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Abstract

A dendritic cell (DC)-based vaccine strategy could reduce the risk of recurrence and improve the survival of breast cancer
patients. However, while therapy-induced apoptosis of hepatocellular and colorectal carcinoma cells can enhance maturation
and antigen presentation of DCs, whether this effect occurs in breast cancer is currently unknown. In the present study, we
investigated the effect of doxorubicin (ADM)-induced apoptotic MCF-7 breast cancer cells on the activation of DCs. ADM-induced
apoptotic MCF-7 cells could effectively induce immature DC (iDC) maturation. The mean fluorescence intensity (MFI) of DC
maturity marker CD83 was 23.3 in the ADM-induced apoptotic MCF-7 cell group compared with 8.5 in the MCF-7 cell group. The
MFI of DC co-stimulatory marker CD86 and HLA-DR were also increased after iDCs were treated with ADM-induced apoptotic
MCEF-7 cells. Furthermore, the proliferating autologous T-lymphocytes increased from 14.2 to 40.3% after incubated with DCs
induced by apoptotic MCF-7 cells. The secretion of interferon-y by these T-lymphocytes was also increased. In addition, cell-cell
interaction between apoptotic MCF-7 cells and iDCs, but not soluble factors released by apoptotic MCF-7 cells, was crucial for
the maturation of iDCs. These findings constitute a novel in vitro DC-based vaccine strategy for the treatment of breast cancer
by ADM-induced apoptotic MCF-7 cells.
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Introduction

Breast cancer accounts for more than 10% of the total
cancer incidence among women and is the second most
common type of cancer and the fifth most common cause
of cancer death in the world. Traditional therapies for breast
cancer include surgery, chemotherapy, radiotherapy, and
hormone therapy. While breast cancer cure rates with current
multimodality therapy have improved, an estimated 20 to 30% of
patients will have a recurrence of their disease. Immunotherapy
has the potential for systemic, specific killing of residual and

drug-resistanttumor cells. Thus, a safe, effective breast cancer
vaccine strategy may significantly reduce this recurrence risk
and improve survival (1).

Dendritic cell (DC)-based immunotherapy is a promising
approach currently under investigation in different cancers.
DCs are the body’s most effective antigen-presenting cells.
The main function of the DC is to process antigen and pres-
ent it on its surface to stimulate T-lymphocytes. Thus, DCs
isolated from breast cancer patients can be activated in
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vitro with the desired tumor antigens. These activated DCs
can then be reintroduced into patients to activate or boost
the immune response. This procedure effectively initiates a
cytotoxic response against tumor antigens (2). A recent study
has shown that dying hepatocellular and colorectal carcinoma
cells, induced by chemotherapy or radiotherapy, can enhance
the maturation and antigen presentation of DCs (3). However,
whether apoptotic breast cancer cells caninduce DC activation
is currently unknown.

Doxorubicin (adriamycin, ADM) is a well-established drug
for the treatment of breast cancer and the aim of the current
study was to investigate ADM-treated breast cancer cells as
inducers of DC activation in vitro. When treated with ADM to
induce apoptosis, the human breast cancer cellline MCF-7 was
shown to effectively induce the maturation of healthy donor-
derived immature DCs (iDCs) and subsequently stimulate
autologous T-lymphocytes to proliferate and secrete interferon-y
(IFN-y) in vitro. These findings contribute to the development
of a novel DC-based vaccine strategy for breast cancer.

Material and Methods

Cell lines and culture

The human breast cancer cell line MCF-7 was obtained
from the American Type Culture Collection (USA). Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM,;
Invitrogen, USA) supplemented with 10% fetal bovine serum
(FBS; Sijiging Biological Engineering Materials Co., China)
at 37°C in a 5% CO» atmosphere. MCF-7 cells were treated
with 0, 1, 2, or 5 ug/mL ADM (Zhejiang Hisun Pharmaceutical,
China) for 24 h and then subjected to flow cytometric analysis
(FACS) for the determination of apoptosis.

Generation of iDCs in vitro

With written informed consentand approval of the Commit-
tee of Basic Research at the Fourth Military Medical University,
peripheral blood mononuclear cells (PBMCs) were isolated
from the blood of healthy donors by density centrifugation using
Ficoll-Paque Plus (DH184-1; Dingguo Biotechnology, China).
After erythrocyte lysis, PBMCs were cultured in complete RPMI
1640 mediumfor 2 hat 37°C and then monocytes wereisolated
by adherence to plastic culture flasks and incubated with 100
ng/mL recombinant human granulocyte/macrophage colony
stimulating factor (GM-CSF) (PeproTech, USA) and 10 ng/mL
recombinant human IL-4 (PeproTech) for 6 days.

Co-culture of iDCs with ADM-treated MCF-7 cells

After 24-h treatment with ADM (5 ug/mL) and extensive
washing, MCF-7 cells were co-cultured with iDCs at a ratio of
2:1 in RPMI 1640 supplemented with GM-CSF (100 ng/mL),
IL-4 (10 ng/mL) and 10% FBS for 24 h. As a control, iDCs were
co-cultured with untreated MCF-7 cells for 24 h. As a positive
control, mature DCs were generated by further stimulating
iDCs with 1 pug/mL lipopolysaccharide (LPS; Sigma-Aldrich,
USA) for 24 h. The co-culture of iDCs with ADM-treated MCF-7
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cells was carried out either together in the same compartment
or separately in 0.4-uM pore-sized filter Transwell inserts on a
24-well culture plate (Corning Costar, USA). The phenotype of
the iDCs was then analyzed by FACS.

T-lymphocyte proliferation and activation assay

After 24 h of co-culture with ADM-treated or untreated MCF-
7 cells, DCs were co-cultured with autologous T-lymphocytes
at a ratio of 1:10. T-lymphocytes were sorted from PBMCs
by negative selection using Pan T-Cell Isolation Kit magnetic
beads (Miltenyi Biotec GmbH, Germany) and were labeled
with carboxyfluorescein diacetate succinimidyl ester (CFSE,
Invitrogen) according to manufacturer instructions. After 5
days of co-culture, T-lymphocyte proliferation was detected
by FACS measurement of CFSE fluorescence intensity and
supernatants were collected for the measurement of secreted
IFN-y by ELISA.

Flow cytometry analysis

ADM-treated MCF-7 cells were stained with annexin V-FITC
and propidium iodide (PI) using an annexin V:FITC Apoptosis
Detection Kit | (BD Biosciences, USA) according to manufac-
turer instructions and then analyzed using a BD flow cytometer
(FacsCalibur™) with the CELLQuest™ software to determine
the extent of apoptosis. To determine the maturity of DCs, 5 x
105 cells were stained with APC-conjugated anti-CD11¢ and
either FITC-conjugated anti-HLA-DR, anti-CD86 or anti-CD83
antibodies for 30 min on ice in PBS containing 2% FBS, and
were then washed and analyzed using a FacsCalibur™ ap-
paratus with CELLQuest™ software. Dead cells were excluded
by PI gating, and DCs were gated on the CD11c* population.
All antibodies were from BD Biosciences.

Detection of IFN-y

Supernatants collected at the end of the culture period
(see T-lymphocyte proliferation and activation assay) were
tested using IFN-y ELISA kits (BD Biosciences) according to
manufacturer instructions.

Statistical analyses

Data are reported as means + SD. All statistical analyses
were performed by one-way ANOVA and P < 0.05 was con-
sidered to be statistically significant.

Results

ADM induces apoptosis of MCF-7 cells in a
dose-dependent manner

To obtain apoptotic MCF-7 cells, the cell line was treated
with 0, 1, 2, or 5 yg/mL ADM for 24 h and then examined for
apoptosis by FACS analysis. ADM effectively induced the
apoptosis of MCF-7 cells in a dose-dependent manner (Figure
1A). With an increase in the dose of ADM, more MCF-7 cells
underwent apoptosis (annexin V+), including early apoptosis
(annexin V+/PI-, lower right quadrant) and late apoptosis (an-
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nexin V+/Pl+, upper right quadrant) (Fig-
ure 1B). Thus, MCF-7 cells were treated
with 5 ug/mL ADM (denoted as APO) in
all subsequent experiments. *
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ADM-induced apoptotic MCF-7 cells
induce iDC maturation

The ability of ADM-induced apoptotic
MCF-7 cells to effectively induce iDC
maturation was investigated using iDCs
obtained after the incubation of PBMCs 0 ASM y 2|_ 5
from healthy donors with 100 ng/mL (hg/mL)
GM-CSF and 10 ng/mL IL-4 for 6 days.
Then, iDCs were cultured with ADM-  Figure 1. Doxorubicin (ADM) induces apoptosis of MCF-7 cells in a dose-dependent
induced apoptotic MCF-7 cells, untreated ~ manner. MCF-7 cells were treated with 0, 1, 2, or 5 pg/mL ADM for 24 h and then sub-
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CD83, co-stimulatory marker CD86 and ~ means + SD for three independent experiments. *P < 0.05 vs the 0 pg/mL ADM group
HLA-DR. As shown in Figure 2A and  (one-way ANOVA). B, Representative data from three independent experiments.
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Figure 2. Doxorubicin (ADM)-treated apoptotic MCF-7 cells induce immature dendritic cell (iDC) maturation. Peripheral blood mono-
nuclear cells from healthy donors were incubated with 100 ng/mL GM-CSF and 10 ng/mL IL-4 for 6 days and were differentiated into
iDCs. Apoptotic MCF-7 cells were extensively washed after treatment with ADM (5 pg/mL) for 24 h and were co-cultured with iDCs for
a further 24 h (iDCs+APO). Then, the CD11c-positive DC population was gated and the DC-surface expression of CD83, CD86 and
HLA-DR was analyzed by FACS. As a control, iDCs were co-cultured with MCF-7 cells for 24 h (iDCs+MCF-7). As a positive control,
mature DCs were generated by further stimulating iDCs with 1 pg/mL lipopolysaccharide for 24 h (iDC+LPS). GM-CSF = granulocyte/
macrophage colony-stimulating factor. A, Data are reported as mean fluorescence intensity (MFI) + SD for three independent experi-
ments. *P < 0.05 vs the iDC+MCF-7 group (one-way ANOVA). B, Representative data of MFI from three independent experiments. The
gray histograms represent staining with the corresponding isotype-matched control antibodies.
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B, iDCs expressed intermediate lev-
els of CD86 and HLA-DR but were
negative for CD83. After co-culture with
ADM-induced apoptotic MCF-7 cells
(iDCs+APOQ) for 24 h, DC expression
of CD83, CD86 and HLA-DR was sig-
nificantly increased to levels similar to
those found in the classic LPS-induced
iDC maturation model (iDCs+LPS). In
contrast, surface expression of CD83,
CD86 and HLA-DR by iDCs co-cultured
with untreated MCF-7 (iDCs+MCF-7)
was similar to that of iDCs cultured
alone. Thus, ADM-induced apoptotic
MCF-7 cells can effectively induce iDC
maturation.

DCs induced by apoptotic MCF-7
cells stimulate the proliferation
and activation of T-lymphocytes

DCs induced by apoptotic MCF-7
cells were then examined for the ability
to stimulate T-lymphocyte proliferation
and activation. Autologous T-lympho-
cytes were obtained from the PBMCs
of the DC donor by negative selection
and were labeled with CFSE dye.
Subsequently, the T-lymphocytes were
co-cultured with the DCs induced by
apoptotic MCF-7 cells (iDCs+APO) or
untreated MCF-7 cells (iDCs+MCF-7).
After 5 days of co-culture, as ameasure
of T-lymphocyte proliferation, CFSE
dilution was analyzed by flow cytom-
etry. As shown in Figure 3Aand B, DCs
induced by apoptotic MCF-7 cells could
effectively stimulate T-lymphocyte pro-
liferation as compared to control DCs
(iDCs+MCF-7).

As a measure of T-lymphocyte
activation, the secretion of IFN-y by
T-lymphocytes stimulated with DCs
induced by apoptotic MCF-7 cells
(iDCs+APOQO) or untreated MCF-7
cells (iDCs+MCF-7) was examined.
ELISA showed that, compared to
DCs cultured with untreated MCF-7
(iDCs+MCF-7), DCs induced by apop-
totic MCF-7 cells (iDCs+APQ) caused

asignificantincrease in IFN-y secretion and could therefore
activate T-lymphocytes effectively (Figure 3C).

Cell-cell interaction is crucial for the maturation of

iDCs by apoptotic MCF-7 cells

To determine whether soluble factors released by
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Figure 3. Immature dendritic cells (iDCs) co-cultured with doxorubicin (ADM)-treated
apoptotic MCF-7 cells enhance autologous T-lymphocyte proliferation and interferon-y
(IFN-y) release. Autologous T-lymphocytes were obtained from peripheral blood mono-
nuclear cells of the DC donor by negative selection and were labeled with CFSE dye.
Subsequently, the T-lymphocytes were co-cultured with the DCs induced by apoptotic
MCF-7 cells (iDC+APO) or untreated MCF-7 cells (iDC+MCF-7) for 5 days. A, The pro-
liferation of T-lymphocytes was assessed by analyzing CFSE dilution by flow cytometry.
Data are reported as means + SD for three independent experiments. B, Representative
data from three independent experiments. The percentage of proliferated T-lymphocytes
is indicated. C, ELISA was carried out to detect IFN-y secretion in the supernatants.
CFSE = carboxyfluorescein diacetate succinimidyl ester. Data are reported as means
+ SD for three independent experiments. *P < 0.05 vs the iDC+MCF-7 group (one-way
ANOVA).
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Figure 4. Cell-cell interaction is crucial for maturation induction of immature dendritic
cells (iDCs) by apoptotic MCF-7 cells. The co-culture of iDCs with doxorubicin (ADM)-
treated MCF-7 cells was performed either together in the same compartment or sepa-
rated by 0.4-uM pore-sized filter Transwell inserts on a 24-well culture plate for 24 h.
Then, the CD11c-positive DC population was gated and the DC-surface expression of
CD83, CD86 and HLA-DR was analyzed by FACS. Data are reported as mean fluores-
cence intensity (MFI) £ SD for three independent experiments. *P < 0.05 vs Transwell
co-culture group (one-way ANOVA).

apoptotic MCF-7 cells during co-culture were involved in
DC maturation, iDCs were separated from apoptotic MCF-7
cells using 24-well Costar-Transwells with a membrane pore
size of 0.4 uM, which enables soluble factor diffusion while
blocking direct cell-to-cell contact. As shown in Figure 4, the
ability of ADM-induced apoptotic MCF-7 cells to promote iDC
maturation was abrogated when the iDCs were separated
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from apoptotic MCF-7 cells by amembrane, suggesting that
the cell-cell interaction between apoptotic MCF-7 cells and
iDCs was crucial for the maturation of iDCs.

Discussion

DCs are central to the initiation of tumor-specific im-
mune responses. However, the tumor microenvironment
compromises DC activation and limits the success of
DC-based therapies. Therefore, removing the DCs from a
cancer patient’s immunosuppressive milieu and priming in
vitro has the potential for more effective DC activation (4).
Diverse DC-based vaccine strategies are currently being
developed both at the preclinical stage and in clinical tri-
als. For example, DCs loaded with peptides derived from
breast cancer tumor-associated antigens (TAAs), such as
HER2, CEA and MUC-1, are being tested in this strategy
(5-7). However, DC vaccines loaded with peptides are
limited in their application, as they will be effective only in
patients with specific HLA subtypes, depending on the TAA
epitope chosen. Another DC-based vaccine approach being
explored in breast cancer uses viral vectors carrying TAA
genes (such as CEAand MUC-1) along with co-stimulatory
molecule genes (B7.1,ICAM-1, LFA-3) (8,9). However, since
peptide or viral vaccines only target one or two antigens,
any surviving tumor cell clones could, theoretically, easily
down-regulate the expression of those target antigens and
evade the immune response. Thus, using whole-cell vac-
cines is a promising approach because a broad array of
TAAs are processed and presented by DCs, thereby allowing
the simultaneous stimulation of helper T-lymphocytes and
cytotoxic T-lymphocytes, and minimizing immune escape.
Since tumor cells are poorly immunogenic, approaches
that potentiate immunogenicity, such as transfecting an
immunostimulatory gene like B7.1 or CCL21 into breast
cancer cells are currently being investigated (10,11).

In the current study, treatment with ADM potentiated
the immunogenicity of the MCF-7 breast cancer cell line,
leading to the induction of iDC maturation and activation in
vitro. These findings could contribute to a novel DC-based
vaccine strategy for the treatment of breast cancer. Although
this whole-cell vaccine could also derive from a patient’s
own tumor samples, the MCF-7 cell line can be readily
produced on a larger scale and is easier to standardize.
While tumor cells also die in a non-immunogenic fashion
in response to many chemotherapeutic and cell-damaging
agents, cancer cells succumbing to anthracyclines (such
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