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to autophagosomes in a clathrin-dependent manner. In 
autophagosomes, MPR lost its natural ligands, which 
resulted in subsequent trafficking of empty receptor(s) 
back to the surface. Together, our data demonstrated a 
novel mechanism by which XRT can enhance the effect 
of immunotherapy and the molecular mechanism of this 
process.
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TGN	� Trans-golgi network
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Abstract  There is a significant body of evidence dem-
onstrating that radiation therapy (XRT) enhances the 
effect of immune therapy. However, the precise mecha-
nisms by which XRT potentiates the immunotherapy of 
cancer remain elusive. Here, we report that XRT poten-
tiates the effect of immune therapy via induction of 
autophagy and resultant trafficking of mannose-6-phop-
sphate receptor (MPR) to the cell surface. Irradiation of 
different tumor cells caused substantial up-regulation of 
MPR on the cell surface in vitro and in vivo. Down-reg-
ulation of MPR in tumor cells with shRNA completely 
abrogated the combined effect of XRT and immunother-
apy (CTLA4 antibody) in B16F10-bearing mice with-
out changes in the tumor-specific responses of T cells. 
Radiation-induced MPR up-regulation was the result 
of redistribution of the receptor to the cell surface. This 
effect was caused by autophagy with redirection of MPR 
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Introduction

Multiple strategies to induce antitumor immune responses 
have shown promise in preclinical studies, but few have 
been successfully brought to the clinic [1–3]. These appli-
cations have mainly been limited to immunogenic tumors 
like melanoma or renal cell carcinoma and, even then, have 
benefited only a subset of patients. In this context, combin-
ing immunotherapy with conventional chemotherapy or 
radiation therapy (XRT) appears as an attractive option.

Ionizing radiation and chemotherapeutic agents have 
been traditionally considered immunosuppressive [4–7]. 
Surprisingly, during a number of phase I and II trials, the 
clinical benefits of combining chemotherapy with immu-
notherapy have been noted and are now being tested in 
clinical settings [8, 9]. Modern XRT is highly conformal 
to the tumor site, and although some evidence indicates a 
tolerogenic effect of XRT [10, 11], localized radiation is 
generally anticipated to avoid systemic immune suppres-
sion. Efforts to combine XRT with immunotherapy in pre-
clinical and clinical studies include intratumoral adminis-
tration of DCs, treatment with CTLA-4, PD-L1 or CD137 
antibody, TLR agonists, or tumor vaccines [12–19]. The 
reduced therapeutic efficacy of XRT in mice deficient in 
the normal T cell repertoire has long suggested the critical 
role of T cells in such antitumor responses [20]. Activation 
of these tumor-specific T cells requires transfer of anti-
gens from dying tumor cells to DCs [21, 22]. Macrophages 
expressing iNOS have also been implicated in orchestrat-
ing CTL activity in the tumor microenvironment following 
ionizing radiation [23]. The concept of immunogenic cell 
death from various classes of chemotherapy and ionizing 
radiation has been proposed [24, 25]. Release of damage-
associated molecular pattern (DAMP) molecules by ioniz-
ing radiation has been associated with such immunogenic 
apoptosis [25, 26].

However, it remains unclear how chemotherapy and 
XRT could potentiate the effect of immune therapy in real 
setting of immune-suppressive environment often associ-
ated with conventional therapy. We have recently suggested 
a novel mechanism by which chemotherapy could sensitize 
tumor cells to CTLs mediated by the cation-independent 
mannose-6-phosphate receptor (MPR) [27, 28]. MPR is 
responsible for the binding and uptake of various mannose-
6-phosphate-containing molecules. One of them is insulin-
like growth factor II (IGFII), hence the other name of the 
receptor—insulin-like growth factor II receptor (IGFIIR). 
MPR shuttles its cargo (ligands) between the cell surface 
membrane and intracellular compartments where it trans-
ports the ligand–receptor complex from the trans-golgi net-
work (TGN) to endosomes [29]. In addition, MPR can bind 
to granzyme B (GrzB) released by CTLs [30–32]. Up-reg-
ulation of MPR on the tumor cell surface by chemotherapy 

renders tumor cells more susceptible to CTL killing by 
making the tumor cells permeable to GrzB produced by 
activated CTLs [27, 28]. Moreover, this bypasses the strict 
requirement for CTL recognition of specific antigens on all 
tumor cells. This is distinct from other described mecha-
nisms as it does not rely on enhanced immunogenicity for 
potentiating immunotherapy and sensitizes tumor cells not 
expressing specific antigens to the effector T cells. Up-
regulation of MPR in response to chemotherapy has been 
associated with autophagy. However, the molecular mecha-
nism of this effect remains unclear. Ionizing radiation has 
previously been demonstrated to elicit autophagy in multi-
ple types of tumors [33, 34]. If our concept is correct, up-
regulation of MPR should represent the universal mecha-
nism by which conventional cytotoxic therapy of cancer 
synergizes with immune therapy, and XRT should cause 
an effect similar to that of chemotherapy. In this study, we 
tested this hypothesis and tried to elucidate the mechanism 
of MPR up-regulation.

Materials and methods

Mice and tumor models

Animal protocols were approved by the University of 
South Florida Animal Care and Use Committee. Female 
C57BL/6J (B6, H-2b) mice were purchased from the NCI 
(Frederick, MD). Pmel transgenic mice that carry T cell 
receptor specific for the mouse gp100-derived peptide were 
obtained from The Jackson Laboratory (Bar Harbor, ME). 
Murine B16F10 melanoma, mammary carcinoma 4T1, and 
Lewis lung cancer (LLC) cells were purchased from the 
American Type Culture Collection (ATCC) after 2009. The 
cells were maintained in RPMI 1640 or DMEM media con-
taining 10 % FBS.

Reagents

Antibodies against cation-independent MPR, clathrin heavy 
chain, and LAMP2 were purchased from Abcam. CD45-
PE, CD4-PerCP, CD8α-PE, and antirabbit IgG-Alexa647 
antibodies were obtained from BD Bioscience. 3MA was 
purchased from Sigma. Cytosolic and membrane protein 
fractions were extracted using the Qproteome Cell Com-
partment kit (Qiagen). CTLA4 antibody was purchased 
from BioXcell.

Transfection of cells

B16F10 cells were stably transfected with control short 
hairpin RNA (shRNA), mpr, atg5, or beclin1 shRNA 
vectors incorporating the puromycin resistance gene for 
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subsequent selection (Mission, Sigma-Aldrich) using a 
Geneporter 2 kit (Genlantis). B16F10 cells were transfected 
with clathrin siRNA using the Nucleofector Kit C (Lonza; 
Program X-05 on Amaxa) and 30 nmol/L of different clath-
rin siRNAs or with 30  nmol/L of scrambled siRNA. The 
cells were resuspended in Dulbecco’s Modified Eagle’s 
Media medium and rested for 48 h before treatment with 
ionizing radiation or paclitaxel (taxol, TAX).

Detection of MPR

Cell surface MPR was detected by flow cytometry as 
described earlier [28]. Dead cells were gated out from the 
live population by FSC/SSC profile and 7AAD staining.

Treatment protocol

C57BL/6 mice were inoculated with 0.5 × 106 tumor cells/
mouse in the hindlimb. After 14  days, the tumors were 
measured and mice were randomized to the treatment 
groups. Mice were treated 3 times with 100  µg CTLA4 
mAb every other day. The day after the first injection of 
CTLA4 mAb, the hindlimb was treated with 15 Gy (in vivo 
assay for combined radiation therapy and CTLA4 abroga-
tion) or 10 Gy to 30 Gy (in vivo assay for MPR staining) of 
X-ray radiation with 320 kV photons using X-RAD orthov-
oltage X-ray machine from Precision X-ray Inc. The rest of 
the body was shielded with lead.

Western blotting

Cells were lysed, and samples (40  μg protein per lane) 
were subjected to electrophoresis on 7  % (MPR), 10  % 
(clathrin), or 12  % (LC3) SDS-polyacrylamide gel fol-
lowed by transfer to a polyvinylidene difluoride membrane. 
Membranes were blocked overnight with 5  % BSA and 
then incubated with appropriate primary antibodies over-
night at 4  °C followed by incubation with antigoat IgG 
HRP-conjugated antibody (Santa Cruz) for 1  h at room 
temperature. The bands were visualized by ECL Western 
plus kit (GE healthcare). To confirm equal loading of pro-
tein, the membrane were also probed for cadherin, tubulin, 
or β-actin.

Confocal microscopy

B16F10 melanoma cells were grown on the cover slip, and 
once adherent, cells were treated with 20–40 Gy ionizing 
radiation, washed, and cultured in vitro for 24 h. Cells were 
fixed with 4 % paraformaldehyde for 30 min, blocked with 
10  % goat serum for 30  min, and then labeled with pri-
mary MPR antibody, followed by goat antirabbit Alexa 647 
antibody (invitrogen). The cells were imaged with a Leica 

TCS SP5 laser scanning confocal microscope through 
a 63X/1.40NA Plan Apochromat oil immersion objec-
tive lens (Leica Microsystems). Diode laser lines of 405 
and 555 nm were applied to excite the samples. An acou-
sto-optical beam splitter was used to collect peak emis-
sion photons sequentially to minimize cross talk between 
fluorochromes.

CTL assay

The CFSE CTL assay was performed as previously 
described [52]. Briefly, B16F10 control shRNA and mpr 
shRNA cells were either left untreated or radiated with 
20  Gy. The following day, control shRNA cells were 
labeled with 10  µM CFSE and mpr shRNA cells were 
labeled with 1 µM CFSE. 2 × 105 control shRNA and mpr 
shRNA cells were mixed in 1:1 ratio and cultured with 
6 × 105 activated effector cells (Pmel splenocytes) for 6 h. 
The cells were then stained with DAPI and CD45 PE and 
analyzed on LSRII flow cytometer. Activated effector cells 
were prepared by incubating splenocytes from Pmel trans-
genic mice with 1 µM peptide (KVPRNQDWL) for 72 h.

Clonogenic assay

The clonogenic assay was performed as follows. B16F10 
were stably transfected with shRNA for MPR or con-
trol shRNA were suspended in DMEM containing 10  % 
fetal bovine serum in a concentration of 10.000 cells/mL 
in 6-well plates. Test wells were exposed to 20 Gy exter-
nal radiation (XRT) in triplicates using a MARK-1 Ce137 
irradiator. Immediately after, 10.000, 1.000, 100, and 10 
cells were plated per well in complete growth media. After 
10  days, colonies visible in the wells were stained with 
crystal violet and counted using Image Pro 7.0 software. 
The surviving factor (SF) was calculated according to the 
formula SF = no. of colonies formed after treatment/(no. of 
cells seeded × PE) where PE = (no. of colonies formed/no. 
of cells seeded) × 100 %.

Scatchard assay

Human U266 cells were either left untreated or treated 
overnight with 25nM doxorubicin. Next day, the cells 
were washed and incubated on ice with serial dilutions of 
human [125I] IGF-II (Perkin Emler, cat # NEX429005UC) 
starting with 2.63  nM. To measure non-specific bind-
ing, 200-fold molar excess of unlabeled IGF-II were used 
with three different concentrations of labeled [125I] IGF-
II. Cells were incubated at 4  °C for 4  h to achieve equi-
librium. The supernatants from each tube were collected 
and added to CytoScint (MP Biomedical) for measure-
ment of unbound radioactivity. Cells were resuspended in 
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CytoScint for counting bound radioactivity to the cells. 
Samples were counted on gamma counter (Perkin Elmer) 
and data analyzed using Scatchard plot analysis. Since the 
non-treatment group had a very low ratio of bound mol-
ecules to the concentration of unbound IGF-II, we had 
to combine the results of 6 different experiments using 
inverse weighting given IGF-II (nM), the general form 
is, wijk = 1/σ 2

ijk and yjk =

(

Σxijkwijk

)

/
(

Σwijk

)

; i = 1,

2, . . . , n; j = 1, 2, . . . , m; and k = 1, 2, 3, 4. Where the 
index i is equal to the trial, index j is equal to the IGF-II 
(nM) concentration, and index k is equal to the current raw 
data type. In this case, n is equal to 6 and m is equal to 
5. The inverse weight is represented with wijk and is equal 
to one over its variance (σ 2

ijk) given the index ijk. We can 
determine the variance because the data collected are count 
data, meaning it has a poison distribution with the mean 
equal to the variance. And, xijk is the count (mean) of the 
raw data type at the current trial IGF-II (nM) concentra-
tion. Inverse weighting results in the new variable yjk which 
is used for the Scatchard plot analysis. For the treatment 
group, the ratio of bound molecules to the concentration 
of unbound IGF-II was sufficiently high that we could 

perform calculations without preprocessing the data with 
inverse weighting.

Statistical analysis

Statistical analysis was conducted using a 2-tailed Stu-
dent’s t test and GraphPad Prism 5 software (GraphPad 
Software Inc.), with significance determined at p  <  0.05. 
Analysis of tumor growth curves was conducted, using a 
2-way ANOVA test with a Bonferroni posttest.

Results

Radiation therapy potentiates the effect of immunotherapy 
via up‑regulation of MPR

First, we evaluated the effect of radiation on MPR expres-
sion in vitro in several murine tumor cell lines. Within 
24 h after irradiation with 20 Gy, B16F10 melanoma, LLC 
lung carcinoma, and 4T1 mammary carcinoma cells exhib-
ited substantial up-regulation of MPR on the cell surface 
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Fig. 1   Radiation induces MPR up-regulation in tumor cells. a Up-
regulation of MPR in vitro on the surface of the indicated tumors 
24 h after irradiation with 20 Gy. Cells were gated on 7AAD-negative 
population. Typical examples of 3–5 different experiments are shown. 
b Effects of ionizing radiation in vivo. B16F10 tumor-bearing mice 
received 30  Gy of local radiation therapy. Tumors were excised at 

indicated times, and tumor cells were analyzed by flow cytometry. 
Cells were gated on the CD45−7AAD− population. Representative 
plots are shown on the left. Cumulative results of MPR expression are 
shown on the right. Each time point included 2–5 mice. *Statistically 
significant differences from control (p < 0.05)
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(Fig. 1a). MPR up-regulation was observed in B16F10 mel-
anoma with the radiation dose as low as 10 Gy in vitro (Fig. 
S1A). The effect of ionizing radiation on MPR expression 
in vivo was assessed in mice bearing subcutaneous B16F10 
tumors. Mice were treated with a single 30 Gy fraction of 
radiation when tumors reached 1  cm in diameter. Tumors 
were excised, and MPR expression was evaluated in single-
cell suspension by flow cytometry. Up-regulation of MPR 
on the cell surface was detectable within 24  h following 
radiation and reached maximal levels by 72 h. It declined to 
pretreatment levels by day 7 days after irradiation (Fig. 1b). 
Up-regulation of MPR on the cell surface of tumor cells 
was also detectable with a single fraction of 10  Gy (Fig. 
S1B).

The role of MPR in the antitumor effect of combined 
radiation therapy and immunotherapy was evaluated using 
B16F10 cells with stable expression of MPR shRNA, 
which blocked MPR expression (Fig.  2a). Down-regula-
tion of MPR did not affect the viability or growth kinet-
ics of B16F10 cells (Fig S2 and data not shown). We also 
tested whether down-regulation of MPR had a direct effect 
on tumor cell viability in response to ionizing radiation 
in vitro. The number of live MPR shRNA B16F10 cells 
recovered after irradiation was the same as control shRNA 
B16F10 cells (Fig. 2b). We then determined whether radio-
sensitivity of B16F10 cell line was affected by MPR down-
regulation. 20  Gy of irradiation had a strong suppressive 
effect on the clonogenic potential of B16F10 cells (Fig. 2c). 
This inhibition occurred regardless of MPR silencing by 
shRNAs (Fig. 2c). Next, the effect of MPR expression on 
the sensitivity of tumor cells to CTL killing was assessed 
in vitro as our prior study has demonstrated increased bind-
ing of granzyme B released by CTL with up-regulation of 
MPR on the cell surface [27]. shRNA B16F10 cells and 
MPR shRNA B16F10 cells were labeled with different 
amounts of CFSE, mixed at a 1:1 ratio, and cultured for 6 h 
with activated Pmel T cells that recognize a gp100-derived 
peptide epitope expressed on B16F10 cells [35]. In non-
irradiated cells, no difference in T cell-mediated killing was 
observed between B16F10 cells transfected with control 
and MPR shRNA (Fig. 2d). In contrast, when tumor cells 
were irradiated with 20 Gy, MPR shRNA-transfected tumor 
cells were substantially less sensitive to CTLs than control 
shRNA cells (Fig. 2d). To test the combined effect of radia-
tion and immunotherapy in B16F10-bearing mice in vivo, 
we used repeated administration of CTLA4 mAb and a 
single 15 Gy fraction of local XRT. Treatment was started 
when tumors reached 100  mm2. The growth kinetics for 
B16F10 cells transfected with MPR shRNA was delayed 
by 3 days in vivo (Fig. 2e). CTLA4 mAb immunotherapy 
alone did not affect tumor growth in these mice (Fig. 2e). 
Treatment of mice bearing B16F10 tumors expressing 
control shRNA with the combination of radiation therapy 

and CTLA4 mAb showed significantly better (p = 0.0078) 
tumor growth suppression compared to XRT alone (Fig. 2e, 
left panel). This effect of combined therapy was completely 
abrogated in mice bearing tumors expressing MPR shRNA 
(Fig. 2e, right panel).

We investigated the possibility that down-regulation of 
MPR may have an effect on the immunogenicity of tumors 
and thus negatively influence the strength of systemic 
immune responses after combined XRT and CTLA4 mAb 
immunotherapy. Splenocytes were isolated from tumor-
bearing mice 10 days after the treatment and restimulated 
with irradiated B16F10 cells ex vivo. Combined XRT and 
CTLA4 mAb caused a significant increase in tumor cell-
specific splenocyte proliferation as compared to untreated 
tumor-bearing mice. However, no differences were found 
between mice bearing control shRNA and MPR shRNA 
tumors. When comparing proliferation for splenocytes 
from mice treated with combined XRT and CTLA4 mAb 
immunotherapy versus no treatment in vivo, 2.4-fold 
increase was seen for mice bearing control shRNA tumor 
versus 2.5-fold increase for MPR shRNA (Fig. 2f). These 
data indicate that the combined antitumor effect of XRT 
and immunotherapy depends on up-regulation of MPR 
expression on the tumor cell surface. This effect was not 
associated with an enhanced antitumor immune response in 
mice bearing tumors with blocked expression of MPR.

Autophagy regulates MPR expression on tumor cells

Our previous studies demonstrated that chemotherapy 
caused redistribution of MPR to the cell surface, and we 
found that autophagy was associated with this phenomenon 
[27]. However, the mechanism of this phenomenon remains 
unclear. We asked whether autophagy is involved in the 
up-regulation of MPR expression in tumor cells treated 
with radiation. Radiation did not cause changes in the total 
amount of MPR in these cells (Fig.  3a). However, when 
cytosolic and membrane fractions of cells were isolated, a 
substantial increase in the amount of MPR was found only 
in the membrane fraction of cells treated with radiation 
(Fig. 3b). These results suggested that radiation, similar to 
chemotherapy, caused MPR redistribution to the cell sur-
face. This conclusion was independently confirmed by con-
focal microscopy demonstrating redistribution of MPR to 
the cell surface in response to ionizing radiation in a dose-
dependent manner (Fig. 3c).

Autophagy is a cellular stress response that has been 
well documented in irradiated cells [36]. We monitored 
autophagy induction by tracing the cytosolic form of 
the microtubule-associated protein 1A/1B-light chain 3 
(LC3) (LC3-I), and its form conjugated to phosphatidyle-
thanolamine (LC3-II), a marker of autophagy. Irradiation of 
B16F10 as well as LLC cells resulted in elevated LC3-II 
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24 h after the treatment (Fig. 3d). Further investigation into 
the kinetics of autophagy revealed that formation of LC3-
II was observed as early as 3 h after irradiation (Fig. 3e). 
Autophagy induction by ionizing radiation was further 

confirmed with confocal microscopy showing LC3 punctae 
formation in response to ionizing radiation (Fig. 3f).

To evaluate the role of radiation-induced autophagy in 
MPR up-regulation, 3MA, a specific autophagy inhibitor, 
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was used. 3MA abrogated MPR up-regulation in B16F10, 
LLC, and 4T1 cells caused by radiation (Fig. 4a). In order 
to confirm this finding, MPR up-regulation was evaluated 
in B16F10 cell lines stably transfected with shRNA spe-
cific for atg5 and beclin1—two major components of the 
autophagy pathway (Fig.  4b). As expected, down-regula-
tion of Atg5 abrogated formation of LC3-II in response to 
both TAX and radiation (Fig.  4c). Also, down-regulation 
of Atg5 abrogated the radiation-inducible redistribution of 
MPR to the cell surface (Fig. 4d vs. Fig. 3b). When atg5 
shRNA B16F10 cells and beclin1 shRNA B16F10 cells 
were treated with ionizing radiation or Taxol (as a positive 
control), MPR up-regulation was blunted (Fig. 4e). These 
data indicate that MPR up-regulation during radiation is 
controlled by autophagy.

Mechanism of MPR up‑regulation caused by radiation‑ 
and chemotherapy‑induced autophagy

To address how autophagy causes redistribution of MPR to 
the cell surface, we tested the hypothesis that MPR traffick-
ing within the cell can be affected by mobilization of MPR 
to autophagosomes. B16F10 tumor cells were transfected 
with LC3-GFP to detect the formation of autophagosomes. 
After treatment of the cells with radiation or TAX, LC3 

punctae became easily visualized by confocal microscopy. 
When untreated cells were stained with MPR antibody, 
no colocalization of MPR and LC3 was seen. In contrast, 
after radiation or TAX treatment, colocalization of MPR 
with autophagosomes was readily detectable (Fig. 5a). This 
suggests a direct involvement of autophagosomes in MPR 
redistribution. Fusion of autophagosomes with lysosomes 
is the main feature of autophagy. We asked whether this 
was a requirement for up-regulation of MPR expression. 
As we demonstrated earlier, TAX up-regulated MPR on 
the tumor cell surface within 24 h after starting treatment 
[27, 28]. At that time point, evidence of autophagy and 
colocalization of MPR with autophagosomes were evident 
(Fig. 5a). However, no colocalization of LC3 with LAMP2, 
a marker of lysosomes, was seen (Fig. 5b).

Inside the cell, MPR is transported via clathrin-coated 
vesicles. We asked whether radiation or chemotherapy-
inducible up-regulation of MPR on the tumor cell surface 
requires clathrin. Clathrin was down-regulated on B16F10 
cells using different sets of specific siRNA Mastermix 
combining 5 different siRNA sets, and a second set with a 
single independent siRNA was used to knock down Clath-
rin on B16F10 cells (Fig. 5c). Cells were treated with radi-
ation or TAX. Down-regulation of clathrin in B16F10 cells 
abrogated up-regulation of MPR on the cell surface caused 
by radiation or TAX (Fig.  5d). Since MPR is mobilized 
to autophagosomes but does not undergo degradation (no 
changes in the total protein level) and does not colocalize 
with lysosomes, we hypothesized that the receptor recycles 
back to the surface empty after losing its cargo. To test this 
hypothesis in principle, we measured binding of the major 
MPR ligand—[125I] IGF-II on the surface of tumor cells. 
Since only human [125I] IGF-II was available, we had to 
use human cell line. We have previously established redis-
tribution of MPR to the cell surface in U266 myeloma in 
response to chemotherapy (doxorubicin) [27]. Therefore, 
we used this cell line for the experiments. In untreated 
cells, specific binding of labeled ligand was not detected 
at the highest available concentration (2758  Ci/mmol) 
(Fig. 5e). In contrast, if tumor cells were treated with doxo-
rubicin, the binding of labeled IGFII became clearly detect-
able with Kd 20.19 pM (Fig. 5e).

Discussion

This study describes the potentiating effect of XRT on 
immunotherapy of tumors is dependent on up-regulation of 
MPR mediated by autophagy. While ionizing radiation has 
long been recognized as immunosuppressive [5, 7], in mul-
tiple preclinical studies and clinical phase I and II trials, 
XRT has effectively boosted immune responses [12–19]. In 
a recent case report, a complete response to a combination 

Fig. 2   Synergistic antitumor effects of combined radiation therapy 
and CTLA4 immunotherapy requires MPR. a Down-regulation of 
MPR in B16F10 cells stably transfected with specific shRNA. b MPR 
down-regulation does not alter viability of tumor cells after radia-
tion. B16F10 cells were irradiated with 20  Gy, and live cells were 
counted at different time points. The total number of cells is shown. 
Cumulative results of three experiments are shown. c MPR down-
regulation does not influence clonogenic growth of B16F10 cells. 
Ten days after seeding, colonies were stained with crystal violet and 
counted. For each replicate, only wells with the lowest number of 
cells seeded were counted and results are represented as platting effi-
ciency (PE) for non-radiated cells, i.e. (no. of colonies formed/no. of 
cells seeded) × 100 (%), and surviving factor (SF), calculated as no. 
of colonies formed after treatment × 100/(no. of cells seeded × PE) 
(%), for irradiated groups. Average from 3 replicates is shown. d 
B16F10 cells transfected with control or MPR shRNA were irradiated 
with 15 Gy, cultured overnight and then labeled with CFSE. B16F10-
control shRNA were labeled with a high concentration of CFSE and 
B16F10-MPR shRNA with a low concentration of CFSE. Cells were 
mixed at a 1:1 ratio and incubated with activated PMEL splenocytes 
at a 1:10 ratio. After 4 h, CSFE fluorescence was measured within the 
DAPI-negative, CD45-negative population. The data shown are rep-
resentative of 2 independent experiments. e B16F10 control shRNA 
or MPR shRNA tumor-bearing mice were treated with 300 µg murine 
CTLA4 mAb in 3 injections and/or 15 Gy local radiation therapy at 
indicated time points. Day 0 represents 14–15 days after tumor inoc-
ulation. Each group included 5–7 mice. Mean and SEM are shown. 
*Statistical differences from XRT alone (p  <  0.05). f Mice were 
treated as described in d. Spleens were removed 10 days after start-
ing the treatment. CD3 T cells were purified and restimulated ex vivo 
with irradiated (200 Gy) B16F10 cells. T cell proliferation was meas-
ured by 3[H]-thymidine uptake. Each group included 3 mice. Mean 
and SEM are shown. CPM from tumor cells alone were subtracted
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of ipilimumab with stereotactic ablative radiotherapy was 
observed in a patient with metastatic melanoma [37]. The 
mechanism of immune activation by radiation therapy 
includes the concept of immunogenic cell death in addition 
to engagement of cognate antigen [24, 25, 38]. A current 
model of immunologic cell death involves high-mobility 
group protein B1 (HMGB1) and ATP as DAMP [24, 26, 
39], which also functions as a DC maturation signal [40], 
and enhances antigen presentation through relocalization of 
calreticulin [41]. However, there have been some contradic-
tory findings. Indeed, the report by Teits-Tennenbaum et al. 
suggests that radiation therapy may enhance antitumor 
immune responses even in the absence of apoptosis [42]. 

Furthermore, irradiation of tumors resulted in superior 
presentation of tumor antigens to T cells without associated 
DC maturation [42]. While induction of NKG2D by ion-
izing radiation and subsequent tumor sensitization to NK 
cell cytotoxicity may partly explain such findings [43, 44], 
the hallmark of antimelanoma effector immune response is 
tumor-specific CTL activity. We have previously described 
novel mechanism that may explain the synergistic effect of 
conventional chemotherapy and immune therapy. Conven-
tional chemotherapy induced autophagy and concomitant 
up-regulation of MPR, which resulted in tumor cell sensi-
tization to CTLs [27]. Given that autophagy has been fre-
quently associated with ionizing radiation in tumors, we 

Fig. 3   Radiation-induced 
autophagy is associated with 
MPR up-regulation on tumor 
cells. a Amount of MPR in 
B16F10 tumor cells 24 h after 
20 Gy irradiation. A Western 
blot was performed on the 
whole cell extract. Three experi-
ments with the same results 
were performed. b Membrane 
fractions of irradiated B16F10 
cells showed increased MPR 
levels 24 h after irradiation. 
Three experiments with the 
same results were performed. 
c Redistribution of MPR to the 
surface of B16F10 cells 24 h 
after irradiation with indicated 
doses. Cells were analyzed by 
confocal microscopy. Three 
experiments with the same 
results were performed. d 
Autophagy induction in B16F10 
or LLC cells in vitro 24 h 
after irradiation with 20 Gy. 
Autophagy was assessed by 
Western blot. The experiments 
were repeated twice. e Kinet-
ics of autophagy induction in 
B16F10 cells. B16F10 cells 
were irradiated with 20 Gy and 
cultured for the indicated times. 
Autophagy was assessed by 
Western blot. Data shown are 
representative of 2 independent 
experiments. f B16F10 cells 
were transfected with LC3-
GFP and irradiated with 20 Gy. 
Punctae formation was assessed 
24 h later. Typical examples of 
three performed experiments 
are shown
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explored the role of MPR and autophagy in the combined 
effects of XRT and immunotherapy.

Up-regulation of MPR was a common response to 
radiation in vitro in different tumors. More detailed stud-
ies were performed in vivo with B16F10 melanoma. 
We observed rapid but transient up-regulation of MPR 

expression after a single 15–20  Gy dose of XRT, which 
is a clinically relevant dose in melanoma patients who 
are being treated with stereotactic body radiation therapy 
or stereotactic radiosurgery [45]. There is evidence for an 
improved effect with 24 Gy in 3 fractions versus 20 Gy in 
a single fraction in breast carcinoma cells [14]. Further, 
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Fig. 4   MPR up-regulation is dependent on autophagy. a MPR up-
regulation was abrogated by 3MA. The indicated tumor cells were 
irradiated with 20 Gy and cultured for 24 h in the presence or absence 
of 3MA. Expression of MPR was analyzed by flow cytometry. Data 
shown are representative of 2 independent experiments. b Atg5 or 
beclin1 shRNA down-regulated protein expression in stably trans-
fected B16F10 cells. Proteins were detected by Western blot. c LC3II 
lipidation induced by 20 Gy irradiation or 12.5nM Taxol was down-
regulated in cells transfected with atg5 shRNA. Cells were evaluated 

24 h after the treatment by Western blot. Two experiments with the 
same results were performed. d Membrane and cytosolic fractions 
of irradiated B16F10 atg5 shRNA analyzed 24 h after irradiation by 
Western blotting. Two experiments with the same results were per-
formed. e Radiation or TAX-inducible MPR up-regulation was abro-
gated in B16F10 cells transfected with atg5 or beclin1 shRNA. Cells 
were treated with 20 Gy radiation. and MPR surface expression was 
analyzed 24 h later. Data shown are representative of 3 independent 
experiments



1018	 Cancer Immunol Immunother (2014) 63:1009–1021

1 3

previous studies showing relative radioresistance of regu-
latory T cells [10] and their dose-dependent increase in 
response to 0–20 Gy of XRT in C57BL/6 mice [11] sug-
gest that a single high dose of XRT may have profound 
immunosuppressive effect. Regardless, we focused on a 

single radiation fraction to facilitate a better understand-
ing of the temporal relationship between MPR up-regu-
lation and therapeutic responses to immunotherapy. We 
used CTLA4 blockade which has been shown to be effec-
tive in murine preclinical studies as well as in humans in 
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phase III trials in melanoma [3]. Administration of CTLA4 
within the time frame of XRT-inducible MPR up-regula-
tion potentiated the antitumor effect of XRT. CTLA4 alone 
had no impact on local tumor control consistent with prior 
publications [46]. This synergistic effect was dependent 
on MPR, since inhibition of MPR expression on tumor 
cells with shRNA completely abrogated the therapeutic 
synergy. MPR suppression did not result in altered tumor 
sensitivity to radiation. Our experiments also ruled out 
the possibility that MPR down-regulation in tumor cells 
somehow impacted the quality of T cell responses to the 
combined treatment. Thus, XRT sensitized tumor cells to 
immune therapy.

We also addressed the mechanism of MPR up-regulation 
in response to ionizing radiation. Our results showed that 
MPR synthesis or degradation was unaffected by radiation, 
and instead, MPR was found to be redistributed from the 
cytosol to the cell surface. This redistribution was depend-
ent on autophagy as was evident from experiments with 
the autophagy inhibitor 3MA and atg5 or beclin1 shRNA. 
Recently, autophagy has been shown to be important for the 
immunogenicity of chemotherapy-induced cell death asso-
ciated with ATP release [47, 48]. Our study demonstrated 
that in addition to possible immune activation, autophagy 
may play a major role in sensitization of tumor cells to 
immune therapy.

How exactly does autophagy cause MPR up-regulation? 
Our data showing colocalization of MPR with LC3 punc-
tae representing autophagosomes suggest a direct role of 
autophagosomes in MPR redistribution. Our results dem-
onstrated that radiation- or chemotherapy-induced MPR 
redistribution was dependent on clathrin, which represent a 
major mechanism of MPR transfer between the cell surface 
and cytosol [49], and was implicated in the formation of 

autophagosome precursors and ATG16L1-positive phago-
phore precursors [50, 51].

Our study presents a novel mechanism by which XRT 
may enhance antitumor effect of immunotherapy independ-
ent of any modulation of the host immune system. Radia-
tion and chemotherapy induce cellular stress in tumor cells, 
which elicits a common protective response—autophagy. 
At the same time, autophagy redirects MPR with its ligands 
to the autophagosomes, as clathrin-coated vesicles or result-
ing from the fusion of autophagosomes with endosomes 
(where MPR are usually located). In both cases, low pH in 
autophagosomes resulted in the release of the MPR cargo. 
Empty MPRs are trafficking back to the surface. Since 
recycling of MPRs is regulated by binding to their ligands, 
this results in accumulation of empty receptors on the cell 
surface. This process not only affects normal recycling of 
MPR, but also makes these receptors available for bind-
ing to different ligands. GrzB released by activated CTLs 
is one such ligand [31]. As we demonstrated earlier in the 
model of chemotherapy-induced autophagy, this leads to 
the internalization of GrzB protease and apoptotic tumor 
cell death in an antigen-independent manner [27, 28]. This 
mechanism may play an important role in the context of 
relatively radioresistant tumors such as melanoma or renal 
cell carcinoma when suboptimal XRT alone may not cause 
enough cell death or when cancer immune therapy leads 
to generation of only suboptimal CTL responses. Whether 
significant clinical benefit in local control may be seen 
within the window of MPR up-regulation requires valida-
tion in clinical trials.
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