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In the process of tumor cell apoptosis induced by specific regents, calreticulin (CRT) was transferred from
endoplasmic reticulum (ER) onto the cell membrane. These tumor cells, when used as the cellular vaccine
to immunize experimental animals, could initiate effective antitumor immunoresponse against homologous
tumor cells. This is referred to as immunogenic cell death. Lidamycin (LDM) is an enediyne antibiotic, which
has extremely potent cytotoxicity to cancer cells. In this study, the mouse melanoma B16-F1 cancer cells were
used to investigate the ability of LDM in promoting immunogenic cell death. Our data showed that LDM could
induce apoptosis of B16-F1 cancer cells, accompanied by CRT translocation onto the cell membrane. These
LDM-treated B16-F1 cells could be recognized and phagocytosed more efficiently by macrophage and den-
dritic cells. When the LDM-treated apoptotic B16-F1 cells were used as a whole-cell tumor vaccine to immune
mice, the mice obtained resistance against rechallenged B16-F1 living cells. At the same time, the specific anti-
tumor immune response was observed in these vaccinated mice. The splenocytes from the mice vaccinated with
LDM-treated B16-F1 cells showed significantly enhanced NK lymphocyte activities and also faster growth rate
and increased secretion of IFN-y when encountering the cellular antigens from B16-F1 cells. All these results
suggested that LDM could promote immunogenic cell death in B16-F1 cells, and these LDM-treated B16-F1

cells could be used as a sort of cell vaccine to initiate effective antitumor immunoresponse in mice.
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INTRODUCTION

Cancer immunogenic cell death could be induced by
special stimuli, such as ultraviolet light and antitumor
anthracyclins. One of the most important events in this
process is that calreticulin (CRT) was relocated from
endoplasmic reticulum (ER) onto the cell surface (1-3).
CRT is a highly conservative Ca**-binding protein, which
mostly presents in the ER lumen and is involved in lec-
tin binding, activation of store-operated Ca?* influx, and
regulation of cell adhesion, etc (4,5). Recently, it has been
reported that during the apoptotic progress of tumor cells
induced by special drugs, CRT translocated from ER to
the cell surface quickly. These CRT-coated tumor cells
could be recognized and phagocytosed by the antigen-
presenting cells, such as DCs (dendritic cells). Within
the DCs, the tumor-specific antigens were processed
and presented to the lymphocytes, which then resulted

in the specific antitumor immune response (6-8). These
researches indicate that the drugs, which can induce the
translocation of CRT onto the cell surface, have potential
value in antitumor immunotherapy.

Lidamycin (LDM) is a member of the enediyne anti-
biotic family and is produced by Streptomyces globispo-
rus C-1027 strain (9,10). LDM contains an enediyne
chromophore responsible for its bioactivity and a nonco-
valently bound apoprotein, which forms a hydrophobic
pocket for protecting the chromophore (11,12). LDM has
shown extremely potent antitumor activities such as apop-
tosis induction, cell cycle arrest, antiangiogenesis, and
marked growth inhibition of transplantable tumors in mice
(13-17).

Up to now, it is not clear whether LDM can induce
cancer immunogenic cell death. In order to investigate
the value of LDM in antitumor immunity, in this study
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the specific antitumor immune response mediated by
LDM-treated mouse melanoma B16-F1 cells was evalu-
ated. Results demonstrated that LDM could induce apop-
tosis and CRT membrane translocation in the B16-F1
cells. When the LDM-treated apoptotic B16-F1 cells
were used as cell vaccine to immune mice, the specific
immune response against the homologous tumor cells
was observed.

MATERIALS AND METHODS
Experimental Animals and Cell Line

BALB/c mice (female, 7-8 weeks old) were obtained
from Wuhan Institute of Biologic Products. All the animals
were housed under specific pathogen-free condition. Mouse
melanoma B16-F1 cells were purchased from China Center
for Type Culture Collection (CCTCC, Wuhan, China).

Materials

Mouse IL-4, GM-CSF, and IL-2 were purchased
from Peprotech (Rocky Hill, NJ, USA). MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
and CFDA-SE were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Anti-B-actin and anti-cytochrome-C
antibodies were products of Santa Cruz (Dallas, TX,
USA). Rabbit-anti-human CRT polyclonal antibody
was purchased from Stressgen (Victoria, BC, Canada).
Goat anti-rabbit IgG-HRP was a product of Jackson
(Philadelphia, PA, USA). LDM was prepared in the
Institute of Medicinal Biotechnology, Chinese Academy
of Medical Sciences. BENS (bisethyl-norspermine) was
kindly provided by Prof. Robert A. Casero at Johns
Hopkins University. ELISA kits for TNF-oo and IFN-y
were purchased from Boster (Wuhan, Hubei, China).
Annexin V-FITC/PI apoptosis detection kit was a prod-
uct of Invitrogen (San Diego, CA, USA). LDH detection
kit was a product of Nanjing Jiancheng Bioengineering
Institute (Nanjing, China).

Cell Proliferation Assay

MTT assay was used to determine cell proliferation.
The B16-F1 cells were plated in a 96-well plate with
2x 10%/well, incubated in 37°C for 24 h, and then exposed
to different concentrations of LDM for 24 h, 48 h, and
72 h. MTT solution (final concentration as 0.2 g/L) was
added to each well and incubated for another 4 h at 37°C.
The supernatant was removed, and 200 ul of DMSO was
added to each well. The absorbance at 570 nm was mea-
sured by a microplate reader. Growth inhibition was cal-
culated as a percentage of the nontreated controls.

Cell Cycle and Apoptosis Analysis

B16-F1 cells were exposed to LDM-containing
medium (2.5, 5, 10 ng/ml) for 48 h. The cells were har-
vested and fixed in 80% ethanol at —20°C for 1 h, washed
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with PBS, and then incubated with the staining solution
(50 pg/ml propidium iodide, 0.1% Triton X-100, 5 pug/ml
RNase A, and 5 mM EDTA in PBS, pH 7.4) for 30 min.
The cell cycle analysis was performed by flow cytometry.

Annexin V-FITC/PI kit was used to detect apoptotic
cells. Briefly, B16-F1 cells were plated at a density of
5x 10° cells/well in a six-well plate. After 24 h, the cells
were exposed to LDM (1 ng/ml) for 48 h, and then the
cells were collected and treated according to the manual
supplied by the manufacturer. The samples were then
analyzed by flow cytometry.

Detection of Epimembranal CRT Protein

B16-F1 cells were plated in 24-well plates for 24 h and
then treated with 5 ng/ml LDM for 48 h. Then the cells
were collected and washed once with PBS. The cells
were incubated with rabbit anti-CRT polyclonal antibody
(1:1,000) at room temperature for 2 h, followed by washing
and incubation with the rhodamine-conjugated polyclonal
antibody (1:1,000) at room temperature for 1 h (avoiding
light). After washing by PBS, the cells were analyzed by
flow cytometry to identify CRT on the cell surface.

Western Blot Analysis

The cells were lysed for 20 min on ice in the lysis
buffer (10 mmol/L HEPES, pH 7.2, 210 mmol/L D-
mannitol, 70 mmol/L sucrose, 5 mmol/L sodium succi-
nate, 0.2 mmol/L EGTA, 100 mg/L digitonin). The cell
lysates were clarified by centrifugation at 12,000x g
for 10 min at 4°C to remove the mitochondria. BCA
kit was used to determine the protein concentration in
the supernatant (cytosol). Then the proteins samples
were applied on a 12% SDS-PAGE and electrobloted
onto polyvinylidene difluoride membranes (Millipore).
The membranes were blocked with 5% milk before
incubating with primary antibodies (diluted 1:1,000).
After washing by Tris-buffered saline with 0.5%
Tween-20 five times, the membranes were incubated
with HRP-conjugated goat anti-mouse/rabbit IgG anti-
body (diluted 1:4,000) at room temperature for 1 h and
developed using ECL.

Phagocytotic Assay

Bone marrow (BM) cells were collected from the tibias
and femurs of the BALB/c mice using culture medium.
Following centrifugation, the BM cells were resuspended
in red cell lysis solution (0.15 mol/L NH 4C1, 10 mmol/L
KHCO3, and 1 mmol/L EDTA) for 1 min to remove the
red blood cells. The BM cells were collected by centrifu-
gation and cultured in a medium supplemented with 10
ng/ml recombinant mouse GM-CSF and 5 ng/ml recom-
binant mouse IL-4 in six-well plates (1x10° cells/well).
After 7 days, the nonadherent and loosely adherent cells
were harvested as dendritic cells (DCs) and used as the
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effector cells for the phagocytosis assay. The macrophages
(M@) from the abdominal cavity of BALB/c mice were
also collected and used as effector cells. The B16-F1 cells
were labeled with green dyes CFDA-SE (5 umol/L) for
30 min and used as target cells. The effector and target
cells were cocultured at 37°C for 4 h at 1:5 E/T (effec-
tor/target) ratio. Then PE-coupled anti-CD11c polyclonal
antibody was added to the cell mixture for 30 min at room
temperature (avoiding light) to label the effector cells.
The cells were washed with PBS and analyzed by flow
cytometry. The phagocytotic efficiency was represented
by the ratio of the cell number with double-positive fluo-
rescence over the total cell number.

Animal Experiments

The 6- to 8-week-old female BALB/c mice were ran-
domly divided into three groups: the mice in group 1
(n=20) were inoculated with the B16-F1 cells treated with
LDM; the mice in group 2 (n=20) were inoculated with
the B16-F1 cells treated with BENS; the mice in group 3
(n=20) were inoculated with PBS. In groups 1 and 2, the
B16-F1 cells were treated with LDM or BENS to induce
apoptosis and then used as the whole-cell vaccine to inocu-
late the mice. The whole-cell vaccine or PBS was injected
into each mouse subcutaneously once a week for 4 weeks.
Ten days after the last immunization, 10 mice in each
group were sacrificed, and the spleen and serum samples
were collected. The remaining mice were subcutaneously
injected with the living B16-F1 cells at the back of each
mouse. Then the mice were monitored every day after
injection. Appearance of black-blue spots in the inoculated
area was regarded as the tumor beginning to generate.

Detection of TNF-oc and IFN-7y by ELISA

TNF-o and IFN-y concentrations in the serum from
experimental mice or cell culture medium were deter-
mined by ELISA assay kit according to the manufac-
turer’s protocol.

Determination of Natural Killer (NK) Cell Activity

The splenocytes from the vaccinated mice were isolated
and suspended in the complete RPMI-1640 medium with
10% fetal calf serum and used as the effector cells to assay
their NK cell activity. B16-F1 cells were used as the target
cells in this experiment. The effector cells (5 x 10° cells/well)
were stimulated with IL-2 (20 pg/ml) before use and incu-
bated with the target cells (1 x 10* cells/well) at E/T ratios of
50:1 in a total volume of 200 ul RPMI-1640 medium. The
released lactate dehydrogenase (LDH) was measured by
LDH detection kit according to the manufacturer’s instruc-
tions after 4 h of incubation at 37°C in 5% CO,. The percent-
age of specific killing was calculated as follows: specific
killing (%)=(experimental release—spontaneous release)/
(total release —spontaneous release).
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Statistical Analysis

All data were presented as mean=+standard deviation
(SD). Statistical analysis between groups was assessed
by Student’s two-tailed #-test. The tests were performed
using SPSS software. A value of p<0.05 was regarded as
statistically significant.

RESULTS

Lidamycin Inhibited Growth of B16-F1 Cells by
Inducing Apoptosis

The antiproliferation effect of LDM was assayed by
the MTT method. The results showed that LDM could
inhibit the proliferation of B16-F1 obviously in a dose-
and time-dependent manner. When B16-F1 cancer cells
were treated by LDM (5 ng/ml) for 24, 48, and 72 h, the
inhibitory ratios were 36.09%, 43.74%, and 54.58%,
respectively (Fig. 1A).

In order to elucidate the mechanism of LDM for its anti-
proliferative activity, the B16-F1 cells were treated with
LDM (2.5, 5, 10 ng/ml) for 48 h, and then the cell cycle
distribution was analyzed by flow cytometry. The results
showed that the cell ratio in G/M phase was increased,
and the cell ratio in the G /G, phase was decreased effec-
tively by LDM treatment in a dose-dependent manner.
At the same time, more and more cells appeared in the
sub-G, peak as the increase in LDM concentration, sug-
gesting that LDM could induce cell cycle arrest and stim-
ulate apoptosis (Fig. 1B and Table 1).

To further verify the function of LDM in inducing
apoptosis, Annexin V/PI assay was performed by flow
cytometry. The result also indicated that LDM could
induce apoptosis of B16-F1 cells effectively. Exposure
of B16-F1 cell to LDM (5 ng/ml) for 48 h resulted in a
greater percentage of apoptotic cells (19.7%) than that of
the control cells (1.6%) (Fig. 1C).

The release of cytochrome-C (Cyt-C) from the mito-
chondria into the cytosol is a key step for endogenous
apoptosis. To further examine the effect of LDM on Cyt-C
release, the B16-F1 cells were treated with LDM for 48 h,
and then Western blot analysis was performed to deter-
mine Cyt-C in the cytosol. As shown in Figure 1D, LDM
at the concentration of 5 and 10 ng/ml could increase the
Cyt-C level in the cytosol. This result suggests that LDM
induces apoptosis in B16-F1 cells through the mitochon-
dria pathway.

Lidamycin Induced Membrane Translocation of CRT in
BI16-F1 and Enhanced Phagocytosis In Vitro

To validate whether LDM treatment could affect CRT
subcellular localization in B16-F1 cells along with the
apoptosis, the flow cytometry assay was used to observe
the expression of CRT on the cell surface of B16-F1 cells.
Results showed that LDM (5 ng/ml) treatment for 48 h
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Figure 1. LDM inhibits the growth of B16-F1 cells by inducing apoptosis. (A) MTT method was used to assay the antiproliferation effects
of LDM, which inhibits the proliferation of B16-F1 in a dose- and time-dependent manner. Compared with untreated cells in the same time
group, *p<0.05, **p<0.01. (B) LDM induces B16-F1 cell cycle arrest and stimulate apoptosis detected by flow cytometry. (a) B16-F1 con-
trol cells; (b, ¢, d) B16-F1 cells were treated with concentrations of 2.5 ng/ml, 5 ng/ml, and 10 ng/ml LDM. The arrow indicates the position of
sub-G,. (C) Flow cytometry was performed to show apoptosis of B16-F1 cells treated with 5 ng/ml LDM by Annexin V/PI assay. (D) Western
blot assay was used to determine the level of Cyt-C in the cytosol of apoptosis B16-F1 cells treated with LDM.

induced an obvious membrane translocation of CRT. The
percentage of membrane CRT-positive cells increased
from 2.82% to 66.3% (Fig. 2A).

In view of the established role of CRT as an “eat me”
signal (1), the possible implication of LDM treatment in
enhancing phagocytosis was investigated. The labeled
macrophages (M@) or DCs from BALB/c mice (the effec-
tor cells) and the labeled B16-F1 cells (the target cells)
were cocultured for 4 h in a 1:5 effector/target ratio and

then applied to flow cytometry assay. The results showed
that, compared with the B16-F1 cells treated with BENS,
which can induce apoptosis but without CRT membrane
translocation, more than twofold higher phagocytotic effi-
cient was observed when LDM-treated B16-F1 cells were
used as the target cells, indicating that CRT membrane
translocation in B16-F1 cancer cells induced by LDM
enhanced the macrophage- and DC-mediated phagocyto-
sis (Fig. 2B).

Table 1. The Effect of LDM on Cell Cycle in B16-F1 Cells

LDM (ng/ml) Sub-G, G/G, S G,
0 0.32:£0.65 61.5+2.14 184288  20.1+0.84

25 46+2.11%  497x159%  254%045% 249037+
5 123£1.13%  21.8£3.65%  30.3x4.61%  47.9+3.40%
10 72£3.19%  173x246%  17.8+138  64.9+0.73*

Values are mean=SD (n=3).

*p<0.01, 1p<0.05 compared with the untreated group.
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Figure 2. Treatment with LDM could enhance phagocytosis of apoptosis B16-F1 cells by inducing membrane translocation of CRT
on the cell surface. (A) LDM-induced membrane translocation of CRT on the cell surface of B16-F1 cells was observed by flow cytom-
etry. Cells were incubated with rabbit anti-CRT polyclonal antibody, followed by incubation with rhodamine-conjugated polyclonal
antibody. (B) LDM treatment enhanced the phagocytosis of B16-F1 apoptotic cells by DCs or macrophages (M@) in vitro. (a) Labeled
target and effector cells with green dye CFDA-SE and PE-CDl1 ¢, respectively. (b) The percentage of macrophages and DCs that have

taken up target cells.

The Mice Vaccinated With LDM-Treated B16-F1 Cells
Obtained Resistance Against Rechallenged B16-F1
Living Cells

Since LDM treatment resulted in obvious CRT trans-
location from the cell interior onto the cell surface in
B16-F1 cells, it is possible that these cells could be used
as a whole-cell vaccine to stimulate specific antitumor
immune effect in the experimental animals. In this exper-
iment, the apoptotic B16-F1 cells induced by LDM and
BENS were prepared and used as the vaccines to immu-
nize animals. BENS is an antitumor polyamine analog
and used here as a control drug, which can induce apo-
ptosis but without CRT membrane translocation (18,19).
After vaccination, the living B16-F1 cells were subcuta-
neously injected into the back of each mouse, and then
the mice were monitored everyday for tumor generation.
The results showed that, at the 14th day after rechallenged
by the living B16-F1 cells, there was a much lower per-
centage of tumor generation in the mice group vaccinated
with LDM-treated cells (30%) compared to that in the
mice groups vaccinated with BENS-treated cells (70%)
or PBS (100%) (Fig. 3).
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Figure 3. Immunizing mice with apoptotic B16-F1 cells
induced by LDM resulted in a specific antitumor effect against
the homogeneous tumor. BALB/c mice were randomly divided
into three groups: (1) PBS; (2) B16 treated with BENS; (3) B16
treated with LDM. Ten days after the last immunization, living
B16-F1 cells were subcutaneously injected into the back of each
mouse. Then the mice were monitored every 2 days after injec-
tion. Appearance of black-blue spots in the inoculated area was
regarded as the tumor beginning to generate (*p<0.05 com-
pared to the other two groups).
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Apoptotic B16-F1 Cells Treated With LDM Induced a
Specific Antitumor Immunological Effect

TNF-o and IFN-y are cytokines that are critical for
innate and adaptive immunity and are produced by the
lymphocytes once antigen-specific immunity develops.
In this study, the TNF-o and IFN-7 levels in the serum
of the vaccinated mice were determined by ELISA. The
data showed that the serum TNF-o and IFN-vy levels in
the mice group vaccinated with LDM-treated cells were
significantly higher than that in the other two groups
(Fig. 4Aa, b). In order to validate whether immunizing
mice with LDM-induced apoptotic B16-F1 cells could
promote the release of TNF-o by immune cells, the

A
a) 200 b)m,
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splenocytes from the vaccinated mice were cocultured
with B16-F1 cells, and then IFN-y level in the culture
medium was determined by ELISA assay. The results
showed that IFN-y content secreted by the splenocytes
from the mice vaccinated with LDM-treated B16-F1 cells
was significantly higher compared with the other groups
(Fig. 4A ¢), indicating that vaccination with LDM-treated
B16-F1 cells can promote the synthesis and secretion of
cytokine IFN-y from mice spleen cells.

To further validate whether the apoptotic B16-F1 cells
induced by LDM could stimulate immune activation, the
NK cells were isolated from the spleens of vaccinated
mice and stimulated by IL-2 (20 pg/ml) before being
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Figure 4. Apoptotic B16-F1 cells treated with LDM stimulate immune activation in mice. (A) ELISA was used to determine concentra-
tions of TNF-o and IFN-y. Blood was collected from the experimental mice and incubated at 37°C for 30 min to obtain serum. The sple-
nocytes were isolated and suspended in the complete RPMI-1640 medium with 10% fetal calf serum. (a) serum TNF-o levels; (b) serum
IFN-vy levels; (c) IFN-y secreted by mouse splenocytes. (B) Vaccination with LDM-treated apoptotic B16-F1 cells stimulated activity of
NK cells in the mice spleens detected by LDH assay. The splenocytes from the vaccinated mice were used as the target cells incubated
with B16-F1 cells at E/T ratio of 50:1. (C) The B16-F1 cellular antigen stimulated proliferation of the splenocytes from the mice vacci-
nated with LDM-treated B16-F1 cells detected by MTT assay. Each bar presents the mean+SD (n=10), *p<0.01.
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used as the expanded effector cells (E). The B16-F1 cells
were used as the target cells (T) in this experiment to co-
incubate with the effector cells at E/T ratios of 50:1 for 4
h. The cytotoxicity of NK cells was determined using the
LDH assay. The results showed that the NK cells from the
mice vaccinated with the LDM-treated B16-F1 cells had
significantly higher cytotoxicity compared with the other
mice groups (Fig. 4B).

Since activated lymphocytes would proliferate rap-
idly when encountering the same antigen stimulation
again, in this experiment the splenocytes from the vac-
cinated mice were cocultured with the cell lysates from
B16-F1 cells (used as the antigen) for 72 h, and then the
proliferation rate of the splenocytes was determined by
MTT assay. As shown in Figure 4C, the proliferation
rate of the splenocytes from the mice inoculated with
LDM-treated B16-F1 cells was much higher than that in
the other groups.

DISCUSSION

LDM is a potential chemotherapeutic agent, which
can induce apoptosis or mitotic cell death in many can-
cer cells by inducing DNA damage responses to double-
strand DNA breaks, altering cell cycle progression, and
inducing chromosomal aberrations/telomere dysfunction
(20-24). In terms of IC, values, the cytotoxicity of LDM
was 10,000-fold more potent than that of mitomycin and
doxorubicin (25). But so far there is no research to investi-
gate the immune activity of apoptotic tumor cells induced
by LDM treatment. It has been reported that, during can-
cer immunogenic cell death, one of the most important
events is the translocation of CRT from ER lumen onto
the cell surface, which determines the immunogenicity of
apoptotic tumor cells. When these CRT-coated apoptotic
cells were used as the whole-cell antigen to inoculate
mice, the specific antitumor effect against homogeneous
tumor cells was observed in the experimental animals
(12,26-28).

In this research, we discovered that LDM was
extremely toxic to mouse B16-F1 melanoma cells. LDM
treatment could induce apoptosis of B16-F1 and, at the
same time, promote CRT translocation onto the cell sur-
face. These LDM-induced apoptotic cells can be phago-
cytosed more efficiently by DCs and macrophages, and
more than twofold higher phagocytotic efficiency was
observed compared to B16-F1 cells treated with BENS.
The reason BENS was chosen in this experiment was
that BENS could induce apoptosis of B16-F1 cells but
have no effect on the subcellular localization of CRT
(19). When the mice were vaccinated with LDM-treated
B16-F1 cells as the whole cell vaccine and then rechal-
lenged by the living B16-F1 cells, a much higher percent
of tumor-free mice was observed in the mice group vac-
cinated with LDM-treated B16-F1 cells than that in the
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mice group vaccinated with BENS-treated B16-F1 cells,
indicating that vaccination with LDM-treated B16-F1
cells can induce a protective effect against attack of liv-
ing B16-F1 cancer cells in the mice.

We further validated the effects of LDM-treated
B16-F1 cells in inducing specific antitumor immune activ-
ity in the mice. The results showed that the splenocytes
from the mice vaccinated with LDM-treated B16-F1 cells
exhibited a more potent cytotoxic effect on the B16-F1
cells, the higher proliferation rate when incubated with
antigens from B16-F1 cells, and increased TNF-o/IFN-y
secretion than those in the mice vaccinated with BENS-
treated B16-F1 cells.

Taken together, our data suggest that LDM can induce
immunogenic apoptosis in the mouse melanoma B16-F1
cells. When used as the whole-cell vaccine to immune
mice, these LDM-treated cells can initiate the antitumor
immune response. The possible mechanism underlying
the LDM-mediated antitumor immunity is that LDM
can induce membrane translocation of CRT in B16-F1
cells and then enhance phagocytosis of these CRT-
coated tumor cells by the antigen-presenting immuno-
cytes in which the tumor-specific antigens are processed
and presented.
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