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ABSTRACT
Macroautophagy/autophagy has been implicated in cytoplasmic and viral antigen presentation on
major histocompatibility complex (MHC) class II molecules. However, the role of autophagy in the
presentation of phagocytized tumor-associated antigens in vivo remains unclear. Following the admin-
istration of apoptotic tumor cells and in vivo chemotherapy, mice with a dendritic cell–specific deletion
of Atg5, a key autophagy gene, exhibit reduced CD4+ T-cell priming but not CD8+ cytotoxic T-cell
priming. Interestingly, Atg5-deficient dendritic cells have an elevated expression of scavenger receptor
CD36 and show excessive lipid accumulation. Atg5-deficient dendritic cells increased CD36-dependent
phagocytosis of apoptotic tumor cells. CD36 blockade ameliorates elevated phagocytosis and increases
CD4+ T-cell priming in dendritic cells; intratumoral CD36 blockade inhibits tumor growth. Our results
demonstrate that Atg5 is required for proper antigen phagocytosis and presentation to MHC class II via
modulation of CD36 in dendritic cells and may be a future therapeutic target for anti-tumor therapy.

Abbreviations: APC: antigen-presenting cell; ATG: autophagy-related; BMDC: bonemarrow–derived dendritic
cell; BODIPY: 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene; CSFE: carboxyfluorescein diace-
tate succinimidyl ester; DAPI: 4ʹ,6-diamidino-2-phenylindole; IFNG/IFN-γ: interferon gamma; MAP1LC3/LC3:
microtubule-associated protein 1 light chain 3; MHC: major histocompatibility complex; NLDC: neonatal
liver–derived dendritic cell; PDCD1/PD-1: programmed cell death 1; PI: propidium iodide; PtdIns3K: class III
phosphatidylinositol 3-kinase; PtdIns3P: phosphatidylinositol 3-phosphate; SERPINB/OVA: serine (or cysteine)
peptidase inhibitor, clade B; TIMD4/TIM-4: T cell immunoglobulin and mucin domain containing 4
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Introduction

Macroautophagy is a catalytic process and conserved pathway
found in almost all eukaryotic species that transport cytoplasmic
substrates for lysosomal degradation [1]. Autophagy-related
(ATG) proteins generate a double-membrane vesicle called the
autophagosome [2]. In addition to its function of homeostasis,
this autophagic process is used by antigen-presenting cells to
present intracellular, endocytic, or phagocytic material on major
histocompatibility complex (MHC) class II molecules to CD4+

T cells [3]. Although several studies report the roles of ATGs
involved in the presentation of MHC class II antigens such as
viral infections or central nervous systemdiseases, the roles ofAtgs
in anti-tumor immune responses remain largely unknown [4,5].

Autophagy is involved in the regulation of tumor immunity in
both tumor cells and immune cells. Previous studies suggest that
tumor cells undergo autophagy to disrupt tumor immune surveil-
lance or anti-tumor immunity [6]. In addition, a recent study
revealed that Atg5 in myeloid cell compartments contribute to
tumor progression and metastasis [7]. However, little is known
about the roles of Atg5 in dendritic cells in the generation of anti-
tumor immunity.

Apoptotic tumor cells are the most significant tumor antigens
produced by chemotherapy and radiotherapy and help generate
the anti-tumor T-cell response [8]. In addition, apoptotic tumor
cells are major phagocytic antigens in the generation of anti-
tumor T-cell responses [9]. Current studies indicate that ATGs
are associated with the regulation of phagocytosis [10]. The
ATG12–ATG5-ATG16L1 complex is involved in the conjugation
of microtubule-associated protein 1 light chain 3 (MAP1LC3/
LC3) to the phagophore membrane. Moreover, LC3-associated
phagocytosis is a non-canonical autophagy where LC3 is conju-
gated to phagosomal membranes using the canonical autophagy
machinery [11]. In addition, antigens with Toll-like receptor
signals and live or apoptotic cell debris were processed in LC3 to
phagosomes, resulting in a more rapid degradation in lysosomes
[12]. Another study shows that autophagy modulates phagocyto-
sis by regulating the expression of scavenger receptors [13].
Although several studies have demonstrated the link between
phagocytosis and the autophagic process, little is known about
the roles of ATG5 in the processing and antigen presentation of
phagocytic apoptotic tumor cells and the links between scavenger
receptors, which are important for apoptotic tumor cell clearance
and antigen presentation in dendritic cells.
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Here, we used apoptotic tumor cells to investigate the roles of
ATG5 in anti-tumor T-cell activation. Our in vivo results
showed that ATG5 is required for activation of tumor antigen-
specific CD4+ T cells but not for activation of CD8+ cytotoxic
T lymphocytes. Furthermore, ATG5 was required for the prim-
ing of anti-tumor CD4+ T-cell responses in ITGAX/CD11c+

dendritic cells. Atg5 deficiency promoted increased phagocytosis
of apoptotic tumor cells and induced excessive lipid accumula-
tion in dendritic cells. Moreover, increased phagocytosis of
apoptotic tumor cells in Atg5-deficient dendritic cells was due
to the increased expression of scavenger receptor CD36. The
blockade of CD36 ameliorated elevated phagocytosis of apopto-
tic tumor cells and increased CD4+ T-cell priming in Atg5-
deficient dendritic cells. Moreover, intratumoral CD36 blockade
remarkably suppressed tumor growth.

Results

Atg5 deficiency reduces anti-tumor CD4+ T-cell priming

The generation of anti-tumor immunity was based on the
recognition of dead or apoptotic tumor cells caused by immu-
nological cell death in antigen-presenting cells (APCs) [14].
Tumor-specific T cells induced by APCs in tumor-draining
lymph nodes and infiltrated into the tumor mass directly or
indirectly killed tumor cells, subsequently promoting tumor
mass reduction. To understand the function of Atg5 in anti-
tumor immunity, we generated hematopoietic cell-specific
Atg5-deficient chimera mice because the lack of the Atg5
gene is known to be neonatally lethal in mice [15].
Reconstitution of atg5 knockout mice in the hematopoietic
compartment was successfully established 8 weeks after chi-
merism was detected (Figure S1). To examine the role of Atg5
in T-cell immune response against tumor cells, we employed
the adaptive immune response tumor-bearing mice model
induced by oxaliplatin, which is known to induce immunolo-
gical cell death in tumor cells and induce adaptive T-cell
immunity [16]. Oxaliplatin was intraperitoneally injected
into the serine (or cysteine) peptidase inhibitor, clade
B (SERPINB/OVA)–expressing EL4 (EG7) tumor-bearing
Atg5+/- or atg5−/- chimeras to induce apoptosis and degrada-
tion of tumor cells in vivo. After 5 days of systemic che-
motherapy, isolated CD4+ and CD8+ T cells from tumor-
draining lymph nodes were re-stimulated with SERPINB/
OVA protein. Our results showed that interferon gamma
(IFNG/IFN-γ) production from CD4+ T cells is significantly
reduced in atg5−/- chimeras while IFNG/IFN-γ production
from CD8+ cytotoxic T cells is not affected (Figure 1(a,b)).

Next, to confirm our results, we used another mice model with
irradiated tumor cells to monitor anti-tumor T-cell immune
responses. Apoptotic or dead tumor cells produced by tumor
radiotherapy serve as the major source of tumor-associated anti-
gens for APCs to activate T cells. Apoptotic tumor cells, which are
induced by 4000 rad γ-ray irradiation and 48 h incubation, were
used as the source of the tumor-associated antigens (Figure S2).
CFSE-labeled OT-II T cells (SERPINB/OVA-specific CD4+

T cells) receptor were adoptively transferred into Atg5+/+ or
atg5−/- chimeras, apoptotic EG7 cells were injected subcuta-
neously into the footpad of each chimera, and CD4+ T-cell

proliferation was assessed by CFSE dilution. We found that the
proliferation of OT-II cells is significantly reduced in atg5−/-

chimeras (Figure 1(c,d)). To test whether Atg5 is required for
tumor antigen presentation by dendritic cells, we crossed Atg5flox/
flox mice with ITGAX/CD11c-Cre+mice (ITGAX/CD11c-atg5−/-),
which are selectively defective for autophagy in dendritic cells.We
assessed chemotherapy-induced IFNG/IFN-γ production by
CD4+ T cells in the tumor-draining lymph nodes after systemic
oxaliplatin treatment. Our results demonstrate that IFNG/IFN-γ
production of CD4+ T cells is reduced in ITGAX/CD11c-atg5−/-

mice (Figure 1(e)). After CFSE-labeled OT-II T cells were adop-
tively transferred into ITGAX/CD11c-atg5−/-mice, apoptotic EG7
cells were injected subcutaneously into each mouse, and T-cell
proliferation was monitored by CFSE dilution. The proliferation
of OT-II cells was significantly reduced in ITGAX/CD11c-atg5−/-

mice (Figure 1(f)). However, when cognitive peptide
SERPINB/OVA323-339 pulsed to Atg5f/f or ITGAX/CD11c-atg5−/-

splenic dendritic cells, OT-II T-cell priming activity was compar-
able (Figure S3), suggesting that the intracellular MHC class II
presentation pathway of apoptotic tumor cells is affected by Atg5
deficiency in dendritic cells.

Taken together, these results indicated that Atg5 is essential
for the activation of tumor antigen–specific CD4+ T cells but
dispensable for CD8+ cytotoxic T lymphocyte activation
in vivo. Moreover, these results demonstrate that Atg5 is
required for tumor antigen presentation by dendritic cells to
prime anti-tumor CD4+ T-cell responses.

Atg5 deficiency does not affect MHC-I antigen
presentation

Although the results of our previous experiment indicated
that Atg5 is not involved in CD8+ T-cell priming for apoptotic
EG7 antigen in dendritic cells, several reports have shown that
autophagy is involved in CD8+ T-cell activation through
cross-presentation [17]. To test whether autophagy affects
CD8+ T-cell priming of MHC class I antigen presentation of
the apoptotic tumor cell in dendritic cells, we first generated
bone marrow–derived dendritic cells (BMDCs) and treated
them with LY294002, a class III phosphatidylinositol 3-kinase
(PtdIns3K) inhibitor known to be an autophagy inhibitor.
Then, we co-cultured them with apoptotic tumor cells and
OT-I T cells, and IFNG/IFN- γ production in the superna-
tants was measured with ELISA. The results showed that
IFNG/IFN-γ production is significantly decreased in
LY294002-treated BMDCs (Figure 2(a)). However, we found
no difference in IFNG/IFN-γ production between the Atg5+/-

or atg5−/- neonatal liver–derived dendritic cells, OT-I T cells,
and apoptotic EG7 co-culture (Figure 2(b)). Finally, we used
a 25-D1.16 antibody, which recognizes SERPINB/OVA-
derived peptide SIINFEKL bound to MHC class I molecule
H-2Kb, to evaluate APCs. The results showed that SIINFEKL
presentation in MHC class I is comparable between Atg5+/- or
atg5−/- neonatal liver–derived dendritic cells (NLDCs) and
apoptotic EG7 co-culture (Figure 2(c,d)). Thus, in MHC
class I antigen presentation of apoptotic tumor cells,
CD8 + T-cell priming was unimpaired by Atg5 deficiency in
dendritic cells.
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Comparable Atg5-deficient dendritic cell infiltration into
tumor mass

Next, we examined the role of Atg5 in dendritic cell migration
and tumor infiltration. Tumor-infiltrated dendritic cells play
roles in the regulation of tumor regression or growth and in
tumor antigen presentation [18]. In addition, recent research
shows that lysosome biogenesis factor transcription factor EB
(TFEB), a critical transcription factor for autophagosome

generation, controls the migration of dendritic cells [19]. To
test whether Atg5 affects the infiltration of dendritic cells into
a tumor mass, we subcutaneously inoculated Atg5f/f control
mice or ITGAX/CD11c-atg5−/- mice with live EG7 cells. The
frequency and number of dendritic cells in tumor-draining
lymph nodes and tumor mass were measured by flow cyto-
metry 15 days after tumor injection. The dendritic cells of the
lymph nodes were divided into migratory (CD3− CD19−

Figure 1. Impaired anti-tumor CD4+ T-cell priming in Atg5-deficient dendritic cells. (a) Experimental scheme for B. (b) Atg5± or atg5−/- chimera mice were inoculated
subcutaneously with live EG7 cells on day 0. The mice were treated with systemic oxaliplatin on day 8. On day 13, CD4+ T cells and CD8+ T cells from draining lymph
nodes were co-cultured with wild-type splenocytes as antigen-presenting cells in the presence or absence of SERPINB/OVA protein for 72 h. Concentrations of IFNG/
IFN-γ in the culture medium were measured by ELISA. Mean concentrations are presented with standard deviations (ND: not detected; Student’s t-test, **P < 0.01).
Data are representative of 3 independent experiments. (c) Experimental scheme for D. (d) CFSE-labeled OT-II CD4+ T cells were adoptively transferred into Atg5+/- or
atg5−/- chimeras on day −1, and then apoptotic EG7 cells were injected into the footpads of mice on day 0. After 64 h, CFSE dilution was measured with flow
cytometry. Data are representative of 2 independent experiments. (E) Atg5f/f or ITGAX/CD11c-atg5−/- mice were treated with systemic oxaliplatin 8 days after live EG7
subcutaneous inoculation. After 5 days of oxaliplatin treatment, CD4+ T cells from draining lymph nodes were co-cultured with wild-type splenocytes as antigen-
presenting cells in the presence or absence of SERPINB/OVA protein for 72 h. Total amount of IFNG/IFN-γ in the culture supernatant was measured by ELISA. Mean
concentrations are presented with SDs (Student’s t-test; ***P < 0.001). Data are representative of 3 independent experiments. (F) CFSE-labeled OT-II CD4+ T cells were
adoptively transferred into Atg5f/f or ITGAX/CD11c-atg5−/- mice on day −1, and γ-ray–irradiated EG7 were then injected into the footpads of mice on day 0. CFSE
dilution was measured by flow cytometry 64 h after irradiated EG7 injection. Data are representative of 3 independent experiments.
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MHCIIhigh ITGAX/CD11c+) and resident (CD3− CD19−

MHCII+ ITGAX/CD11c+) dendritic cells. We found no sig-
nificant difference in the frequency or cell number between
migratory or resident dendritic cells in tumor-draining lymph
nodes (Figure 3(a,b)) or tumor-infiltrated dendritic cells
(Figure 3(c,d)). Although previous studies have suggested
the possibility of a link between autophagy and dendritic cell
migration, our results suggest that the Atg5 gene deletion in
dendritic cells does not affect dendritic cell tumor infiltration.

Increased phagocytosis in Atg5-deficient dendritic cells

Our results indicate that the deletion of the Atg5 gene in
dendritic cells reduces the immune response of CD4+

T cells, without affecting the ability of tumor infiltration or

migration in dendritic cells. To explain the underlying
mechanism of these phenotypes, we examined the possibility
that MHC class II presentation is reduced by impaired pha-
gocytosis of tumor-associated antigens. MHC class II presen-
tation and CD4+ T-cell priming can be inappropriately
induced when less or more tumor-associated antigens are
phagocytosed [20]. To examine phagocytosis ability in Atg5-
deficient dendritic cells, Atg5+/- or Atg5−/- BMDCs were co-
cultured with DiI-labeled apoptotic EG7 cells, and phagocy-
tosis were measured with flow cytometry. Unexpectedly, our
results showed that Atg5 deficiency increases the phagocytosis
of apoptotic tumor cells in dendritic cells while the ability to
uptake the fluorochrome-labeled latex beads remain intact
(Figure 4(a–d)). In addition, the kinetics of phagocytosis
confirmed that the phagocytosis of apoptotic cells increases

Figure 2. Effect of Atg5 deficiency and PtdIns3K inhibitor treatment on CD8+ T-cell priming and MHC class I presentation. (a) Wild-type BMDCs were pre-incubated
with LY294002 and then co-cultured with irradiated EG7 cells and OT-I CD8+ T cells. Concentrations of IFNG/IFN-γ in the culture medium were measured by ELISA.
Mean concentrations are presented with standard deviations (Student’s t-test; *P < 0.05). Data are representative of 3 similar independent experiments. (b) Atg5± or
atg5−/- NLDCs were co-cultured with irradiated EG7 cells and OT-I CD8+ T cells. After 72 h, concentrations of IFNG/IFN-γ in supernatant were measured by ELISA. Data
are representative of 3 similar experiments. (c) Atg5+/- or atg5−/- NLDCs were co-cultured with irradiated EG7 cells. After 24 h, SERPINB/OVA-specific MHC class
I antigen presentation was measured by antibody for SERPINB/OVA257-264 (SIINFEKL) peptide bound to H-2Kb. (d) Dot graph showing data pooled from 4 independent
experiments. Error bars indicate the standard error of the mean.
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from 30 min to 3 h in Atg5-deficient dendritic cells
(Figure 5(a,b)). However, intracellular degradation activity in
Atg5-deficient dendritic cells was comparable to that in wild-
type cells (Figure 5(c)). To determine the phagocytosis of
apoptotic tumor cells also affected by other Atgs such as
Atg7 or Atg16l1 in dendritic cells, we transfected Atg7 or
Atg16l1 siRNA to BMDCs, and phagocytosis were monitored
with flow cytometry. We found that Atg7 or Atg16l1

knockdown does not affect the phagocytosis of apoptotic
tumor cells (Figure S4). Our data suggest that regulation of
phagocytosis of apoptotic tumor cells is a unique role of Atg5
in dendritic cells.

Next, we confirmed these results in vivo. Migratory dendritic
cells phagocytose tumor-associated antigens, directly transport
them into draining lymph nodes, and present the tumor antigen
to the T cells [21]. In addition, tumor-associated antigens are

Figure 3. Comparison of dendritic cell DC infiltration into tumor mass. Atg5f/f or ITGAX/CD11c-atg5−/- mice were inoculated subcutaneously with live EG7 cells.
Dendritic cells in the tumor-draining lymph nodes (a) or tumor-infiltrated dendritic cells (c) were analyzed with flow cytometry 15 days after tumor inoculation.
(b and d) Dot graph showing the frequency and absolute cell number of dendritic cells. Data are representative of 3 similar experiments.
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Figure 4. Increased phagocytosis of apoptotic tumor cells in dendritic cells. (a and b) Atg5f/f or ITGAX/CD11c-atg5−/- BMDCs were co-cultured with DiI-labeled
apoptotic EG7 cells for 3 h (a) or fluorochrome-labeled latex beads for 1 h (b). Uptake of DiI-labeled apoptotic tumor cells by BMDCs was determined by flow
cytometry (c and d). Graph showing the frequency of phagocytosis in DiI-labeled apoptotic tumor cells (c) or latex beads (d) of dendritic cells (Student’s t-test;
**P < 0.01). The results shown are representative of 3 similar independent experiments. (e) The footpads of Atg5f/f or ITGAX/CD11c-atg5−/- mice were injected with
DiI-labeled apoptotic EG7 cells. After 24 h, the draining lymph node was isolated and phagocytosis of apoptotic tumor cells in migratory (ITGAX/CD11c+ MHC class
IIhi) or resident dendritic cells (ITGAX/CD11c+ MHC class IIint) was monitored by flow cytometry. (f) Dot graph showing the frequency of DiI-positive dendritic cells in
the draining lymph nodes (4 mice per group; Student’s t-test; **P < 0.01). Data are representative of 3 similar independent experiments.
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drained via lymphatic flow, are captured by resident dendritic
cells in draining lymph nodes, and are presented to the T cells.
This suggests that both resident and migratory dendritic cells in
the lymph nodes have the ability to phagocytose tumor antigens
in vivo. To verify this implication, DiI-labeled apoptotic tumor
cells were injected into the footpads ofAtg5f/f or ITGAX/CD11c-
atg5−/- mice, and after 24 hours, draining lymph nodes was
isolated and analyzed with flow cytometry. We found that the
phagocytosis of apoptotic tumor cells was increased inmigratory
dendritic cells but not in resident dendritic cells of ITGAX/
CD11c-atg5−/- mice (Figure 4(e,f)). In summary, our results
show that Atg5 deficiency promotes increased phagocytosis of
apoptotic tumor cells in migratory dendritic cells, which are the
major dendritic cell type to drive anti-tumor T-cell responses.

Upregulated scavenger receptor in Atg5-deficient
dendritic cells

A recent study demonstrated that Atg7 deficiency enhances pha-
gocytic function and increases susceptibility to Mycobacterium
tuberculosis infection in macrophages [13]. This research showed

that Atg7 regulates phagocytosis by upregulating scavenger recep-
tor expression and increasing the activity of NFE2L2 (nuclear
factor, erythroid derived 2, like 2). Scavenger receptors are
involved in complex events such as phagocytosis, antigen presen-
tation, and the clearance of apoptotic cells [22]. Among them,
CD36 is known to be expressed in dendritic cells and associated
with phagocytosis of apoptotic cells [23]. We found that Atg5
deficiency promotes an increase of surface CD36 expression in
Atg5f/f or ITGAX/CD11c-atg5−/-mice. Our flow cytometry results
showed that surface CD36 expression was elevated in migratory
dendritic cells of the lymph nodes (Figure 6(a,b) and in tumor-
infiltrated Atg5-deficient dendritic cells in EG7-bearing mice
Figure 6(c,d)). Our results suggest that Atg5 controls scavenger
receptor CD36 expression in dendritic cells.

Lipid accumulation in Atg5-deficient dendritic cells

Scavenger receptor CD36 is not only an important receptor
for phagocytosis apoptotic cells but also an important
receptor for lipid uptake in the steady state in dendritic
cells [24]. Excessive accumulation of lipids reportedly

Figure 5. Elevated phagocytosis in Atg5-deficient dendritic cells is not due to change protein degradation activity. (a) Atg5f/f or ITGAX/CD11c-atg5−/- BMDCs were co-
cultured with DiI-labeled apoptotic EG7 cells. At the indicated time points, phagocytosis of apoptotic tumor cells was monitored with flow cytometry. (b) Dot graph
showing the frequency of phagocytosis in DiI-positive dendritic cells over time. (c) Total proteins from Atg5f/f or ITGAX/CD11c-atg5−/- BMDCs were isolated with cell
lysis buffer. Proteolytic activity in total proteins was detected with an EnzCheK protease assay kit.
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impairs cell function, and tumor-infiltrated dendritic cells
show higher amounts of intracellular lipids that are induced
by endoplasmic reticulum stress and triggered by the tumor
microenvironment to inhibit anti-tumor immunity [25]. If
the increased expression of CD36 in Atg5-deficient dendri-
tic cells leads to an increase in the amount of lipid in the
cells, the function of dendritic cells may become impaired.
We examined the total amount of lipids in migratory den-
dritic cells of the lymph nodes of Atg5f/f or ITGAX/CD11c-
atg5−/- mice. Total lipids of dendritic cells were measured
by flow cytometry using the lipophilic dye BODIPY. We
found that lipids were more accumulated in migratory
dendritic cells of ITGAX/CD11c-atg5−/- mice than in
those of Atg5f/f mice (Figure 7(a,b)). This higher lipid
accumulation was also demonstrated in tumor-infiltrated
Atg5-deficient dendritic cells (Figure 7(c,d)). Next, we
found that mitochondrial lipid usage was affected by Atg5
deficiency in dendritic cells. Mitochondrial fuel usage was
assessed in Atg5f/f or ITGAX/CD11c-atg5−/- BMDCs, and
our results showed that fatty acid dependency in mitochon-
dria was not affected by Atg5 deficiency in dendritic cells
(Figure S5). Thus, our results suggest that increased expres-
sion of the scavenger receptor in Atg5 deficient dendritic
cells induces excessive lipid accumulation, indicating
reduced function of the dendritic cells but no metabolic
changes.

CD36 blockade enhances CD4+ T-cell priming with
anti-tumor effect

To investigate the association of increased CD36 expression
and phagocytosis in Atg5-deficient dendritic cells, we exam-
ined whether the phagocytosis of apoptotic tumor cells was
affected by CD36 blockade. We blocked the scavenger recep-
tor CD36 using anti-CD36 blocking antibody in Atg5f/f or
ITGAX/CD11c-atg5−/- BMDCs and co-cultured with DiI-
labeled apoptotic tumor cells. Our results showed that the
phagocytosis of apoptotic tumor cells is decreased in both
Atg5f/f and ITGAX/CD11c-atg5−/- BMDCs after CD36 block-
ade. The increased phagocytosis in ITGAX/CD11c-atg5−/-

BMDCs compared with Atg5f/f BMDCs was also decreased
after CD36 blockade and was comparable with Atg5f/f

BMDCs (Figure 8(a,b)). These results indicate that increased
phagocytosis caused by Atg5 deficiency in dendritic cells is
CD36 dependent.

We also examined whether the priming of CD4 + T cells in
dendritic cells could be enhanced by CD36 blocking. Atg5f/f or
ITGAX/CD11c-atg5−/- BMDCs were co-cultured with apopto-
tic tumor cells and OT-II T cells with or without CD36 block-
ade. When CD36 was blocked in Atg5f/f BMDCs, IFNG/IFN-γ
production of CD4 + T cells was increased in Atg5f/f BMDCs
and Atg5-deficient BMDCs. However, the increased amount of
IFNG/IFN-γ production in Atg5-deficient BMDCs was not
similar to the increase in Atg5f/f BMDCs (Figure 8(c)).

Figure 6. Elevated CD36 expression in Atg5-deficient dendritic cells in vivo. (a) Surface CD36 expression in migratory dendritic cells from draining lymph nodes of
normal Atg5f/f (red) or ITGAX/CD11c-atg5−/- mice (blue) monitored with flow cytometry. Isotype control used as a negative control (gray). (b) Data shown in dot graph
(5 mice per group; *P < 0.05). (c) Surface CD36 expression in tumor-infiltrated dendritic cells from tumor-bearing Atg5f/f (red) or ITGAX/CD11c-atg5−/- mice (blue). (d)
Data shown in dot graph (5 mice per group; **P < 0.05). Data are representative of 3 similar independent experiments.
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Because autophagy is involved in MHC class II antigen pre-
sentation in dendritic cells through various mechanisms, it does
not seem to increase IFNG/IFN-γ production completely [26].

Finally, we examined whether intratumoral blockade of
CD36 could promote an anti-tumor effect. In the EG7 sub-
cutaneous model, CD8+ T cells are known to the most impor-
tant cell type to control tumor size [27,28], and our results
showed that Atg5 deficiency does not affect anti-tumor CD8+

T-cell responses. When CD8+ T cells were depleted in mice,
tumor size was significantly increased in both Atg5f/f and
ITGAX/CD11c-atg5−/- mice (Figure S6C). In addition, we
found that tumor growth induced by subcutaneously injected
EG7 cells in Atg5f/f or ITGAX/CD11c-atg5−/- mice was not
different between the 2 mice groups (Figure S6A and B).
However, when EG7 was transplanted into Atg5f/f or
ITGAX/CD11c-atg5−/- mice, and then anti-CD36 antibody
was injected into the tumor to block CD36, tumor growth
was inhibited in Atg5f/f and ITGAX/CD11c-atg5−/- mice
(Figure 8(d)). Moreover, the anti-tumor effect of CD36 was
significantly ameliorated by CD4+ T-cell depletion (Figure
S7). Furthermore, we found that EG7 tumor cells and CD8+

T cells do not express CD36 (Figure S8), suggesting that the
anti-tumor effect of the anti-CD36 antibody appears predo-
minantly in dendritic cells. Our results suggest that blocking
CD36 expression in dendritic cells can regulate phagocytosis
and increase reduced MHC class II presentation. They also
suggest anti-CD36 antibody as a possible new candidate mole-
cule for anti-tumor therapy.

Discussion

In this study, we investigated the roles of autophagy protein
Atg5 in anti-tumor T-cell activation in dendritic cells. Our
in vivo results demonstrate that Atg5 is required for the
activation of tumor antigen–specific CD4+ T cells but not
that of cytotoxic CD8+ T cells. In addition, the results in
ITGAX/CD11c-atg5−/- mice indicate that Atg5 is required
for the proper priming of anti-tumor CD4+ T-cell responses
in dendritic cells. However, Atg5 deficiency did not affect
CD8+ T-cell priming and MHC class I presentation in den-
dritic cells, even though CD8+ T-cell priming was partially
affected by PtdIns3K inhibitor treatment. Unexpectedly, Atg5
deficiency promoted increased phagocytosis of apoptotic
tumor cells in dendritic cells. Moreover, enhanced phagocy-
tosis in the absence of Atg5 was due to the increased expres-
sion of scavenger receptor CD36. Increased phagocytosis of
apoptotic tumor cells in Atg5-deficient dendritic cells was
reduced by the blockage of CD36. Excessive accumulation of
lipids has been reported to impair dendritic cell function, and
scavenger receptor CD36 plays an important role in lipid
homeostasis. We found lipid accumulation in Atg5-deficient
dendritic cells and tumor-infiltrated dendritic cells. In addi-
tion, elevated CD36-dependent phagocytosis of apoptotic
tumor cells detrimentally affected CD4+ T-cell priming in
the apoptotic tumor antigen presentation of dendritic cells.
Furthermore, CD36 blockade increased CD4+ T-cell priming
in Atg5-deficient dendritic cells. Finally, we evaluated the
efficacy of CD36 monoclonal antibodies as therapeutic agents

Figure 7. Increased lipid accumulation in Atg5-deficient dendritic cells in vivo. (a) Total amount of lipids in migratory dendritic cells from draining lymph nodes of
normal Atg5f/f (red) or ITGAX/CD11c-atg5−/- mice (blue) were stained with BODIPY dye and monitored with flow cytometry. Unstained sample was used as negative
control (gray). (b) Data shown in dot graph (5 mice per group; *P < 0.05). (c) Total amount of lipids in tumor-infiltrated dendritic cells from tumor-bearing Atg5f/f (red)
or ITGAX/CD11c-atg5−/- mice (blue). (d) Data shown in dot graph (3 ~ 4 mice per group; *P < 0.05). Data are representative of 3 similar independent experiments.
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against tumors. Our results show that subcutaneous injection
of anti-CD36 antibody effectively inhibits the growth of
tumors.

Various autophagy-related proteins have been reportedly
associated with MHC class II presentation on intracellular or
extracellular antigens in dendritic cells [3]. Especially for
extracellular antigens, Atgs contribute to phagocytosis follow-
ing a process that has been described previously as LC3-
associated phagocytosis [11]. A previous study showed that
the uptake of dead cells induces LC3-associated phagocytosis
and is triggered by engagement of the receptor TIMD4/TIM-4
(T cell immunoglobulin and mucin domain containing 4)

[29]. In addition, mice with LC3-associated phagocytosis defi-
ciencies showed defective clearance of dying cells, resulting in
enhanced production of pro-inflammatory cytokines [30].
According to our study, Atg5 deficiency does not affect
TIMD4 expression in dendritic cells (Figure S10). Future
studies are needed to investigate the association of CD36
and TIMD4 in the dying or apoptotic cell processing in
dendritic cells.

Specific receptors (such as Toll-like receptors) and the
uptake of dectin-1-mediated antigens induce LC3-associated
phagosomes, which can fuse with lysosomes, and are sequen-
tially degraded in the phagolysosome with dendritic cells [31].

Figure 8. Blockade of CD36 ameliorates elevated phagocytosis and increases CD4+ T-cell priming. (a) BMDCs from Atg5f/f or ITGAX/CD11c-atg5−/- mice were co-
cultured with DiI-labeled apoptotic tumor cells in the presence of anti-mouse CD36 blocking antibody. Phagocytosis of dendritic cells was measured with flow
cytometry. (b) Frequency of phagocytosis shown as bar graph (Student t-test, * P < 0.05). Data represent 3 independent experiments. (c) Atg5f/f or ITGAX/CD11c-atg
5−/- splenic dendritic cells were co-cultured with apoptotic EG7 and OT-II CD4+ T cells with or without anti-mouse CD36 blocking antibody for 96 h. IFNG/IFN-γ
production in the supernatant were measured with ELISA (Student t-test; **P < 0.01; ***P < 0.001; ****P < 0.0001). Data represents 2 independent experiments. (d)
EG7 tumor-bearing Atg5f/f or ITGAX/CD11c-atg5−/- mice were injected intratumorally with anti-mouse CD36 blocking antibody at day 11, 13, and 15 after EG7
inoculation. Tumor size was monitored with a digital caliper (5 mice per group; two-way ANOVA; *P < 0.05; ***P < 0.001). Data are representative of 2 independent
experiments.
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In addition, LC3-associated phagocytosis phagosomes contri-
bute to the MHC class II presentation of extracellular antigens
[32]. According to a previous study, extracellular SERPINB/
OVA or phagocytic antigens in Atg5-deficient environments
are not proficiently processed and presented to CD4+ T cells
[4]. Consistent with previous results, our results showed that
apoptotic tumor cells, the major antigen type resulting from
chemotherapy or radiotherapy, were processed via autophagic
machinery and presented to CD4+ T cells.

Various ATGs are involved in autophagosome formation
[33]. For example, in the pre-initiation of autophagosome
formation, ATG13, unc-51 like kinase 1/2 (ULK1/2), and
FIP200 (FIP200/RB1CC1, RB1-inducible coiled-coil 1) are
negatively and positively regulated by mechanistic target of
rapamycin kinase (MTOR) or AMP-activated protein kinase
(AMPK). In addition, at the initiation stage, ATG14, BECN1
(beclin 1, autophagy related), PIK3C3/VPS34 (phosphatidyli-
nositol 3-kinase catalytic subunit type 3), and PIK3R4/VPS15
(phosphoinositide-3-kinase regulatory subunit 4) are critical
proteins for the formation of the PtdIns3K complex and
generate phosphatidylinositol 3-phosphate (PtdIns3P) at the
site of nucleation in the isolated autophagosome membrane.
During the elongation of the autophagosome, LC3, ATG4,
ATG3, and ATG12–ATG5-ATG16L1 conjugates associate
with the mature autophagosome. However, we could not
find a difference in phagocytosis between Atg7 or Atg16l1
knockdown BMDCs. Although additional experiments using
genetically knock-out mice models are needed to support our
results, we believe that regulation of phagocytosis in dendritic
cells is a unique role of ATG5. In addition, recent papers show
that ATG5 is the only ATG that is autophagy independent
and has unexpected roles in several disease models [34,35].
Although our study has identified a role of ATG5 in anti-
tumor immunity of dendritic cells, we recommend that
further studies investigate this role at the various stages of
MHC class II antigen presentation.

Our results present detailed insight into the role of Atg5 in
dendritic cells during apoptotic tumor cell processing and
MHC class II presentation. As with the results of the Atg5
chimera, ITGAX/CD11c-specific Atg5-deficient mice failed to
induce a CD4+ T-cell response. For tumor antigens, dendritic
cells are known to activate CD4+ T cells through MHC class II
presentation [36]. In addition, a recent study showed that
dendritic cells use ATG-dependent phagocytosis for efficient
presentation of myelin antigen by MHC class II during auto-
immune central nervous system inflammation [5]. Consistent
with previous results, our results showed that apoptotic tumor
cells were processed via autophagic machinery and presented
to CD4+ T cells. Our results support the previous findings that
Atg5 plays an important role in MHC class II presentation in
dendritic cells.

By a process called cross-presentation, dendritic cells can
present extracellular antigens via MHC class I proteins
through several pathways, and several studies show the Atgs
contribute to this process [37]. However, only soluble protein,
not CD205 dependent-endocytic protein or apoptotic cells,
requires Atgs for efficient cross-presentation [38]. Autophagy-
related proteins are required for the cross-presentation of
soluble antigens, which are produced by macropinocytosis

or pinocytosis, but are not required by phagocytosis [3]. Our
study confirmed that apoptotic tumor antigen presentation
via MHC class I to CD8+ T cells was not affected by Atg5
deficiency in dendritic cells.

Unlike T cells, current studies reported that the deletion of
Atgs in dendritic cells does not affect the development or
homeostasis of dendritic cells in vivo [38,39]. Although sev-
eral studies have indicated that autophagy-related genes are
related to dendritic cells migration, our results support other
previous studies that showed Atg5 deficiency in dendritic cells
has no effect on the number and frequency of dendritic cells
in tumor-bearing mice. This finding suggests that the defi-
ciency of Atg5 is involved in the presentation of MHC class II
antigens through functional changes rather than quantitative
changes in dendritic cells.

Efficient phagocytosis of antigens is crucial for an immune
response, and macrophages and dendritic cells are profes-
sional phagocytes [40]. In contrast to macrophages that
degrade phagocytosed antigens rapidly, dendritic cells main-
tain antigens longer and sustain antigen presentation on
MHC class II proteins [41]. As shown by several studies,
excessive phagocytosis and proteolysis of antigens is harmful
to antigen presentation, and appropriate antigen uptake is
a critical factor for efficient antigen presentation [42].
Interestingly, as shown in Figure 4(a), the phagocytosis of
apoptotic tumor cells was increased in Atg5-deficient dendri-
tic cells. In vivo results on the phagocytosis capacity of apop-
totic tumor cells confirmed that ITGAX/CD11c-specific Atg5
deletion induces the phagocytosis of apoptotic tumor cells in
migratory dendritic cells. Our results suggest that excessive
phagocytosis in Atg5-deficient dendritic cells affects MHC II
antigen presentation and CD4+ T-cell activation.

Scavenger receptor CD36 is a critical receptor for apoptotic
tumor cell phagocytosis in dendritic cells [22]. In addition,
CD36 contains various ligands such as bacterial cell walls or
β-glucans [43,44]. It has been reported that CD36 is involved
in a variety of immune responses. In particular, endocytosis
via CD36 is required for proper MHC class II antigen penta-
tion while CD8+ T-cell priming normally occurs in CD36-
deficient dendritic cells [45,46]. However, a recent study has
shown that CD4+ T-cell priming is still successful in CD36-
deficient BMDCs [47]. This evidence suggests that CD36-
required endocytosis is involved in the presentation of MHC
class II antigens; however, this assumption remains contro-
versial. In addition, a current study reported that CD36-
mediated phagocytosis of apoptotic medullary thymic epithe-
lial cells is required for allotolerance in dendritic cells in vivo,
indicating that CD36-dependent phagocytosis promotes tol-
erance rather than immunogenicity in dendritic cells [48].
Our results support that the phagocytosis of apoptotic
tumor cells through CD36 in dendritic cells is increased by
Atg5-deficient dendritic cells. In addition, when CD36 was
blocked with antibody, the CD4+ T-cell response significantly
increased. This finding indicates that, unlike conventional
phagocytosis, CD36-mediated phagocytosis offers the possibi-
lity of modulating MHC class II antigen presentation and
CD4+ T-cell priming. We have not identified how the CD36-
dependent phagosomes are processed in dendritic cells; how-
ever, one possible mechanism is that CD36 modulates the
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endolysosomal pH of apoptotic tumor cell–containing phago-
somes, which are phagocytosed by CD36. Two studies show
that CD36 is necessary for the action of endosomal pH–
elevating agents on long-chain fatty acid uptake and that
CD36 trafficking is differentially dependent on endosomal
pH [49,50]. In particular, it has been reported that Atg5
deficiency regulates the expression of MHC class II antigens
by controlling endolysosomal pH [4]. Therefore, our future
research will focus this process, including characteristics of
CD36-dependent phagosomes and the intracellular environ-
ment of dendritic cells.

We also confirmed the excessive accumulation of lipids in
Atg5-deficient dendritic cells due to the increased expression
of scavenger receptor CD36, which is an important receptor
for cellular lipid uptake [51]. A previous study demonstrated
that dendritic cells store more lipids in tumor-bearing mice
than those in tumor free mice, causing functional impairment
such as the malfunction of CD4+ or CD8+ T-cell priming [25].
In addition, this lipid accumulation in dendritic cells was
caused by an increased uptake of extracellular lipids due to
elevated scavenger receptor. In the agreement with this study,
we also found that Atg5-deficient dendritic cells exhibit ele-
vated CD36 expression and store more lipid contents than
wild-type dendritic cells. It has been reported that defects in
the autophagy gene cause lipid accumulation. A hepatocyte-
specific knock-out of the autophagy gene Atg7 caused hepatic
lipid accumulation, and inhibition of autophagy decreased
triglycerides β-oxidation and decay [52]. We first elucidated
that lipid accumulation in dendritic cells occurs in Atg5 gene
defects. However, unlike previous studies, the dependency of
lipid as a fuel in mitochondrial oxidative phosphorylation was
not significantly changed by Atg5 deficiency in dendritic cells.
Our future studies will focus on how CD36-dependent lipid
uptake affects the various functions of dendritic cells.

The possibility of CD36-targeted monoclonal antibody as
an anti-tumor therapeutic agent has recently been proposed.
A previous study showed that tumor metastases were reduced
by CD36 blockade in CD44hi cancer stem cells [53]. In effec-
tor T cells, large amounts of extracellular fatty acid acquired
in a CD36-dependent manner for their proper function and
tumor-infiltrating T cells had abnormally high fatty acid
uptake and lipid content; moreover, blocking PDCD1/PD-1
(programmed cell death 1) signaling significantly reduced
tumor progression and normalized lipid metabolism [54,55].
Our study suggests a new mechanism of tumor therapy using
CD36-targeted antibody in dendritic cells. Our study also
proposes the level of autophagy in dendritic cells can be
used as a marker for predicting the efficacy of an anti-tumor
reagent, such as CD36-targeted antibody.

Materials and methods

Mice

Atg5± (B6.129-Atg5tm1Nmz) [15], Atg5flox/flox (B6.129S-Atg
5tm1Myok) [15], and ITGAX/CD11c-Cre Tg (B6.Cg-Tg (Itgax-
cre)1-1Reiz/J) [56] transgenic mice were generated as described
previously and kindly provided by A. Iwasaki (Yale University
School of Medicine). OT-1 (C57BL/6-Tg [TcraTcrb]1100Mjb/J)

[57] and OT-II (B6.Cg-Tg [TcraTcrb] 425Cbn/J) [58] transgenic
mice were purchased from Jackson Laboratories and crossed
with CD45.1 (B6.SJL-Ptprca/Pepcb/BoyJ) mice. Mice were bred
in a specific pathogen-free facility, and animal care and all
animal experiments were approved by KAIST Institutional
Animal Care and Use Committee. Male mice matched at 8 and
16 weeks of age were used for each experiment.

Neonatal liver chimera generation

Atg5 chimeras were generated as previously described [59].
Briefly, 2.5 × 106 liver cells from less than 24-h-old pups were
confirmed for the Atg5 genotype and transferred into wild-
type C57BL/6 mice via tail vein. Before the transfer of the liver
cells, recipient mice were lethally irradiated with 475 rad γ-ray
2 times 3 h apart. These mice were maintained with oral
antibiotics in the drinking water for 2 weeks. Chimeric mice
were used for experiments after 8 weeks post-reconstitution.

Apoptotic tumor cell generation

To induce apoptosis in EG7 cell lines (ATCC, ATCC® CRL-
2113™), EG7 cells were irradiated with 4000 rad γ-ray and
cultured for 48 h. Apoptosis of EG7 cells were measured with
ANXA5/Annexin V (Biolegend, 640,945) and 7-AAD
(Biolegend, 420,403) staining and measured with a flow cyt-
ometer (FACS Calibur, BD Biosciences). At least 60% of the
EG7 cells were ANXA5/Annexin V + and 7-AAD+ double
positive.

In vivo t-cell priming by tumor chemotherapy

In vivo T-cell priming was measured as previously described
[16,21]. Briefly, indicated mice were inoculated with 1 × 106

live EG7 cells in the shaved right flank on day 0. Each mouse
was injected intraperitoneally with 5 mg/kg oxaliplatin
(Tocris, 2623) on day 8 to induce tumor degradation and
immunological tumor cell death in vivo. Tumor-draining
brachial, axillary, and inguinal lymph nodes were removed
on day 13. Lymph nodes were minced into small pieces and
then digested with a mixture of 2 mg/ml collagenase IV
(Worthington Biochemical Corp, LS004189) and 30 µg/ml
DNase I (Roche, 10,104,159,001) in Dulbecco’s modified
Eagle’s medium (Welgene, LM 001–05) for 30 min at 37°C.
Digested lymph nodes were then passed through 70-µm cell
strainers. Red blood cells were lysed using an in-house made
ACK lysis buffer. Next, CD4+ and CD8+ T cells were enriched
with magnetic cell sorting microbeads (Miltenyi Biotec,
130–117-043; 130–117-044). T cells were re-stimulated
in vitro with 1 mg/ml SERPINB/OVA protein. IFNG/IFN-γ
production in the culture medium at 72 h was determined
with a mouse IFNG/IFN-γ ELISA kit (BD Biosciences,
555,138).

In vivo proliferation of OT-II T cells

Anti-tumor CD4+ T-cell response was analyzed as previously
described with minor modifications [21]. In brief, SERPINB/
OVA-specific OT-II CD4+ T cells from the spleen were
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negatively enriched with magnetic beads according to the
manufacturer’s instruction (Miltenyi Biotec, 130–104-454).
These cells were labeled with 5 μM carboxyfluorescein diace-
tate succinimidyl ester (CFSE) according to the company’s
protocol (Invitrogen, C34554) and 2.5 × 106 CD4+ T cells
were injected intravenously into mice on day −1. Then,
1 × 107 apoptotic EG7 cells were injected subcutaneously
into the footpads of mice on day 0, followed by the isolation
of draining popliteal lymph nodes 64 h later. Dilutions of
CFSE were assessed using a FACS Calibur.

Dendritic cell generation

Dendritic cells derived from either bone marrow or neonatal
liver were differentiated as previously described with slight
modifications [60,61]. In brief, liver cells from Atg5± or atg5−/-

newborn pups or bone marrow cells from indicated mice were
harvested and seeded in tissue culture flasks in RPMI 1640
with 5% in-house prepared CSF2/GM-CSF (colony stimulat-
ing factor 2 [granulocyte-macrophage])–containing medium
for BMDC generation. Cells were fed every 2 days, and loosely
adherent dendritic cells were collected after 7 days.

Phagocytosis assays

For in vitro analysis of phagocytic activity in BMDCs, live
EG7 cells were irradiated with 4000 rad γ-ray and incubated
in 37°C for 48 h. These cells were labeled with Vybrant DiI
(Thermo Fisher Scientific, V22885) according to the manu-
facturer’s protocol. Next, 2 × 105 Atg5± or atg5−/- BMDCs
were incubated with 2 × 105 DiI-labeled apoptotic EG7 cells
or 2-μm red fluorescent, carboxylate-modified polystyrene
latex beads (Sigma, L3030-1ML). After 3 hours of incubation,
cells were washed and analyzed using a FACS Calibur.

For in vivo analysis of phagocytic activity in dendritic cells
and macrophages in lymph nodes, 1 × 107 DiI-labeled apop-
totic tumor cells were injected into the footpads of the indi-
cated mice. After 24 h of apoptotic tumor cell injection,
draining lymph node cells were prepared and pretreated
with anti-mouse CD16/32 (BD Biosciences, 553,142) antibody
for blocking Fc receptors. Then, they were stained with one of
the following antibodies: anti-mouse CD3ε (eBioscience,
25–0031-82), anti-mouse CD19 (eBioscience, 45–0193-82),
anti-mouse ITGAX/CD11c (BD Biosciences, 557,400), anti-
mouse ITGAX/CD11b (BD Biosciences, 557,397), anti-mouse
MHC class II (BD Biosciences, 562,564), or anti-mouse
CD45.2 (BD Biosciences, 560,693). DAPI (4ʹ,6-diamidino-
2-phenylindole, dihydrochloride) (Invitrogen, D1306) or PI
(propidium iodide) (eBioscience, 00–6990-50) was used to
exclude dead cells. Gating strategy for flow cytometry analysis
was used, as shown in Figure S9. All samples were analyzed
on an LSR Fortessa cell analyzer (BD Biosciences).

CD36 expression measurement

To monitor the expression of CD36 in BMDCs, Atg5f/f or
ITGAX/CD11c-atg5−/- BMDCs were stained with anti-mouse
CD36 (BD Biosciences, 562,744). Expression of CD36 was
measured with an LSR Fortessa cell analyzer.

To assess CD36 expression in lymph nodes and tumor-
infiltrated dendritic cells, Atg5f/f or ITGAX/CD11c-atg5−/-

mice were inoculated with 1.5 × 106 live EG7 cells in the
shaved right flank on day 0. Fifteen days after EG7 inocula-
tion, tumor-draining lymph nodes and tumor mass were
prepared and stained with the previously described method.
All samples were analyzed on an LSR Fortessa cell analyzer.

Lipid measurement

Lipid accumulation was measured as previously described
[25] with minor modifications. Briefly, after surface staining
with fluorescent-labeled antibodies, cells were washed and
resuspended in 500 μl BODIPY 493/503 (4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene)
(Thermo Fisher Scientific, D3922) at 0.5 μg/ml in Dulbecco’s
phosphate-buffered saline for 15 min at room temperature.
Samples were then analyzed on an LSR Fortessa cell analyzer.

Tumor growth measurement

Mice were inoculated with 1 × 106 live EG7 cells in the shaved
right flank. Tumor growth was measured with a digital caliper
(Mitutoyo, 500–181-20) using the following equation: tumor
volume = (L × W), where L indicates the length of the long
side and W indicates that of the short side.

Cross-presentation assays

Cross-presentation of apoptotic tumor cells was measured as
previously described [62] with minor modifications. Briefly,
2 × 105 Atg5± or atg5−/- neonatal liver–derived dendritic cells
were co-cultured with 2 × 105 apoptotic EG7 cell cultures for
24 h. Determination of complex quantity of SIINFEKL on
H-2Kb (MHC class I) was conducted using anti-mouse
SERPINB/OVA257–264 peptide bound to H-2Kb antibody
(Ebioscience, 17–5743-82) by FACS Calibur.

To assess IFNG/IFN-γ production in CD8+ OT-I T cells,
2 × 105 Atg5± or atg5−/- neonatal liver–derived dendritic cells
were co-cultured with 2 × 105 apoptotic EG7 cells and 2 × 105

splenic CD8+ OT-I T cells from OT-I transgenic mice for 72
h. Then, IFNG/IFN-γ production was measured with a mouse
IFNG/IFN-γ ELISA kit.

To address the effect of PtdIns3K in CD8+ T-cell priming,
wild-type BMDCs were pretreated with 0.5 mM LY294002
(Selleck Chemicals, S1105) and co-cultured with 2 × 105 apop-
totic EG7 cells and 2 × 105 CD8+ OT-I T cells for 72 h. Then,
IFNG/IFN-γ production was measured with a mouse IFNG/
IFN-γ ELISA kit.

Scavenger receptor blockade

To assess phagocytosis of apoptotic tumor cells after scaven-
ger receptor blockage, 2 × 105 Atg5f/f or ITGAX/CD11c-atg
5−/- BMDCs were co-cultured with 2 × 105 DiI-labeled apop-
totic EG7 cells and 2 µg/ml of anti-mouse CD36 (Abcam,
ab23680) blocking antibody for 3 h. Phagocytosis was mon-
itored with a FACS Calibur.
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To measure IFN- γ production in OT-II CD4+ T cells after
CD36 blockade, 2 × 105 of Atg5f/f or ITGAX/CD11c-atg5−/-

splenic dendritic cells enriched with MagniSort mouse ITGAX/
CD11c+ cell enrichment kit (eBioscience, 8802–6861-74) were
co-cultured with 2 × 105 apoptotic EG7 cells and 2 × 105 CD4+

OT-II T cells for 96 h. Then, IFNG/IFN-γ production was
measured with a mouse IFNG/IFN-γ ELISA kit.

To monitor in vivo anti-tumor activity of anti-mouse
CD36 antibody, Atg5f/f or ITGAX/CD11c-atg5−/- mice were
inoculated with 1 × 106 live EG7 cells in the shaved right flank
on day 0. After 11 days, 2 µg anti-CD36 antibody was injected
intratumorally every 2 days for the next 6 days. Tumor growth
was measured with a digital caliper.

Mitochondria fuel usage

Mito Fuel Flex tests were performed on an XFe96 Bio analyzer
(Agilent). Etomoxir (Sigma-Aldrich, E1905), BPTES (Sigma-
Aldrich, SML0601), and UK5099 (Sigma-Aldrich PZ0160)
were purchased from Sigma-Aldrich, and the assay was pro-
cessed in accordance with the manufacturer’s protocol. Data
were analyzed with Seahorse XF Mito Fuel Flex Test Report
Generator.

T-cell depletion experiment

For the T-cell depletion in mice, 150 µl anti-CD4 antibody
(for CD4+ T-cell depletion) (Bioxcell, BE0003-1) or 150 µl
anti-CD8 antibody (for CD8+ T-cell depletion) (Bioxcell,
BE0061) was injected at day −2, day −1, day 7, and day 14
of tumor inoculation. Rat IgG2b antibody (Bioxcell, BE0090)
was used as the control.

Measurement of TIMD4 expression in dendritic cells

To measure TIMD4 expression in the dendritic cells of Atg5f/f

or ITGAX/CD11c-atg5−/- mice, lymph nodes were isolated
and processed as described above. Cells were stained with
anti-TIMD4/TIM-4 antibodies (Biolegend, 130,006) and ana-
lyzed with an LSR Fortessa cell analyzer.

Sirna knock-down experiment

To knock down the genes Atg7 and Atg16l1 in BMDCs, Atg7
siRNA (Dharmacon, L-049953–00-0005) or Atg16l1 siRNA
(Dharmacon, L-051699–01-0005) was transfected with
X-tremeGENE siRNA transfection reagent (Roche, 04 476
093 001) according to the manufacturer’s protocol. Negative
control siRNA (Qiagen, 1,027,280) was used as the control
siRNA.

OT-II cognitive peptide stimulation

To see OT-II CD4+ T-cell priming activity after cognitive
peptide stimulation, SERPINB/OVA323-339 peptide was pulsed
with Atg5f/f or ITGAX/CD11c-atg5−/- splenic dendritic cells
and co-cultured with OT-II CD4+ T cells. After 72 h of co-
culture, IFNG/IFN-γ production was measured with a mouse
IFNG/IFN-γ ELISA kit.

Protein degradation assays

Total proteins from Atg5f/f or ITGAX/CD11c-atg5−/- BMDCs
were isolated with cell lysis buffer (1% Triton X-100 (Bio
Basic, TB0198), 25 mM NaCl (Welgene, ML 011–01)) for
15 min on ice. The lysates were centrifuged with 18,409 g of
relative centrifugal force 4°C for 15 min, and supernatants
were harvested for protein quantitation with Broadford assays
(Bio-Rad, 500–0006). Proteolytic activity of 10 µg total pro-
teins was detected in 200 μl phosphate-buffered saline with
0.5% Triton X-100 and 2 mM DTT (Bio Basic DB0058), at pH
5.5 in a 96-flat-well plate using an EnzCheK protease assay kit
(Molecular Probes, E6638). Substrate degradation was assayed
fluorometrically with a Gemini XPS microplate reader
(Molecular Devices).

Statistical analysis

Data are expressed as themeans ± SE. Differences between groups
were analyzed using Student’s t-tests or two-way ANOVA. All
statistical analyses were performed using GraphPad Prism 7 soft-
ware (GraphPad). Differences were considered statistically signif-
icant when P values were greater than 0.05.
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