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Abstract: Anthracycline-based chemotherapy is a conventional treatment for breast cancer. However, it can nega-
tively affect host immune function and thereby impair patients’ quality of life. Boosting the host immune system and
reducing the adverse effect of chemotherapy are important for effective cancer treatment. Natural killer (NK) cells
stimulate immune responses against cancer; autologous immune enhancement therapy with NK cells prolongs
patient survival without significant adverse effects. This study investigated the effects of combined treatment with
the anthracycline agent epirubicin (EPI) and NK cells on human breast cancer cells. NK cells were obtained by au-
tologous adoptive cell transfer from breast cancer patients and amplified for 14 days in vitro. The cytotoxicity of NK
cells against breast cancer cells was higher following EPI (5.0 ug/ml) pretreatment than without EPI pretreatment
or application of EPI alone. The expression of NKG2D ligands [unique long 16-binding protein (ULBP) 1, ULBP2, and
major histocompatibility complex class I-related chain A] in breast cancer cells was upregulated by pretreatment
with EPI, which also increased the secretion of interferon-y and tumor necrosis factor-a and expression of perforin
and granzyme B in NK cells. These results indicate that EPI-NK cell treatment has synergistic cytotoxic effects
against breast cancer cells, and suggest that anthracycline-based chemotherapy and NK cell-based immunotherapy
can be combined for more effective breast cancer treatment.
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Introduction

Chemotherapy is an important treatment for
breast cancer patients. Anthracycline, which
targets tumor cell chromosomal DNA, is a wide-
ly used and effective drug [1]; however, it also
has adverse secondary effects including nau-
sea, vomiting, hematotoxicity, and hair loss [2,
3], which can reduce patients’ quality of life. In
addition, the lower immune status of breast
cancer patients receiving chemotherapy can
increase relapse rate [4], since anthracycline-
based chemotherapies have been shown to
impair immune function [5].

The elimination of tumors requires that the
immune system work with standard treatments
such as surgery and chemo- and radiothera-
pies. Autologous immune enhancement thera-
py (AIET) is an in vitro method used to amplify
natural Killer (NK) cells and activate T cells,

which are then infused into patients with
advanced solid tumors [6]. NK cell-based AIET
at the Cancer Center of the First Hospital of Jilin
University has been effective for treating vari-
ous types of cancer, including hepatocellular
carcinoma [7], lung cancer [8], and gastric car-
cinoma [9]. Improved prognosis, reflected by a
significant downregulation of cancer cell mark-
ers, has been accompanied by an increase in
the quality of life of patients [10]. NK cells are a
critical component of innate immunity against
viruses and cancer; cytokine-induced NK acti-
vation [11] leads to cytolytic granule-mediated
cell apoptosis [12], direct induction of apopto-
sis by Fas and Fas ligand (FasL) binding [13],
and antibody-dependent cell-mediated cytotox-
icity [14]. NK cell activity is regulated by interac-
tions between NKG2D-a disulfide-linked homo-
dimeric receptor-and its ligands unique long
16-binding protein (ULBP) and major histocom-
patibility complex class I-related chain (MIC)A
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Table 1. Characteristics of NK cell donor breast cancer patients

Pathological Ki-67 Length .Therapy
Age type ER PR HER2 (%) ofiliness Chemotherapy Radio  Hormonal Trastuzumab
therapy  therapy
1 82 IDC - +70 27 3*T+3*FEC -
2 51 IDC - +40 23 1*X + Letrozole
3 42 ILC - +5 52 6*CAF - Tamoxifen
4 55 IDC - <70 11 1*TAC+4*ACT -
5 48 IDC +70 14 1*AC+5*TCH -
6 38 IDC + +60 42 3*TC+3*NP +
7 71 IDC NA 57 6*TAC + Tamoxifen
8 62 IDC + +25 52 3*AC-3*TH - Anastrozole +
9 59 IDC + +60 39 6*TCH + -
10 46 IDC + +60 15 1*TAC+5*TCH + Tamoxifen +
11 49 IDC + +70 10 4*ACT - -
12 48 IDC + +40 29 6*TAC + Anastrozole -
13 44 IDC +70 27 3*T+3*FEC - - -

A, pirarubicin; C, cyclophosphamide; ER, estrogen receptor; E, epirubicin; F, fluorouracil; H, herceptin; HER2, human epidermal
growth factor receptor 2; ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; MC, medullary carcinoma; N, navel-
bine; P, Cisplatinum; PR, progesterone receptor; T, docetaxel/taxol; X, Xeloda. *All patients were female and had undergone

surgery.

expressed by tumor cells [15]. A prospective
cohort study showed that medium and high NK
activity was associated with decreased cancer
rates, whereas low activity was associated with
an increased incidence of cancer [16]. NK activ-
ity was also found to be lower in breast cancer
patients than in healthy individuals [17]. These
data underscore the critical role of NK cells in
host defense mechanisms against cancer.

The present study investigated whether com-
bined treatment with anthracycline and NK cell-
based AIET is an effective treatment for breast
cancer. The anthracycline agent epirubicin (EPI)
was used in conjunction with NK cells obtained
by autologous adoptive cell transfer from breast
cancer patients and expanded for 14 days in
vitro, and the cytotoxicity of NK cells was evalu-
ated. We found that pretreatment with EPI
enhanced NK cell-induced apoptosis of breast
cancer cells. These data suggest that anthracy-
cline-based chemotherapy and NK cell-based
AIET can be combined for more effective breast
cancer treatment.

Materials and methods
Cell lines and culture

MCF-7, SKBR-3, and MDA-MB-231 breast can-
cer cells were obtained from the cell bank of
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the Chinese Academy of Sciences (Shanghai,
China). Cells were cultured in Dulbecco’s Mo-
dified Eagle’s Medium (DMEM; Gibco, Grand
Island, NY, USA) containing 10% fetal bovine
serum (Hyclone, Logan, UT, USA).

Isolation and expansion of primary NK cells

Peripheral blood mononuclear cells (PBMCs)
were obtained from 13 breast cancer patients
at the Cancer Center of the First Hospital of
Jilin University (Table 1) and were isolated from
human peripheral blood by Ficoll gradient cen-
trifugation. To expand NK cells, PBMCs were
cultured in AIM-V medium (Invitrogen, Carlsbad,
CA, USA) containing 700 U/ml interleukin (IL)-2
(Miltenyi, Cologne, Germany) and 1 ng/ml OK-
432 (Shandong Lu Ya Pharmaceutical, Jining,
China) for 24 h at 37°C in a flask coated with
mouse anti-human cluster of differentiation
(CD)16 monoclonal antibody (mAb; Beckman
Coulter, Marseille, France). This was followed by
culture in AIM-V medium containing 700 U/ml
IL-2 at 37°C for 2-3 weeks. Expanded NK cells
used in this study were cultured for 14 days,
and were confirmed as CD3CD56" by flow
cytometry using anti-CD3 and -CD56 antibod-
ies (BD Pharmingen, San Jose, CA, USA). The
purity was > 80%. Written informed consent
was obtained from each patient and the ex-
perimental protocol was approved by the Ins-
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Figure 1. Phenotype of expanded human NK cells. A. PBMCs from breast cancer patients were cultured for 14 days
in AIM-V medium the presence of IL-2. Expanded NK cells were induced by IL.-2, O0K432, and anti-human CD16 an-
tibody. Expression of activating and inhibitory NK cell receptors were detected by flow cytometry. B. The cytotoxicity
of expanded NK cells against MCF-7, SKBR-3, and MDA-MB-231 and breast cancer cells at different effector: target
ratios (3:1, 10:1, and 30:1) was assessed at 24 h. Experiments were performed in triplicate; data are expressed as

mean + SEM.

titutional Review Committee of Jilin University
and the ethics committee of the First Hospital
of Jilin University.

Cell viability assay

Inhibition of breast cancer cell growth by EPI
treatment was assessed with a 3-(4, 5-dimeth-
ylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay according to the manufacturer’s
instructions. Briefly, MCF-7, SKBR3, and MDA-
MB-231 cells were seeded in 96-well plates at
a density of 5 x 10%/ml and allowed to attach
overnight, then treated with EPI at concentra-
tions of 0.625, 1.25, 2.5, 5, 10, and 20 pg/ml
for 8, 12, 24, and 48 h at 37°C and 5% CO,,. A
20-pl volume of MTT (5 g/1) was added followed
by incubation for 4 h. Colored formazan crys-
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tals produced by reaction with MTT were dis-
solved in 150 ul dimethylsulfoxide, and the
absorbance was measured at 570 nm using a
Model 550 microplate reader (BioTek, Winooski,
VT, USA). Inhibition of cell proliferation was cal-
culated with the following formula: % inhibited
= [1-(treatment group absorbance/control ab-
sorbance)] x 100% [18].

Cytotoxicity assay

The cytotoxicity of EPlI and NK cells to breast
cancer cells was evaluated with the calcein-
acetoxymethyl (AM) ester release assay. Cal-
cein-AM (Dojindo, Shanghai, China) was added
to MCF-7, SKBR-3, or MDA-MB-231 cells (10%/
mlin 1000 yl DMEM) at a final concentration of
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Figure 2. EPI pretreatment enhances the cytotoxicity of NK cells to human breast cancer cells. (A, B) MCF-7, SKBR-
3, and MDA-MB-231 breast cancer cells (A) or expanded human NK cells (B) were cultured with indicated concentra-
tions of EPI at for 8 to 48 h. Cell viability was assessed with the MTT assay. (C) Breast cancer cells were pretreated
with EPI for 12 h, followed by addition of NK cells for 24 h; cells treated with EPI or NK cells only served as controls.
Cytotoxicity was assessed with calcein-AM. Experiments were performed in triplicate; data are expressed as mean

+ SEM. *P < 0.05, ***P < 0.01.

1 pM for 30 min at 37°C and 5% CO,,. The cells
were washed twice with phosphate-buffered
saline (PBS) and divided into five groups: no
treatment (A), treated with Triton X-100 (B),
treated with EPI (C), with added NK cells (D),
and pretreated with 5 pg/ml EPI followed by
addition of NK cells (E) at a density of 5 x 10%/
ml. Different concentrations (15 x 10%/ml, 50 x
10%/ml, and 150 x 10%/ml) of expanded NK
cells were added for 4 h at 37°C. After centrifu-
gation at 1500 rpm for 3 min, the medium was
transferred to another 96-well plate. The re-
leased extracellular calcein-AM was visualized
and quantified with a microplate reader at exci-
tation/emission wavelengths of 490/515 nm.
The cytotoxicity was determined according to
the following formula: killing rate (%) = [(C or D
or E-A)/(B-A)] x 100% [19].
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Enzyme-linked immunosorbent assay (ELISA)

Interferon (IFN)-y and tumor necrosis factor
(TNF)-a secretion by NK cells was measured
using commercial ELISA kits (Bioster, Wuhan,
China) according to the manufacturer’s instruc-
tions. Briefly, MCF-7, SKBR-3, and MDA-MB-231
cells pretreated with 5.0 ug/ml EPI for 12 h
were seeded in triplicate in 96-well plates (1 x
10%/per well) and co-cultured with the same
number of expanded NK cells for an additional
24 h. Expanded NK cells cultured without or
with untreated cancer cells served as controls.
IFN-y and TNF-a levels in the supernatant were
determined by measuring absorbance at 450
nm on a microplate reader. All samples were
prepared in triplicate under the same con-
ditions.

Am J Transl Res 2016;8(2):473-484
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Figure 3. Upregulation of NKG2D ligand expression in breast cancer cells by EPI pretreatment. (A-C) MCF-7 (A),
SKBR-3 (B), and MDA-MB-231 (C) breast cancer cells were pretreated with EPI for 12 h, washed, and cultured for
24 h. Untreated cells were used as a control. ULBP1, ULBP2, and MICA expression was detected by flow cytometry.
Experiments were performed in triplicate; data are expressed as mean + SEM. ***P < 0.01.

Flow cytometry analysis

NK cell phenotype and ligands expressed by
breast cancer cells were determined by flow
cytometry using a LSRFortessa system (BD
Biosciences, San Diego, CA, USA). Briefly, ex-
panded NK cells were collected, washed, and
incubated with mouse mAbs against human
CD3, CD56, NKG2D, NKp44, NKp46, CD158a,
and Fas (all from BD Pharmingen); and CD-
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158b, CD158b2, CD158e, and FasL (all from
Biolegend) for 15 min. Cultured breast cancer
cells were washed and incubated with mouse
mAbs against ULBP1, ULBP2, and MICA (all
from Biolegend) for 15 min.

To assess the levels of the intracellular granule
granzyme B (BD Pharmingen) and of perforin
(BD Pharmingen) in NK cells, the Golgi trans-
port inhibitors Golgi Stop and Golgi Plug (both

Am J Transl Res 2016;8(2):473-484
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Figure 4. EPI pretreatment increases IFN-y and TNF-a secretion by NK cells. MCF-7, SKBR-3, and MDA-MB-231
breast cancer cells were pretreated with EPI for 12 h before adding expanded human NK cells for 24 h. IFN-y and
TNF-a levels in the supernatant were detected by ELISA. The supernatant of NK cells without or with untreated
cancer cells served as controls. Experiments were performed in triplicate; data are expressed as mean + SEM. *P

<0.05, ***P < 0.01.

from BD Biosciences) were added to the experi-
mental system for 12 h. Cells were washed and
incubated with antibodies against CD3 and
CD56 for 15 min; the membranes were rup-
tured by treatment with 10% BD Cytofix/Cy-
toperm, followed by incubation with granzyme
B and perforin at 20°C for 30 min. Cells were
then washed with wash buffer (10% BD Perm/
Wash). Data were analyzed using FlowJo v.9.6.4
software (Tree Star, Ashland, OR, USA).

Statistical analysis

Statistical analyses were carried out with Prism
6 (GraphPad, La Jolla, CA, USA) and SPSS v.17.0
(SPSS Inc., Chicago, IL, USA) software. Data are
expressed as mean + SEM. The Student’s t te-
st was used to assess differences between
groups. P < 0.05 was considered as statistical-
ly significant.

Results

Expanded human NK cells are cytotoxic to
breast cancer cells

We investigated whether combining chemoth-
erapy and AIET can improve the treatment of
breast cancer. NK cell-based AIET is widely
used as cancer immunotherapy in our hospital;
we obtained CD3'CD56* NK cells from breast
cancer patients, and evaluated the expression
of NK cell receptors by flow cytometry (Figure
1A). The activating receptors NKG2D, NKp44,
and NKp46 were highly expressed whereas
the inhibitory receptors CD158a, CD158b, CD-
158b2, and CD158e were detected at low lev-
els. Expanded NK cells were also cytotoxic to
MCF-7, SKBR-3, and MDA-MB-231 breast can-
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cer cells (Figure 1B), with cytotoxicity increased
at higher ET ratios. These results indicate that
the expanded NK cells were activated.

EPI inhibits breast cancer cell proliferation

The effects of EPI on breast cancer cells and
expanded NK cells were investigated by cell
proliferation and cytotoxicity assays. MCF-7,
SKBR-3, and MDA-MB-231 cells and NK cells
were treated with various concentrations of
EPI. Proliferation was inhibited in all three
breast cancer cell lines (Figure 2A) and in NK
cells (Figure 2B) in a dose- and time-dependent
manner by EPI treatment, suggesting that
directly combining EPI with NK cells is not an
effective strategy for inducing cytotoxicity in
breast cancer cells. However, when breast can-
cer cells were pretreated with EPI followed by
expanded NK cells, the cytotoxic effect was
potentiated as compared to either treatment
alone (Figure 2C). Thus, sequential treatment
with EPI followed by expanded NK cells leads to
increased cytotoxicity in breast cancer cells.

EPI induces NKG2D ligand expression in
breast cancer cells

NKG2D, an activating receptor of NK cells,
plays an essential role in immune responses,
and NKG2D ligands and downstream signaling
are important for anti-tumorigenic activity.
NKG2D ligands are expressed by many types of
cancer cell; we therefore evaluated the expres-
sion of the NKG2D ligands ULBP1, ULBP2, and
MICA in breast cancer cells after EPI pretreat-
ment by flow cytometry. The application of EPI

Am J Transl Res 2016;8(2):473-484
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Figure 5. EPI pretreatment increases granzyme B and perforin expression in NK cells. (A-C) MCF-7 (A), SKBR-3 (B),
and MDA-MB-231 (C) breast cancer cells were pretreated with EPI for 12 h before adding expanded NK cells for 12
h. Granzyme B and perforin expression was detected by flow cytometry. NK cells cultured without or with untreated
cancer cells were used as controls. Experiments were performed in triplicate; data are expressed as mean + SEM.

*P < 0.05.

induced the upregulation of all three NKG2D
ligands in MCF-7 (Figure 3A), SKBR-3 (Figure
3B), and MDA-MB-231 (Figure 3C) cells (P <
0.01). We did not observe any differences in
the expression of the activating NK cell recep-
tors NKG2D, NKp44, or NKp46 owing to their
high basal expression levels (data not shown).
These results suggest that inducing the upregu-
lation of NKG2D ligands is a mechanism by
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which EPI enhances the cytotoxicity of NK cells
against breast cancer cells.

Co-culture of expanded NK cells and EPI-
pretreated breast cancer cells increases IFN-y
and TNF-a secretion by NK cells

We investigated whether EPI pretreatment can
stimulate the release of cytokines by NK cells.
IFN-y and TNF-a levels in the supernatant of

Am J Transl Res 2016;8(2):473-484
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Figure 6. EPI pretreatment induces upregulation of Fas receptor on breast cancer cells and FasL on expanded NK cells. A. MCF-7, SKBR-3, and MDA-MB-231 breast
cancer cells were pretreated with EPI for 12 h, washed, and cultured for 24 h. Untreated cells served as a control. Fas receptor expression by cancer cells was
detected by flow cytometry. B. MCF-7, SKBR-3, and MDA-MB-231 cells were pretreated with EPI for 12 h before adding expanded NK cells for 24 h. FasL expression

by NK cells was detected by flow cytometry. Mean fluorescence intensity is shown. Experiments were performed in triplicate; data are expressed as means + SEM.
***pP < 0.01.
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Table 2. Molecular properties of human breast
cancer cell lines used in this study

Cell line ER/PR HER2 Ki67% Molecular
subtype

MCF-7 + - <14%  Luminal A

SKBR-3 - + HER2-positive

MDA-MB-231 - Basal-like

ER, estrogen receptor; HER2, human epidermal growth fac-
tor receptor 2; PR, progesterone receptor.

expanded NK cells without or with co-cultured,
EPI-pretreated or untreated breast cancer cells
were measured by ELISA. IFN-y and TNF-a
secretion was higher in the supernatant of NK
cells co-cultured with EPI-pretreated breast
cancer cells (Figure 4), suggesting that EPI pre-
treatment caused increased cytokine secretion
by NK cells, thereby potentiating their cytotoxic
effects.

Granzyme B and perforin expression is up-
regulated in NK cells in the presence of EPI-
pretreated breast cancer cells

To further examine how EPI influences the cyto-
toxicity of NK cells to breast cancer cells, we
evaluated the two main mechanisms of NK cell-
mediated cytotoxicity-i.e., the granzyme B/per-
forin and Fas/FasL pathways. Both granzyme B
and perforin were produced at high levels (>
85%) by expanded NK cells, as determined by
flow cytometry. Expression was higher in NK
cells co-cultured with EPI-pretreated MCF-7
(Figure B5A), SKBR-3 (Figure 5B), and MDA-
MB-231 (Figure 5C) cells as compared to those
cultured alone, indicating that the granzyme B/
perforin pathway is activated in NK cells in the
presence of EPI-pretreated breast cancer cells.

EPI pretreatment induces the upregulation of
Fas receptor expression in breast cancer cells
and FasL expression in NK cells

The apoptosis-inducing effects of NK cells
depend on binding of FasL to the Fas receptor.
We therefore examined the expression of Fas
and FasL in NK and breast cancer cells, respec-
tively, by flow cytometry. EPI pretreatment in-
creased Fas expression in MCF-7, SKBR-3, and
MDA-MB-231 cells (Figure 6A). NK cells co-cul-
tured with EPI-pretreated breast cancer cells
had higher FasL expression as compared to
those cultured alone (Figure 6B). These results
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indicate that EPI pretreatment induces the
upregulation of both Fas and FasL expression.

Discussion

A side effect of anthracycline-based chemo-
therapeutic agents is impairment of immune
function [5], which can lead to tumor relapse
and metastasis. NK cells recognize stressed
cells in the absence of antibodies and the
major histocompatibility complex (MHC) and
play an essential role in immune surveillance
by inducing tumor cell death [20]. In this study,
we treated human breast cancer cells (Table 2)
with the anthracycline-based agent EPI fol-
lowed by NK cell-based AIET, which significantly
enhanced cytotoxicity to breast cancer cells via
a mechanism involving the upregulation of
NKG2D ligand and FasL expression in NK cells
and of Fas receptor in breast cancer cells, as
well as increases in IFN-y and TNF-a secretion
and granzyme B and perforin expression by NK
cells.

NK cell-based AIET has been widely used to
treat breast cancer patients who have received
anthracycline-based chemotherapy [8], and
has been clinically effective [21]. In this study,
we demonstrated that the cytotoxicity of EPI to
breast cancer cells was dose- and time-depen-
dent. Due to its potency, the concentration of
EPI we used in subsequent experiments (5.0
pug/ml for 12 h) was lower than the IC50. Since
EPI was also toxic to NK cells, we pretreated
breast cancer cells with EPl and washed the
cells thoroughly before adding NK cells to the
culture. The cytotoxic effects on breast cancer
cells was evaluated with the calcein-AM release
assay, which is comparable to the standard 5'Cr
release assay [22]. The three breast cancer cell
lines examined showed variable sensitivity to
EPI and NK cells. Furthermore, the cytotoxicity
of NK cells increased as a function of E:T ratio,
indicating that in clinical situations, an appro-
priate amount of NK cells can enhance their
therapeutic effects while remaining within
patients’ limits of tolerance. Large-scale ex vivo
NK cell transfusion has been shown to decrease
tumor size and prolong patient survival without
adverse effects [21, 23]. The fact that sequen-
tial EPl and NK cell treatment was more toxic to
breast cancer cells than either one by itself,
and produced an effect that was greater than
the sum of EPI and NK cell treatment alone,

Am J Transl Res 2016;8(2):473-484
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suggests that there are other mechanisms by
which EPI potentiates the cytotoxicity of NK
cells.

The apoptosis of tumor cells by NK cells is
mediated by receptors such as NKG2D [24],
which recognizes MICA and MICB as well as
ULBP family members [25]. We found that EPI
pretreatment increased the levels of ULBP1,
ULBP2, and MICA expression in breast cancer
cells, but not of NKG2D, NKp44, and NKp46 in
NK cells, suggesting that the NK cell-based
AIET could be performed between two courses
of chemotherapy, which would prevent the
escape of tumor cells from the effects of EPI.

Cytokines play crucial roles in the activation of
NK cells, which function in immune surveillance
by secreting IFN-y and TNF-a [26]. The former
activates macrophages for phagocytosis and
cell lysis, while the latter stimulates the induc-
tion of apoptosis by NK cells [11, 27]. We found
that IFN-y and TNF-& secretion was increased
by EPI pretreatment alone, which may explain
the synergistic effects of this combination th-
erapy.

Perforin and granzymes are present in their
cytoplasm of NK cells. Upon release, perforin
forms pores in the plasma membrane of the
target cell, creating an aqueous channel th-
rough which granzymes and associated mole-
cules can enter and induce either apoptosis or
osmotic cell lysis [27]. Our results demonstrate
that EPI followed by NK cell treatment increased
the levels of granzyme B relative to controls,
suggesting another mechanism for the cytotox-
icity induced by this combination therapy.

Fas/FasL signaling regulates apoptosis in can-
cer cells and functions as a critical component
of host immune surveillance [28]. Fas has been
shown to be essential for NK cell-induced apop-
tosis [29]. In this study, we found that Fas
expression was upregulated in breast cancer
cells pretreated with EPI, while FasL levels were
increased in NK cells co-cultured with EPI-
treated breast cancer cells, providing evidence
that EPI enhances breast cancer cell apoptosis
induced by NK cells via activation of Fas/FasL
signaling.

In summary, the combination of EPI followed by
NK cell was more toxic to breast cancer cells
than either of these treatments alone, indicat-
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ing that NK cell-based AIET between two peri-
ods of EPI-based chemotherapy can be an
effective treatment for breast cancer.
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