 and IFN-y in
BMDCs.?> Furthermore, low autophagic activity and high
release of IL-10, IL-6 and IL-23 were associated with DC
exposure to Kaposi’s sarcoma-associated herpesvirus
(KSHV).** However, to the best of our knowledge, whether
autophagy inhibition is responsible for the release of these
cytokines was not explored.

Regulation of autophagy by cytokine production. We now know
that many cytokines are potent inducers of autophagy in
macrophages through studies on the role of autophagy in the
macrophage response to Mycobacterium tuberculosis. However,
very little is known about how this occurs in DCs. One of the
best-characterized cytokines secreted by mature DCs is
HMGB1. When secreted from mature DCs, this leaderless
cytokine promotes T-cell and B-cell responses. When secreted
from activated natural killer cells, it promotes DC maturation
during the afferent immune response.*> Within the cytosol,
HMGBI promotes autophagy by releasing the essential autop-
hagic gene Beclin 1 from its BCL-2 complex.*® However,
whether HMGBI1 regulates DC maturation by altering its
autophagic levels remains to be elucidated.

In summary, a tight inter-regulation between cytokine
production and autophagy in DCs allows them to perform
their immune functions in both immunogenic and tolerogenic
scenarios.
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Antigen presentation and autophagy

The defining function of DCs as antigen-presenting cells is to
internalize antigens and present antigen-derived peptides to
T cells. A pioneering study showed that DCs exhibit a mild
lysosomal proteolysis that retains antigens in lymphoid organs
for extended periods and favors their presentation at the
appropriate time.** This observation highlights the peculiarity
of DCs regarding the lysosomal degradation of their autophagic
substrates that used to be exogenous antigens. DCs present
endogenous and exogenous antigens to CD8% T and CD4*
T cells through the formation of MHC class-I and class-I1,
respectively. Nevertheless, extracellular proteins can be pre-
sented by MHC-I by a process called cross-presentation. Strong
evidence has highlighted the critical role of autophagy in
MHC-II-mediated antigen presentation and, to a lesser extent,
in MHC-I antigen presentation and cross-presentation. The
antigen processing and presentation by autophagy in DCs has
been thoroughly reviewed elsewhere;*” herein, we will sum-
marize the latest developments in this topic with a special
emphasis on canonical autophagy.

MHC-II-mediated antigen presentation and autophagy. MHC-
II presentation of both self and non-self antigens was reported
to require the autophagic machinery in DCs. Regarding self-
antigens, autophagy was shown to be critical for MHC-II
mediated presentation of citrullinated peptides to CD4* T
cells,*® highlighting the potential involvement of DC autophagy
in autoimmunity. Regarding cancer and pathogenic antigens,
tumor, viral and bacterial antigens were shown to be processed
intracellularly for MHC-II presentation to CD4" T cells via
autophagy in DCs. For example, efficient presentation of the
tumor antigen Mucin gene 1 on MHC-II by DCs requires
lysosomal proteolysis through autophagy.*® The mycobacterial
antigen Ag85B was also shown in vivo to require autophagy for
its efficient presentation by MHC-IL?* Furthermore,
autophagosome-targeted influenza matrix protein 1 led to their
MHC-II presentation to CD4" T cells®® and herpes simplex
virus phagosomal antigens also need to be targeted to
autophagosomes for CD4% T-cell activation through MHC-
II-mediated presentation.” DCs infected with human immu-
nodeficiency virus (HIV) and influenza virus were shown to
not process MHC-II-restricted antigens independently of
autophagy but to target their antigens to autophagosomes to
favor MHC-II-restricted presentation and consequently trigger
CD4" T-cell responses.'®! Conversely, a protein of Mycobac-
terium  tuberculosis, PE_PGRS47, was shown to suppress
autophagy and, consequently, MHC-II-restricted antigen pre-
sentation by mycobacteria-infected DCs, leading to its escape
from host immune responses.>> Thus, the use of autophagy by
infected DCs for or against the MHC-II restricted response
may vary depending on the pathogen.

MHC-II presentation of extracellular (phagocytosed)
antigens

Non-canonical autophagy plays an important role in the
MHC-II-dependent presentation of phagocytosed antigens.



The LAP pathway was shown to stabilize phagocytosed antigens
for prolonged MHC-II antigen presentation.”> ATG5 deletion
in DCs caused defects in the processing and MHC-II presenta-
tion of phagocytosed ovalbumin-coated beads,” and LC3
deletion impaired the recruitment of MHC-II molecules to
phagosomes and presentation of fungal-derived antigens to
CD4 T cells.>*

MHC-I-mediated antigen presentation and autophagy. Most of
the peptides presented by MHC-I are derived from proteins
processed by the ubiquitin-proteasome system (UPS) and then
are transferred to the endoplasmic reticulum through the
transporter associated with antigen processing (TAP). When
autophagy is limited, some of its substrates, such as defective
ribosomal products (DRiPs), accumulate in aggresome-like-
induced structures (ALIS) and are subsequently presented by
MHC-I after UPS-mediated processing.®> Through the mod-
ulation of DALIS formation, the co-chaperones— CHIP,
BAG-1 and HspBP1—which regulate the interplay of Hsc70
and Hsp70 with UPS and autophagy, were shown to alter
MHC-I-mediated antigen presentation in DCs.?® Autophagy
was also shown to retain MHC-I internalization, leading to a
lower stimulation of CD8% T-cell responses.'? Recent reports
have implicated a more direct role for autophagy in antigen
presentation via MHC-I during viral infection through the
non-classical TAP-independent presentation.’® However, the
molecular mechanisms by which DCs by-pass the conventional
MHC-I pathway to favor autophagic/lysosomal trafficking
needs to be elucidated because it may be a key system to
circumvent viral evasion that mainly targets the conventional
UPS pathway. In this context, Herpes simplex virus 1 was
recently suggested to impair DC ability to stimulate CD8 T cells
by interfering with autophagic machinery through its viral
protein ICP34.5.%7

Cross-presentation and autophagy. The involvement of autop-
hagy in the cross-presentation of antigens by DCs is con-
troversial. Whereas the cross-presentation of viral peptides on
MHC-I has been shown to remain intact after autophagy
deletion in DCs,’ in other contexts, cross-presentation has been
shown to be dependent on autophagy,’>® including conju-
gated antigens to a-alumina nanoparticles in BMDCs,> cells
from patients with primary immunodeficiency chronic granu-
lomatous disease (CGD) that lack phagocyte oxidase activity,*’
and during yellow fever vaccination.'® Importantly, certain DC
subsets seem to be particularly efficient at cross-presentation,
namely, mouse CD8a-type DC (DC1) and their human
counterpart CD1a™ DC.%! Villadangos and colleagues recently
showed that the human CD1a* subset and mouse DC1 subsets
display high autophagic activity, which contributes to efficient
cross-presentation of soluble antigens but not that of cell-
associated antigen or antigen internalized via receptor-
mediated endocytosis.'® However, the contribution of autop-
hagy in this study was assessed by ATG7 deletion in CD11c*
DCs that comprise conventional DCs with and without cross-
presentation activity. Hence, more specific deletion of ATG
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genes DCs specialized in cross-presentation is essential to
discern the specific role of autophagy and exclude the possible
intervention of other DC subsets in the regulation of this
process. Importantly, a very recent study showed the contribu-
tion of autophagy in cross-presentation in murine CD8a+ DCs
through VPS34, a subunit of the class III PI3K complex
involved in autophagic trafficking.®?> However, in this study,
the VPS34 deletion was not specific to the CD8a+ DC subset.

Overall, DCs use the autophagic machinery to orchestrate
T-cell responses by optimizing antigen processing and MHC-II
presentation, as well as compromising MHC-I-restricted anti-
gen presentation or enhancing some viral antigen presentation
via MHC-I. Regarding the role of autophagy in antigen cross-
presentation by DCs, it depends on the subset of DCs involved
and nature of antigens exposed.

DC-mediated T-cell activation and autophagy

Autophagic activity in DCs is necessary for their ability to
activate T cells. When stimulated by TLR4 and NOD2, BMDCs
were shown to prime CD4" T and CD8' T cells in an
autophagy-dependent way as judged by their ability to pro-
liferate and secrete IFN-y.® Additionally, pharmacological
inhibition of autophagy in BMDCs infected with RSV attenu-
ated the production of the cytokines IL-17 and IFN-y by CD4*
T cells.!” In agreement with this report, Beclin 1 was shown to
be crucial for IFN-y and IL-17 production by co-culturing
CD4* T cells and to negatively regulate the production of Th2
cytokines IL-5 and IL-13 during RSV infection.?® In line with
the requirement of autophagy for DC-dependent CD4* T-cell
activation in viral infections, Beclin 1 haploinsufficiency in
BMDCs infected with influenza A HIN1 virus decreased
allogeneic CD4" T-cell proliferation and induced CD4*
Foxp3™ regulatory T-cell differentiation, allowing HIN1 virus
replication.?

Atgl6L1-deficient mice demonstrate higher proliferation of
CD4*, CD8", and TCRy&" T cells due to increased DC
numbers and costimulatory molecule expression.”> However,
autophagy inhibition (by pharmacological inhibition or
Atgl6L1 knockdown) in DCs co-cultured with T cells and
colonic epithelial cells resulted in lower IL-10 production by
DCs, leading to significantly more T-cell proliferation.?’ This
finding suggests that autophagy in intestinal DCs may drive an
opposite response in T-cell activation compared with that in
other tissues. Importantly, during the development of the
infectious disease Herpetic stromal keratitis, autophagy in
DCs was shown to be an important pathway for CD4* T-cell
activation, subsequently leading to pathological corneal
inflammation.!”

Overall, several lines of experimental evidence have shown
the requirement of autophagy in DC-mediated activation of
T cells. This general observation is probably a consequence of
the autophagy involvement in DC maturation as explained in
the section above.

Activation of Tregs. Using ATGIl6L1-deficient murine
BMDCs, non-canonical autophagy (ATG16L1, ATGS5, and
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ATG7-dependent and Ulk1, Fip200, or Atgl4-independent®®)
was found to be required to activate Tregs for the suppression
of mucosal inflammation caused by the human commensal
Bacteroides fragilis.>> Mechanistic studies have revealed that,
for the protection of allograft rejection, the induction of
tolerogenic DC generation that results in a higher produc-
tion of CD25% Foxp3* Treg cells was associated with
enhanced autophagy in the cardiac allograft.’* According to
these two pioneering studies, autophagy may gain importance
in the context of tolerance to drive the DC phenotype to
tolerogenic functions. However, more mechanistic insights and
in vivo experimental evidence are required to support this
concept.

CONCLUSIONS AND PERSPECTIVES

In conclusion, several features of autophagy in DCs impact
their immune functions within innate and especially adaptive
immune response. Autophagy was recently shown to be
indirectly or directly involved in the tolerogenic and immuno-
genic functions of DCs depending on the physiological context
and micro-environment. Most of these studies rely on models
with general deficiency of ATG genes. Given the complexity
and divergence of DC subsets, targeting autophagic pathways in
specific DC subsets will provide insight into the plasticity of DC
functions. By taking advantage of autophagy inducers and
inhibitors,®* the therapeutic correction of DC deregulation
during infection and the anti-tumor immune response would
be feasible.

One of the most important clinical contributions of DCs is
their use in anti-cancer vaccination. Although they have been
employed for nearly two decades in clinical trials for ther-
apeutic vaccination against cancer, the tumor-induced toler-
ance renders those vaccinations ineffective with rates rarely
exceeding 15%. Understanding how autophagy works in
tolerogenic DCs in cancer will provide insights into potential
strategies to overcome tumor-induced tolerance in DC vacci-
nation approaches.
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