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Abstract The reduction or loss of MHC-I antigen surface
expression in human and murine tumor cells is partly attrib-
utable to the dysregulation of various components of the
MHC-I antigen-processing machinery. Accumulating evi-
dence suggests that autophagy, besides its vital role in
maintaining the cellular homeostasis, plays an important
role in MHC-II surface expression. Here, we report that
autophagy is a negative regulator of MHC-I antigen expres-
sion in B16 melanoma cells; however, in the presence of
IFN-�, it is converted to a positive regulator. We show that
autophagy not only participates in the degradation of MHC-
I antigen but also plays a role in the generation of MHC-I-
binding peptides. For these two processes, IFN-� interferes
with MHC-I antigen degradation, rather than aVecting pep-
tide generation. Using B16 melanoma mouse model, we
further show that autophagy may enhance the cytolysis of
CTL to melanoma cells at the early stage of melanoma, but
impairs the cytolysis at the late stage. Such diVerent conse-
quences may be explained by the diVerent levels of IFN-�
during tumor progression. Taken together, our Wndings
demonstrate that autophagy is involved in the regulation of
MHC-I antigen expression, through which autophagy can
play diVerent roles in tumor immunity.
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Introduction

EYcient tumor antigen-speciWc CTL priming and eVector
function’s exertion require cell surface presentation of tumor
antigenic peptides by major histocompatibility complex MHC-
I molecules [1, 2]. However, the reduction or loss of MHC-I
antigen surface expression in human and murine tumor cells is
a common event, which profoundly impedes antitumor immu-
nity [3, 4]. Downregulation of MHC-I antigen surface expres-
sion can be attributable to the dysregulation of various
components of the MHC-I antigen-processing machinery,
including: downregulation of multiple components of the mul-
ticatalytic proteasome, in particular LMP2 and LMP7 [5];
downregulation of transporter associated with antigen process-
ing TAP1 and TAP2 [6]; and defect of tumor antigen peptide
loading in the endoplasmic reticulum (ER) [7].

Autophagy, in particular macroautophagy, refers to an
evolutionarily conserved process that allows the bulk degra-
dation of long-lived proteins and organelles [8, 9]. Though
autophagy has become an important area in cancer research,
its role in tumor is controversial and equally cogent argu-
ments can be made for pro- and anti-tumor eVects of this
important process. The tumor suppressor role of autophagy
came from the evidence of the increased tumorigenesis in
Beclin 1/Atg6 haploinsuYcient mice [10]. The mechanisms
by which a defect in autophagy could contribute to the path-
ogenesis of cancer might lie in (1) autophagy eVectively
removes aged and damaged organelles, and defects in
autophagy lead to genetic instability and tumorigenesis;
(2) defects in autophagy may escape autophagy-mediated
cell death thus increasing cell survival under certain
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circumstances. On the other hand, documents also indicate
the tumor promoting eVect of autophagy [11]. This may be
partially ascribed to that autophagy allows tumor cells to
respond to hypoxia-induced nutrient deprivation by supply-
ing amino acids, fatty acids, and nucleotides. Therefore, the
promoting or suppressing role of autophagy in tumors may
depend on the context [12, 13].

Besides the roles in tumorigenesis, autophagy is also
involved in the antigen-presenting processes [14, 15]. For
instance, cytosolic peptides can be presented on MHC class
II molecules through autophagy [16–18], since the process-
ing of MHC class II-binding peptides depends on the
autophagy-involved endosomal/lysosomal system. Never-
theless, MHC-I-binding peptides are processed through the
proteasomal system [19–21]. Whether autophagy involves
the process of MHC-I antigen presentation remains unclear.
In the present study, we ask whether autophagy is involved
in the reduction or loss of MHC-I antigen in tumor cells.
We provide evidence that autophagy is a negative regulator
of MHC-I antigen in B16 melanoma cells, however, in the
presence of IFN-�, it is converted to a positive regulator.
The underlying mechanisms probably involve the degrada-
tion of MHC-I antigen and generation of MHC-I-binding
peptides by autophagy and the regulation of IFN-� on
autophagy-mediated MHC-I antigen degradation. Our data
also show that autophagy may promote the cytolysis of
CTL to melanoma cells at the early stage of B16 mena-
loma, but impairs the cytolysis at the late stage, indicating
the diVerent roles of autophagy in tumor immunity.

Materials and methods

Cell line and mouse model

Mouse melanoma B16-F1 cell line was purchased from
China Center for Type Culture Collection (CCTCC,
Wuhan, China). B16 cells (2 £ 105) were subcutaneously
injected to the left Xank of C57BL/6 mice (Chinese Acad-
emy of Medical Science, Beijing, China). The tumor tissue
and spleen were used for the indicated experiments.

Reagents

Rapamycin, 3-methyladenine, wortmannin, BaWlomycin
A1 and chloroquine were purchased from Sigma (St. Louis,
MO, USA) for the autophagic study. Their concentrations
used in vitro and in vivo were described in Wgure legends.

Flow cytometric analysis

Peritoneal macrophages or B16 cells were stained with PE-
conjugated anti-MHC-I (mouse IgG2a), FITC-conjugated

anti-CD80 (Armenian Hamster IgG), and PE-conjugated
anti-CD86 (rat IgG2a) antibodies (eBioscience, San Diego,
CA) or corresponding isotype controls for 30 min at 4°C.
After washing, the cells were used for Xow cytometric anal-
ysis (BD LSR II).

ImmunoGold electron microscopy

For transmission electron microscopy, cells were Wxed and
permeabilized with Fix/Perm solution (BD Parmingen, San
Jose, CA, USA). Then, the cells were stained with biotin-
conjugated anti-MHC-I antibody (Invitrogen, Carlsbad,
CA, USA) and streptavidin-gold (Sigma). Then, the cells
were further Wxed with 2.5% glutaraldehyde and 1% osmic
acid. Ultrathin sections of embedded cells were cut with
ULTRACUT (Leica, Wetzlar, Germany). The sections
were examined in a FEI Tecnai G212 transmission electron
microscope (Zeiss, Thornwood, NY, USA).

Construction of B16 tumor cell line expressing 
Beclin 1-siRNA

The Beclin 1-siRNA sequence (cagtcaagtcttacaaggg) and
its control siRNA (ctggtcaagtctacaagag) were inserted into
RNAi-Ready pSIREN-RetroQ expressing vector with U6
promoter (BD Biosciences, Clontech, Palo Alto, CA). The
recombinant siRNA-expressing plasmids and control plas-
mids were transfected into B16 tumor cells using FuGENE
6 transfection reagent (Roche, Indianapolis, IN, USA) for
stable expression after selection.

siRNA transient transfection

Mouse Atg5, Atg7 and Beclin 1 siRNAs and the control siR-
NAs were obtained from Dharmacon (Layfayette, CO, USA).
All siRNAs were transfected into macrophages or B16 cells.
BrieXy, 200 pmoles of synthesized oligonucleotide was mixed
with 100 �l of Nucleofector solution (Amaxa, Gaithersburg,
MD, USA), and transfected into cells (5 £ 106) by electropor-
ation using Nucleofector instrument (Amaxa).

Conventional RT-PCR and real time RT-PCR

Total RNA was extracted from cells with TRIzol reagent
(Invitrogen) or from tissues homogenized in TRIzol
according to the manufacturer’s instructions. The relative
quantity of mRNA was determined by RT-PCR (One-step
RT-PCR kit, Qiagen, Valencia, CA, USA). The mRNA of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the internal control. The primer sequences were as
follows: LMP2, sense 5�-GTACCGTGAGGACTTGTTA
GC-3�, antisense 5�-AGAGTGATGGCATCTGTGG TG-3�;
LMP7, sense 5�-ATCTCCGTGTCTGCAGCATC-3�, anti-
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sense 5�-TCACTGACATCGGAACTCTC-3�; TAP1, sense
5�-ACCATGGAGGAAATCACAGC-3�, antisense 5�-AA
GAAGAACCGTCCGAGAAG-3�; TAP2, sense 5�-GTATG
ATCACCACTACCTGCAC-3�, antisense 5�-AATCACCA
GCATCGTCCTGTC-3�; Tapasin, sense 5�-AGCTTGGGA
TGACGATGAG-3�, antisense 5�-AGGAGGAGAAAAGCA
GACAG-3�; Beclin 1, sense 5�-GAGGAAGAGGCTAACT
CA G-3�, antisense 5�-CAGTGACATTGAGCTGAGTG-3�;
GAPDH, sense 5�-GTGGAGATTGTTGCCATCAACG-3�,
antisense 5�-CAGTGGATGCAGGGATGATGTTCTG-3�.

For real time RT-PCR assays, the cDNA sequences of all
detected genes were retrieved from NCBI database. The
primers were designed with the Oligo Primer Analysis 4.0
software and the sequences were blasted (http://www.ncbi.
nlm.nih.gov/BLAST/). The primer sequences were shown in
supplementary Table 1. 100 ng of total RNA was used for
reverse transcription using Superscript II RNase H reverse
transcriptase (Invitrogen) in a volume of 25 �l. Then 2 �l of
cDNA was ampliWed with SYBR Green Universal PCR
Mastermix (Bio-Rad, Richmond, CA, USA) in duplicate. For
sample analysis, the threshold was set based on the exponen-
tial phase of products, and CT value for samples was
determined. The resulting data were analyzed with the com-
parative CT method for relative gene expression quantiWca-
tion against house keeping gene GAPDH.

In vitro proteasome inhibitor activity assays

Proteasomes of B16 cells were isolated with the Protea-
some Isolation Kit (Calbiochem, San Diego, CA, USA),
and incubated for 2 h at RT in 50 mM Tris-HCl and 5 mM
MgCl2 in the presence and absence of proteasome inhibitors
100 mM LAC, or 100 mM MG-115. The Xuorosubstrates
Z-Leu-Leu-Leu-AMC, Z-Leu-Leu-Glu-AMC, Suc-Leu-Leu-
Val-Tyr-AMC, (Calbiochem) were then added to give a
Wnal concentration of 100 mM along with additional inhibi-
tor necessary to maintain original inhibitor concentration.
The Xuorescence was measured at diVerent time points to
calculate the proteasome activity.

Acid treatment

B16 cells were preincubated for 2 h at 37°C in the presence
or absence of proteasome inhibitors Lac or GM-115 before
acid treatment. Then the cells (1 £ 106) were centrifuged
and the resulting pellet was resuspended gently in 15 ml of
300 mM glycine (pH 2.5) with 1% (w/v) BSA and incu-
bated for 4 min at 37°C. The suspension was neutralized by
dilution with 30 ml of cell medium containing 0.5 N NaOH
and 0.2 M HEPES and centrifuged. Cells were resuspended
into 200 �l of cell medium (10 ng IFN-�) and incubated for
5 h at 37°C in the presence or absence of proteasome inhib-
itor to allow class I re-expression.

In situ IFN-� analysis

Tumor tissues were isolated from animals at diVerent time
point after B16 cell injection and homogenized in PBS
(0.5 ml) containing 100 �M PMSF (Sigma), 1% (vol/vol)
aprotinin (Sigma), 2 �g/ml leupeptin (Sigma), and 1 �g/ml
pepstatin (Sigma). The lysate was clariWed by centrifugation in
a microcentrifuge for 5 min at maximum speed. The superna-
tant was appropriately diluted for IFN-� ELISA (R&D Sys-
tems) assay. Data represent the mean of Wve individual animals
from each group in pictogram (pg) per tumor weight (g).

Cytotoxicity assay

B16 melanoma cells (2 £ 105) were inoculated to mice.
12 days later, the splenic T cells were isolated by T cell-
enrichment column and further stimulated by HSP70-B16
peptide complexes in the presence of APCs for six days as
described previously [22]. Stimulated splenic T cells were
cocultured with B16 cells that were pre-treated or left
untreated with diVerent agents. The Xow cytometry-based
method [23] was used for cytotoxicity assay.

Western blot analysis

Cell lysates or tumor tissue homogenates (30 �g of total
protein) and prestained molecular weight markers were
separated by SDS-PAGE followed by transfer onto nitro-
cellulose membranes. The membranes were blocked in
TBST (Tris-buVered saline with 0.5% of Triton X-100)
containing 5% nonfat milk, and probed with the indicated
antibodies. After incubation with the secondary antibody
conjugated with horseradish peroxidase, membranes were
extensively washed, and the immunoreactivity was visual-
ized by enhanced chemiluminescence according to the
manufacturer’s protocol (ECL kit, Santa Cruz, CA, USA).
All antibodies were purchased from Santa Cruze Biotech-
nology (Santa Cruz, CA, USA).

Statistics

Results were expressed as mean value § SD and inter-
preted by ANOVA-repeated measure test. DiVerences were
considered to be statistically signiWcant when P < 0.05.

Results

Autophagy is a negative regulator of surface MHC-I anti-
gen expression

To investigate whether autophagy regulates MHC-I, we
Wrst chose macrophages for this purpose. The macrophages
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were isolated from peritoneal cavity of mice, which highly
expressed MHC-I antigen and had autophagic activity,
evaluated by Xow cytometry and electron microscopy (data
not shown). Then, the cells were treated in vitro with rapa-
mycin or 3-methyladenine (3-MA) or wortmannin or
baWlomycin A1 (BM) or chloroquine for 24 h. Among
them, rapamycin is a speciWc inhibitor of mTOR and has
been well established to increase the Xux of autophagy
[24]; 3-MA and wortmannin are inhibitors of PI-3K class
III and suppress autophagosome formation [25]; baWlomy-
cin A1 blocks the fusion of autophagosomes with lyso-
somes [25]; whereas chloroquine is lysosomal enzyme
inhibitor that blocks the lysosomal degradation of auto-
phagosomes [25]. The Xow cytometric analysis showed that
these agents did not alter the number of MHC-I antigen
positive cells, but aVected the mean Xuorescence intensity
(MFI) signiWcantly (Fig. 1a, b). Rapamycin decreased the
MFI from 5,157 to 3,748, and 3-MA, BM, wortmannin and
chloroquine nevertheless increased the MFI of MHC-I anti-
gen at diVerent levels. In line with these data, knockdown
of autophagy-related genes Atg5, Atg7 or Beclin 1 also
increased MHC-I antigen expression by macrophages
(Fig. 1c). Taken the functional connection between surface
MHC-I antigen and costimulatory molecules, we addition-
ally detected the molecules CD80 and CD86. We found
that CD80 was not changed by autophagy, but CD86 was
signiWcantly altered (supplementary Fig. 1a, b). The inhibi-
tion of autophagy not only increased CD86 positive cell
number but also increased the MFI. These data suggested
that autophagy may be a negative regulator of MHC-I anti-
gen.

Autophagy synergizes with INF-� to upregulate MHC-I 
antigen expression by B16 cells

Downregulation of MHC-I antigen is a typical feature of
B16 melanoma cells due to the coordinated dysregulation

of the antigen-processing components [6]. Based on the
above data, we here hypothesized that autophagy contrib-
uted to MHC-I antigen downregulation in B16 melanoma
cells. To test this hypothesis, we took the advantage of the
restoration of MHC-I antigen expression on B16 cells by
IFN-�. We treated B16 cells with rapamycin plus IFN-�.
Surprisingly, rapamycin did not show inhibitory eVect, but
synergized with IFN-� to further upregulate MHC-I antigen
expression (Fig. 2a). On the other hand, the suppression of
autophagy by 3-MA, BM, wortmannin and chloroquine
downregulated MHC-I antigen of B16 cells in the presence
of IFN-� or IFN-� + rapamycin (Fig. 2a). The similar result
was also obtained by knockdown of Atg5, Atg7 or Beclin 1
(Fig. 2b).

The regulatory mechanisms of IFN-� signaling on B16 
MHC-I antigen expression via autophagic pathway

To explain the above unexpected phenomena, we per-
formed ImmunoGold electron microscopy assay. We found
that MHC-I antigen molecules were present in the autopha-
gosomes/autophagolysosomes of B16 cells treated with
rapamycin but the addition of IFN-� inhibited such co-
localization (Fig. 3a). In addition, MHC-I antigen was not
observed in PBS-treated cells (Fig. 3a). This observation
suggested that autophagy may be involved in the degrada-
tion of MHC-I antigen but that INF-� can rescue the pro-
cess. However, this did not explain the enhancement of
IFN-�-induced MHC-I antigen expression by autophagy
activation. A possibility was that autophagy might aVect
antigen-processing pathways that can enhance or stabilize
MHC-I antigen expression in the presence of IFN-�. To
address this possibility, we Wrst measured the impact of
autophagy on gene transcription of Wve proteins critical
for antigen processing including the proteasome subunits
LMP2 and LMP7, the peptide transporter associated with
antigen processing TAP1 and TAP2, and the chaperone

Fig. 1 Autophagy negatively regulates MHC-I antigen expression.
a, b Autophagy decreases MHC-I expression in macrophage. The
cultured peritoneal macrophages were treated with rapamycin (0.5 �g/
ml), 3-MA (3 mM), BM (10 nM), wortmannin (100 nM), or chloro-
quine (25 �M) for 24 h. The MHC-I antigen positive cell proportion
(a) and the mean Xuorescent intensity MFI (b) were analyzed by Xow

cytometry. c Atg5, Atg7, and becalin 1 siRNAs were transfected into
macrophages, respectively. 24 h later, the MFI of MHC-I antigen were
analyzed by Xow cytometry. The data in this Wgure are the representa-
tives of three independent experiments. *P < 0.05, compared with
control group
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tapasin [26]. Our results indicated that neither autophagy
inducer nor inhibitors aVected the expression of any of
these Wve genes induced by IFN-� (Fig. 3b, c). Since activa-
tion of autophagy increases intracellular degradation, we
then reasoned that autophagy might increase the generation
of MHC-I-binding peptides independent of the ubiquitin-
proteasome pathway. In order to address this question, we
adapted a method using acid to remove surface class I pep-
tide complexes induced by IFN-� (supplementary Fig. 2)
and then analyzed re-expression of MHC-I antigen in the
presence or absence of proteasome inhibitors [19, 20].
Interestingly, although proteasome inhibitors lactacystin
and MG-115 blocked 97% of cleavage activities of protea-
somes (supplementary Fig. 3), substantial levels of IFN-�-
induced MHC-I antigen remained detectable on the cell
surface (26 and 21%, respectively; Fig. 3d), suggesting the
existence of proteasome-independent pathways for genera-
tion of MHC-I-binding peptides. Furthermore, decreased
expression of MHC-I antigen by proteasome inhibitors
could be partially restored in the presence of rapamycin
while the autophagy inhibitors further suppressed MHC-I
antigen surface expression (Fig. 3d). Taken together, these
data imply that autophagy alone may degrade intracellular
MHC-I antigen but that it facilitates the generation of
MHC-I binding peptides in the presence of IFN-�. As a
consequence, activation of autophagy may be a necessary
step for IFN-�-induced surface expression of MHC-I anti-
gen in B16 cells and serve as an alternative pathway for
class I peptide generation.

The inXuence of autophagy on CTL cytolysis of B16 cells 
is dependent on IFN-� in vitro

We next asked whether autophagy inXuenced the CTL
cytolysis against B16 cells. To address this question, spleen
T cells from B16 cell-inoculated C57BL/6 mice were stim-
ulated in vitro with HSP70-B16 peptide complexes [22] in

the presence of irradiated APCs for 6 days to generate B16
speciWc CTLs. The cytotoxicity assay was then performed.
The eYcient killing to IFN-�-treated B16 cells was
observed, which could be enhanced or impaired by addition
of rapamycin or autophagy inhibitors (Fig. 4a). However,
single rapamycin treatment decreased the cytolysis and sin-
gle autophagy inhibitor treatment increased the cytolysis
(Fig. 4b). Moreover, we used another approach to further
conWrm these data. We constructed a B16 cell line stably
expressing Beclin 1 siRNA (Fig. 4c), which was used to
interfere with the formation of autophagosome. This was
because Beclin 1, the mammalian homolog of yeast ATG6,
together with the class III phosphoinositide-3 kinase
(PI3K), mainly mediates the formation of the double-mem-
brane-bound autophagosomes containing sequestered cellu-
lar contents [25]. Consistently, under such condition, the
eVect of IFN-� treatment on cytolysis was impeded
(Fig. 4d). Thus, these data indicated that autophagy may
positively or negatively inXuence the cytolysis of CTL to
B16 cells dependent on the existence or absence of IFN-�.

DiVerent roles of autophagy in CTL cytolysis against B16 
melanoma

The upregulated expression of MHC-I antigen in melanoma
cells should beneWt the cytolysis of CTL against melanoma.
We then used the B16 s.c. tumor model to study the role of
autophagy in CTL cytolysis in vivo. We Wrst measured
tumor IFN-� level, due to the synergistic eVect of IFN-� and
autophagy on MHC-I antigen expression (Fig. 2). The high
level of tumor IFN-� could be detected on d5 after tumor
cell inoculation and probably reached to the highest level
on d15, then gradually decreased, evaluated by both real
time RT-PCR and ELISA (Fig. 5a, left and middle). In par-
allel, the similar expression pattern of MHC-I antigen in
melanoma tumor cells was observed (Fig. 5a, right). Then,
we injected rapamycin to small melanoma-bearing mice

Fig. 2 The synergistic eVect of autophagy and INF-� on MHC-I anti-
gen expression. a Autophagy synergizes with INF-� to upregulate
MHC-I of B16 cells. B16 cells were treated with IFN-� (10 ng/ml) in
the presence or absence of rapamycin, 3-MA, BM, wortmannin, or
chloroquine for 24 h. The MHC-I antigen positive cells were analyzed
by Xow cytometry. *P < 0.05, compared with IFN-� group. #P < 0.05,

compared with IFN-� + rap group. b Atg5, Atg7, and beclin 1 siRNAs
were transfected into IFN-�-treated B16 cells, respectively. 24 h later,
the MHC-I antigen positive cells were analyzed by Xow cytometry.
*P < 0.05, compared with IFN-� group. #P < 0.05, compared with
IFN-� + rap group
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Fig. 3 The regulatory mechanisms of IFN-� signaling on MHC-I
expression via autophagy pathway. a ImmunoGold electron micros-
copy demonstrating the presence of MHC-I antigen in autophagosome
of B16 cells. Bold arrows indicated gold particles. The scale bar was
shown. b, c The expression of LMP2, LMP7, TAP1, TAP2, and tapasin
in B16 cells under diVerent conditions was analyzed by RT-PCR (b)
and real time RT-PCR (c). d Autophagy is a source for the generation
of MHC-I antigenic peptides. IFN-�-eVected B16 cells were pretreated

with proteasome inhibitor Lac (100 �M) or MG-115 (50 �M) for 2 h,
and treated with 300 mM glycine (pH 2.5) for 4 min to remove the sur-
face MHC-I antigen. After washing, the cells were incubated for 5 h in
the presence IFN-� and proteasome inhibitor plus rapamycin or auto-
phic inhibitors. The reexpression of MHC-I antigen was analyzed by
Xow cytometry. *P < 0.05, compared with lactacystin group.
#P < 0.05, compared with GM-115 group

Fig. 4 Autophagy inXuences the sensitivity of B16 cells to CTLs. a, b
Autophagy aVects the cytolysis to B16 cells. B16 cells (2 £ 105) were
inoculated to mice. 12 days later, spleen T cells were isolated and stim-
ulated in vitro with HSP70-B16 peptide complexes in the presence of
irradiated normal splenocytes as APCs for 6 days. The cells were har-
vested as eVector cells. B16 cells were treated with rapamycin, 3-MA,
BM, wortmannin, or chloroquine in the presence (a) or absence (b) of
IFN-� for 24 h, and used as target cells. The cytolysis assay was per-
formed as described in “Materials and methods”. *P < 0.05, compared

with PBS group (20:1). #P < 0.05, compared with PBS group (10:1). c
siRNA silences Beclin 1 expression. After stable transfection of Beclin
1 siRNA vector into the B16 cell line, Beclin 1 mRNA and protein
expression were examined by RT-PCR and Western blot. d Beclin 1
knockdown aVects the cytolysis to B16 cells. The above eVector cells
were generated. Beclin 1 siRNA-expressing B16 cells were treated
with or without IFN-� for 24 h, and used as target cells. The cytolysis
assay was performed (*P < 0.05)
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(d12) in line with the high level of IFN-�. The expression of
MHC-I antigen in tumor cells was further increased 2 days
after injection. In contrast, the injection of autophagy inhib-
itors nevertheless decreased MHC-I antigen expression
(Fig. 5b). Consistently, the expression of tumor cell MHC-I
antigen was decreased in beclin-1 siRNA-expressing mela-
noma (Fig. 5b).

To clarify whether autophagy aVects the CTL cytolysis
against B16 melanoma, we then treated melanoma (d12)
with rapamycin or autophagy inhibitors for 48 h, and per-
formed the cytolysis assay. The spleen T cells from
untreated d14 tumor-bearing mice were isolated and stimu-
lated in vitro and used as the eVector cells. The tumor cells
isolated from treated melanoma were used as the target
cells. The rapamycin treatment eVectively strengthened the
sensitivity of tumor cells to CTLs, and the treatment with
autophagy inhibitors nevertheless decreased the sensitivity,
leading to low cytolysis (Fig. 5c). We also tested the large
melanoma. The expression of MHC-I antigen was strik-
ingly decreased in tumor cells of large melanoma (d25)
(Fig. 5a). We then isolated the spleen T cells from d25
tumor-bearing mice (untreated) and stimulated them in
vitro for the use as eVector cells. The impaired cytolysis to

the tumor cells of large melanoma was observed, and nei-
ther rapamycin nor autophagic inhibitors had the eVect on
the cytolysis (supplementary Fig. 4). This might be due to
the disfunctional T cells in large tumor-bearing mice. By
using CTLs generated from d12 tumor-bearing mice, a
decreased cytolysis was observed in the rapamycin group,
but the increased cytolysis was observed in the autophagy
inhibitor groups (Fig. 5d). This might be due to the down-
regulation of MHC-I antigen expression by autophagy in
the absence of IFN-�. Taken together, these data suggest
that autophagy may enhance the CTL cytolysis to mela-
noma tumor cells at the early stage, but impairs the CTL
cytolysis at the late stage of melanoma.

Discussion

Although autophagy has been linked to endogenous MHC
class II antigen processing for presentation to CD4+ T cells
[14–18], a direct role for autophagy in MHC class I antigen
presentation and CD8+ T cell recognition has not been
Wrmly established. We demonstrate in the present study that
autophagy may down-regulate MHC-I antigen expression in

Fig. 5 DiVerent roles of autophagy in CTL cytolysis against B16 mel-
anoma. a The level of IFN-� and MHC-I antigen in B16 melanoma of
diVerent time points after inoculation. B16 cells were inoculated s.c. to
mice. The tumor was removed at diVerent time points for the IFN-�
detection by real time RT-PCR (left) and ELISA (middle). The tumor
cells were also isolated for MHC-I antigen analysis by Xow cytometry
(right). b Autophagy increases MHC-I antigen expression in tumor
cells of small melanoma. B16 cells were inoculated s.c. to mice.
12 days later, mice were injected i.p. with rapamycin (100 �g/mouse),
wortmannin (300 ng/mouse), chloroquine (200 �g/mouse), or BM
(100 ng/mouse), or injected multiply at tumor site with 3-MA (50 �g/
mouse). 24 h later, the tumors were removed and the melanoma cells
were isolated for MHC-I antigen expression analysis by Xow cytome-

try. *P < 0.05, compared with PBS group. #P < 0.05, compared with
siRNA control. c, d Autophagy aVects the CTL cytolysis against B16
melanoma. B16 cells (2 £ 105) were inoculated to mice. 12 days later,
spleen T cells were isolated and stimulated in vitro with HSP70-B16
peptide complexes in the presence of irradiated normal splenocytes as
APCs for 6 days. The cells were used as eVector cells. The melanoma-
bearing mice of d4 or d25 after inoculation were pretreated with rapa-
mycin, wortmannin, chloroquine, or BM, or 3-MA one day in advance.
The tumor cells isolated from d14 melanoma (c) or d25 melanoma (d)
were used as the target cells. The cytotoxicity assay was performed.
*P < 0.05, compared with PBS group (20:1). #P < 0.05, compared with
PBS group (10:1)
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macrophage and is involved in MHC-I antigen expression in
tumor cells. Interestingly, however, in the presence of IFN-
�, autophagy increases MHC-I antigen surface expression
on tumor cells leading to enhanced CTL-mediated killing.
We speculate that the decrease in MHC-I antigen expression
by autophagy is due to the outcome of increased intracellu-
lar degradation, however, this process may be compensated
for by induction of MHC gene transcription by IFN-�. Fur-
thermore, as a consequence of intracellular protein degrada-
tion, more antigenic peptides may be produced through the
autophagic pathway leading to enhanced MHC-I/antigen
stability and expression. This latter possibility is supported
by a recent study where induction of autophagy indeed
enhanced the formation of autophagosomes in B16 cells that
carried tumor-speciWc epitopes. The authors demonstrated
that rapamycin-treated tumor cells or autophagosomes
extracted from these cells were more immunogenic than
their untreated counterparts and upon a coculture with den-
dritic cells; these materials could elicit strong CD8+ T cell
responses, identifying autophagy as an alternative route of
antigen delivery to dendritic cells for cross-presentation
[27]. Our results, however, provide evidence for the Wrst
time that in the presence of IFN-�, enhancement of autoph-
agy can increase antigen processing and presentation by
tumor cells for direct CTL recognition.

The surface expression of MHC-I antigen involves
multiple steps including proteolysis by proteosome, trans-
portation of peptides into the ER, and assembly of MHC-I-
peptide complex [28]. Nevertheless, autophagy might be
involved in these processes: (1) ER as a type of organelle
can be degraded by autophagy; and (2) proteasome system
and autophagy, the two types of machinery for protein deg-
radation, possibly exists the crosstalk between them. Here,
we indeed show that autophagy downregulates MHC-I anti-
gen expression in macrophages, which prompts us to
hypothesize that autophagy is another mechanism involv-
ing MHC-I antigen loss in B16 melanoma cells besides the
downregulation of multiple components of the MHC-I anti-
gen-processing pathway. Considering that IFN-� is capable
of correcting the loss of MHC-I antigen of B16 cells, we
treated B16 cells with IFN-�. Surprisingly, autophagy syn-
ergized with IFN-� to induce MHC-I antigen expression,
but not antagonized the eVect. Such phenomena might be
explained by our Wndings: (1) IFN-� signaling may prevent
the uptake of MHC-I antigen during autophagic process;
and (2) autophagy may be a source to provide MHC-I pep-
tides. These raise the interesting questions: (1) how IFN-�
signaling guides autophagy to selectively target molecules
or organelles, such as MHC-I antigen; and (2) how autoph-
agy captures antigen and processes them to MHC-I peptide.
Addressing such questions should promote the further
understanding of the biology of autophagy and the MHC-I
antigen-processing machinery.

CD8+ T cell activation by MHC-I antigen-mediated
pathway requires the help of costimulatory molecules, typi-
cally CD80 and CD86 [29–31]. An interesting Wnding in
this study is that autophagy also aVects the expression of
costimulatory molecules besides MHC-I antigen. Autoph-
agy seems not to aVect CD80 expression, but strikingly
aVects CD86 expression in peritoneal macrophages. On the
other hand, CD80 or CD86 was undetectable in B16 cells
by Xow cytometry in our study, even if we added IFN-� or
the combination of IFN-� and rapamycin or autophagy
inhibitors (data not shown). We did not elucidate the under-
lying mechanism here. However, the severe inhibition of
CD86 expression by B16 cell-relative factors might be the
reason that autophagy has no eVect on CD86 expression. In
our study, the deWcient expression of CD80 and CD86 may
impair the activation of T cells by B16 cells, but seems not
to inXuence the eVector phase. This is not the case showed
in J558 plasmacytoma cells [32].

Tumorigenesis is considered to experience the immuno-
editing processes from immunosurveillance to equilibrium
and immune escape [33–35]. Our data indicate that autoph-
agy may be profoundly involved in these processes. At the
early stage of B16 melanoma, autophagy synergizes with
IFN-� to upregulate tumor surface MHC-I antigen, thus
leading to eYcient CTL cytolysis. Furthermore, autophagy
was recently identiWed as an active process for cross-pre-
sentation of tumor antigens to dendritic cells. Therefore,
autophagy may augment both tumor-speciWc Th1 cells and
CTLs for tumor immunosurveillance, and defects in
autophagy could promote tumorigenesis. However, during
the immune escape stage, the tumor immunosuppressive
microenvironment prevents the generation of IFN-� [36],
thus leading to autophagy to exert its function of downregu-
lating MHC-I antigen. Therefore, autophagy can further
augment the tumor immunosuppression. These Wndings
may have important clinical importance. Since the clinical
cancer patients usually have advanced tumor, the use of
autophagy-promoting drugs such as rapamycin might fur-
ther jeopardize antitumor immunity by downregulating
MHC-I antigen. However, the combination of autophagy-
promoting drugs and chemo- or radiotherapy may be useful
to enhance antitumor immunity. Taken together, we pro-
pose that autophagy plays diVerent roles in tumor immunity
dependent on tumor microenvironment.
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