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Abstract
Background and purpose  Emerging evidence suggests that one of the main reasons of chemotherapy treatment failure is the 
development of multi-drug resistance (MDR) associated with cancer stem cells (CSCs). Our aim is to identify a therapeutic 
strategy based on MDR-reversing agents.
Materials and methods  CSC-enriched Ehrlich carcinoma (EC) cell cultures were prepared by drug-resistant selection method 
using different concentrations of cisplatin (CIS). Cell cultures following drug exposure were analyzed by flow cytometry for 
CSC surface markers CD44+/CD24−. We isolated murine bone marrow-derived dendritic cells (DCs) and then used them 
to prepare CSC–DC vaccine by pulsation with CSC-enriched lysate. DCs were examined by flow cytometry for phenotypic 
markers. Solid Ehrlich carcinoma bearing mice were injected with the CSC–DC vaccine in conjunction with repeated low 
doses of CIS. Tumor growth inhibition was evaluated and tumor tissues were excised and analyzed by real-time PCR to 
determine the relative gene expression levels of MDR and Bcl-2. Histopathological features of tumor tissues excised were 
examined.
Results and conclusion  Co-treatment with CSC–DC and CIS resulted in a significant tumor growth inhibition. Furthermore, 
the greatest response of downregulation of MDR and Bcl-2 relative gene expression were achieved in the same group. In 
parallel, the histopathological observations demonstrated enhanced apoptosis and absence of mitotic figures in tumor tissues 
of the co-treatment group. Dual targeting of resistant cancer cells using CSC–DC vaccine along with cisplatin represents a 
promising therapeutic strategy that could suppress tumor growth, circumvent MDR, and increase the efficacy of conventional 
chemotherapies.
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Introduction

Chemo-resistance is one of the main causes of tumor relapse 
and treatment failure in cancer patients. It is also often asso-
ciated with more aggressive cancers and metastasis [1]. 
Accumulating evidences suggest that a residual subpopula-
tion of cells remaining following chemotherapy is responsi-
ble for chemo-resistance and tumor recurrence and is termed 
as cancer stem cells (CSCs) [2]. This subpopulation of cells 
possesses stem cells like character with high tumorigenic 
ability and high resistance to most chemotherapeutic agents 
as well as increased anti-apoptotic activity [3, 4].

Consequently, failure of chemotherapeutic regimens 
to completely eradicate tumor is due to their inability to 
target this small subpopulation (CSCs) which is suggested 
to be the principal factor of tumor metastasis and relapse. 
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Treatments that are directed more specifically toward 
CSCs represent an attractive strategy for effective anti-
tumor responses [4, 5].

Previous studies have identif ied the CD44+/
CD24− phenotype as CSC surface markers in an Ehrlich 
carcinoma (EC) cell line. In addition, these CSCs’ popu-
lation exhibited stem cells characteristics such as self-
renewal, high tumorigenicity, and chemo-resistance [6, 7].

Cisplatin is one of the most potent chemotherapeutic 
agents, which has been reported to be effective in treating 
different types of cancers, such as breast cancer, head and 
neck cancer, and gastric cancer [8–10]. Unfortunately, its 
use is limited due to its adverse effects in normal tissues 
on long-term administration and the development of high 
drug resistance [11, 12]. Prior study suggested that the 
cisplatin resistance is driven by CSCs. Therefore, targeting 
CSCs is critical for increasing sensitivity of tumor cells to 
cisplatin treatment. Limited data concerning CSCs genet-
ics make it difficult to target these cells’ population [12].

In contrast to chemotherapies, cancer immunotherapy 
aimed to modulate the immune system to induce anti-
tumor responses generally without severe side effects. 
Cancer vaccination based on loading dendritic cells (DCs) 
with specific tumor antigens is an active immunotherapy 
which results in immunological responses against tumor 
cells that escape immune recognition [13].

In this study, we used chemotherapeutic drug selection 
method to enrich drug resistant cells with CSC phenotype 
(CD44+/CD24−) from parental EC cell line in vitro to 
be subsequently used as a source enriched in stem cells 
for pulsing murine bone marrow-derived dendritic (DC) 
cells. The current study aimed to investigate the therapeu-
tic efficacy of immunization using CSC-based DC vaccine 
either as a single treatment or in combination with repeti-
tive low doses of cisplatin to overcome cisplatin related 
chemo-resistance.

Materials and methods

Animal and ethics statement

Female Swiss albino mice were obtained from National 
Research Center (Cairo, Egypt). Mice were housed in spe-
cific pathogen-free facility at the Faculty of Pharmacy, Tanta 
University and maintained 2 weeks for acclimatization in 
plastic cages under standard conditions and provided with 
standard rodent pellet diet and water ad libitum. The mice 
used for the experiments were at the age of 4–6 weeks and 
weighed between 22 and 25 g. All animal experiments were 
approved by the Institutional Research Ethical Committee 
of Faculty of Pharmacy, Tanta University.

Cell line

Ehrlich carcinoma (EC) is transplantable murine cancer 
cell line that is derived from aggressive, malignant, and 
highly proliferating mouse breast adenocarcinoma [14]. 
EC cell line was purchased from National Cancer Institute 
(Cairo, Egypt) and was maintained in the ascitic form in 
the peritoneal cavity of a mouse by sequential passaging 
via weekly i.p. injection of 2.5 × 106 viable EAC cells/
mouse suspended in 0.2 mL PBS [15]. The cell count 
and viability was assessed by trypan blue dye exclusion 
method [16], and the cell viability was found to be more 
than 99%.

Cell culture and selection of cisplatin‑resistant cell 
populations

CSCs are characterized by being more resistant to anticancer 
drugs than the bulk of tumor cells [17]. Cisplatin-resistant 
CSCs were selected from parental EC cell line based on their 
intrinsic resistance to cisplatin. EC cells were cultured in 
freshly prepared complete medium consisting of RMPI 1640 
supplemented with 10% heat-inactivated fetal bovine serum 
(FBS), 2 mM l-glutamine, 100 mg/mL streptomycin, 100 
U/mL penicillin, and 0.5 mg/mL fungizone as previously 
described by Salem et al. [18].

After 24 h of culture, EC cells reached confluence and 
were supplemented with 0, 10, 20, 30, 40, and 50 μg/mL 
cisplatin (CIS) as previously reported [19]. Each concentra-
tion was repeated in three different tissue culture flasks. Cell 
count and viability was estimated 72 h later to determine the 
highest CIS concentration that EC cells could survive and 
grow. These drug-resistant cells were harvested by incubat-
ing with 0.25% Trypsin/EDTA and subsequently analyzed 
for stem cell-associated surface markers CD44+/CD24− by 
flow cytometry.

CSCs surface markers analysis by flow cytometry

CD44-PE and CD-24 FITC anti-mouse antibodies (Milte-
nyi Biotec Gmb, Germany) were used for flow cytometric 
analysis of CSC-associated surface markers. Briefly, cells 
from parental EC and cisplatin-treated cultures were incu-
bated with the above-mentioned fluorescent-conjugated 
monoclonal antibodies at 4 °C for 30 min. and analyzed 
by BD FACSCanto™ II flow cytometer (BD biosciences, 
USA). The obtained data were analyzed by the FlowJo® 
software package (Tree Star Inc., USA). EC cells were then 
cultured in medium supplemented with the optimal selected 
CIS concentration that showed the highest percentage of 
CD44+/CD24− cells. Isolated CIS-resistant cells population 
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enriched in CSCs—identified as CD44+/CD24−—were har-
vested for subsequent cell lysate preparation.

Preparation of CSC‑pulsed DCs’ vaccine

To prepare enriched CSC lysate, the harvested CIS-resist-
ant cells enriched in stem cell populations were washed 
twice and suspended in sterile PBS at a concentration of 
5 × 106 cells per mL. Cells were lysed and disrupted by four 
rapid freeze–thaw cycles in 37 °C water bath and − 80 °C. 
After centrifugation for 10 min at 3000 rpm at 4 °C, super-
natant cell lysates were collected and stored as aliquots at 
− 80 °C.

Bone marrow (BM)-derived DCs were generated as pre-
viously described [19]. Briefly, bone marrow of (n = 15) 
healthy mice was flushed from femur and tibia bones under 
sterile conditions. The collected BM cells were cultured—
after being depleted of RBCs using ammonium chloride 
potassium (ACK) lysis buffer (Lonza, Germany)—in fresh 
complete RPMI-1640 with 10% FBS medium supplemented 
with 20 ng/mL IL-4 and 20 ng/mL GM-CSF at a concentra-
tion of 1 × 106 cells/mL. Fresh medium supplemented with 
the same cytokines was added every 3 days. On day 6, PBS 
(unloaded DCs) or lysates of enriched CSCs (CSC–DCs) 
were added to DCs culture medium at a ratio of 1:1 equiv-
alent cell ratio [20]. After incubation for 24 h, 20 ng/mL 
of maturation stimulus, TNF-α was added to the culture 
medium for additional 24 h.

Generated mature DCs pulsed with resistant CSCs lysates 
were harvested and aliquots were directly stained using 
fluorescent-conjugated monoclonal antibodies, including 
anti-CD11c, CD83, and CD86, for 30 min at 4 °C in the 
dark. Cells were then analyzed using FACSCanto™ II flow 
cytometer (BD biosciences, USA) with FlowJo® software 
(Tree Star Inc., USA).

Tumor induction and treatment strategy

Solid Ehrlich carcinoma (SEC) was induced in Swiss 
albino mice (n = 36 mice) by injecting viable EAC cells 
(2 × 106 cells) subcutaneously into the right thigh of the 
lower limb. A palpable solid tumor mass was formed 
14 days post-inoculation, after which SEC-bearing mice 
were randomly divided into six groups of six mice each. 
The untreated control group (control) was i.p. (intraperito-
neal) treated with PBS; The second group was i.p. treated 
with CIS at a dose of 2 mg/kg in five cycles, which were 
on day 14, 18, 22, 26, and 30 (CIS); The third and fourth 
groups were both i.p. treated with single CIS dose of 2 mg/
kg on day 14 and then unloaded DCs (DC group) or CSC-
pulsed DCs (CSC–DC group) were intravenously injected 
in mice tail twice on day 15 and 23, respectively. The last 
two groups were treated in a similar manner as the third and 

fourth groups, but were co-treated with CIS 2 mg/kg on days 
14, 18, 22, 26, and 30. Treatment protocol is illustrated in 
Fig. 1.

The tumor dimensions were measured using a caliper on 
day 14 once a palpable mass formed, and then, the same 
measurement was repeated twice weekly. Tumor inhibition 
rate (TIR) was calculated according to Salem et al. using 
the following formula: TIR = [(average tumor volume of 
control untreated group − average tumor volume of treated 
group) × 100/average tumor volume of control untreated 
group] [14].

Histopathological examination of tumor tissues

Tumor tissues were excised, fixed in 10% formalin, dehy-
drated, and then embedded in paraffin in form of blocks. 
Sections of 4 mm were prepared using microtome (Leica 
RM2135, Germany), dewaxed, and stained with Hematoxy-
lin and Eosin (H&E) stain to be examined for the histo-
pathological features using electric microscope equipped 
with digital camera (Olympus Electron Microscope, Japan).

Total RNA extraction, cDNA synthesis, and real‑time 
PCR analysis

Tumor tissues from control and treated groups were dis-
rupted and homogenized using TissueLyser II (Qiagen, 
Germany). Total RNA was extracted from homogenized 
tumor tissue samples using Simply P total RNA extraction 
kit (BioFlux®, China) according to the manufacturer’s pro-
tocol. 1 µg of total RNA was used for synthesis of cDNA 
using Quantitect reverse transcription kit (Qiagen®, Ger-
many) according to the manufacturer’s protocol. The gener-
ated cDNA was used directly in real-time PCR which was 
performed using SensiFAST™ SYBR No-ROX Kit (Bio-
line, Germany). The relative expression levels of MDR and 
Bcl-2 genes were determined using the following primer 
sequences (Invitrogen, USA): for Bcl-2, forward: 5′- CGG​
GAG​AAC​AGG​GTA​TGA​-3′ (F), reverse: 5′- CAG​GCT​GGA​
AGG​AGA​AGA​T-3′ (R); for MDR, forward: 5′-ATC​AAC​
TCG​CAA​AAG​CAT​CC-3′ (F), reverse: 5′- ATT​CAA​CTT​
CAG​GAT​CCG​C-3′ (R).

Thermal cycling conditions comprised an initial polymer-
ase enzyme activation at 95 °C for 2 s, then 40 cycles of 
95 °C for 5 s, annealing at 55 °C for 10 s, and extension at 
72 °C for 20 s. Results were calculated and normalized rela-
tive to the reference GAPDH control gene using the Micro-
soft Excel program. The relative expression levels were cal-
culated relative to GAPDH using the 2−ΔΔCT method [21]. 
Data were expressed as relative fold differences in target 
gene expression and represent the average of three independ-
ent experiments.
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Statistical analysis

Data were analyzed using Statistical Package for Social Sci-
ence (SPSS) version 19.0 and were expressed as mean ± SD. 
To determine significant differences between two groups, 
P values were calculated by unpaired student t test. Com-
parisons between three groups or more were performed with 
one-way analysis of variance (ANOVA). P values less than 
0.05 were considered statistically significant. Survival analy-
sis was done by Kaplan–Meier using log-rank test.

Results

Enrichment and identification of cisplatin‑resistant 
cell populations

Ehrlich carcinoma cell cultures treated with 10–50 μg/
mL CIS were proliferated slowly compared to parental 
untreated cell cultures. Cell cultures treated with 50 μg/mL 

CIS showed increased the rate of cell death after 72 h of 
drug exposure, and only a few cells were able to survive and 
continued to grow forming CIS-resistant cell populations 
which could tolerate and resist the applied high CIS dose 
(Fig. 2a, b).

We then assessed the percentage of CSC-associated cell 
surface markers identified as CD44+/CD24− in different 
CIS-treated cultures as well as parental EC cell cultures 
using flow cytometry analysis to investigate whether these 
resistant cell populations possess CSCs’ surface markers. 
Treatment of EC cell line with low concentrations of CIS 
(10–30 μg/mL) resulted in weak inhibition of cell growth 
and showed non-significant increase in the expression of 
CD44+/CD24− cells compared to parental cell culture, 
while higher concentrations (40 and 50 μg/mL) showed a 
significant increase (P < 0.01) in the expression of CD44+/
CD24− cells compared to parental untreated cell cultures.

Treatment with CIS (50 μg/mL) showed the highest per-
centage of CD44+ CD24− expression among other CIS-
treated cultures (Fig. 2c). Our results demonstrated that 

Fig. 1   Treatment strategy timeline. Solid tumors were induced in 
mice by subcutaneous injection of 2.5 × 106 cells on day 1. Mice in 
treated groups received small dose of cisplatin (CIS) (2  mg/kg) by 
intraperitoneal injection on day 14. Immunized groups (C, D, E & 
F) received either DCs or CSCs pulsed DCs by intravenous injection 
in tail vein on days 15 and 23. Mice were sacrificed on day 31 and 
tumor masses were excised to perform further analysis. The stud-
ied groups are shown as follows: a control (untreated group); b CIS 
group: mice in this group were injected with CIS (2 mg/kg) intraperi-
toneally on days 14, 18, 22, 26, and 30 in five cycles with 3-day inter-

vals. c, d DC and CSC–DC groups, respectively: mice in these two 
groups were intraperitoneally treated with small dose of CIS (2 mg/
kg) as a single dose on day 14 once a solid tumor appeared and then 
vaccinated by intravenous injection with either DCs (group C) or 
CSC-pulsed DCs (group D) twice on days 15 and 23; e, f CIS + DC 
and CIS + CSC–DC groups, respectively: mice in the last two groups 
received CIS (2 mg/kg) intraperitoneally on days 14, 18, 22, 26, and 
30 as five cycles with 3-day intervals and vaccinated by intravenous 
injection with either DCs (group E) or CSC-pulsed DCs (group F) 
twice on days 15 and 23
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treatment with 50 μg/mL CIS not only selected cisplatin-
resistant cell populations but also were enriched in cancer 
cells with CSCs characteristics. EC cells were then cul-
tured in complete medium supplemented with 50 μg/mL 
CIS to develop resistant cell populations enriched in CSCs 
to be used in further experiments.

Production of functional mature dendritic cells 
(DCs) derived from mice bone marrow (BM) 
mononuclear cells

Bone marrow cells were cultured in RPMI medium with 
GM-CSF and IL-4 to generate immature DCs which is 
then pulsed with cell lysates enriched in CIS-resistant 
cells with CSCs phenotype followed by activation using 
TNF-α. Morphological observation showed formation 
of dendrites (Fig. 3c). Mature DCs expressed the typi-
cal phenotypes including the presence of CD11c, CD83, 
and CD86 (Fig. 3a, b). As shown in Fig. 3, mature DCs 
expressed CD11c +/CD83 + (58.4 ± 3.6%) in DC group, 
and (57.7 ± 1.7%) in DC pulsed with CSC-enriched cell 
lysates (CSC–DC) group. Similarly, the percentage of 
CD11c +/CD86 + DCs was 58.9 ± 4.8% in DC group, and 
57.3 ± 2.2% in CSC-pulsed DC group as detected by flow 
cytometric analyses. The generated DCs either DC or 
CSC–DC groups showed similar phenotypical character-
istics of mature DCs.

Impact of vaccination with CSC–DC on tumor 
inhibition rate (TIR)

Tumor growth was significantly inhibited in all treated 
groups (P < 0.001) compared with untreated control 
group. The inhibition rate was significantly increased in 
DC (55.7%; P < 0.05), CIS + DC (56.7%; P < 0.01), and 
CSC–DC (66.7%; P < 0.001) compared to (40.9%) CIS 
group. The maximum increase in tumor inhibition rate 
(82%) was evident in CIS + CSC–DC group, as shown in 
Fig. 4a. Vaccination of SEC-bearing mice with CSC–DC 
showed a significant increase in TIR compared to either DC 
or CIS + DC-treated groups. Moreover, this effect was aug-
mented by the simultaneous administration of repeated low 
doses of cisplatin. Figure 4b shows comparing tumor masses 
after sacrificing SEC-bearing mice at the end of the study. 
The administration of CSC–DC either alone or in combina-
tion with CIS showed slightly better survival relative to other 
treated groups where it did not result in death, as shown in 
Fig. 4c.

Histopathological observations of tumor sections 
from SEC‑bearing mice

The histopathological findings are presented in Fig. 5. Histo-
pathological sections from tumor tissues of untreated control 
group showed typical neoplastic changes such as presence of 
large number of multinucleated cells with frequent mitotic 

Fig. 2   Selection of cisplatin-resistant cell populations with CSCs’ 
phenotype. Morphological appearance of EC parental cell culture a 
before and b 72 h after treatment with 50 μg/mL cisplatin. c Impact 
of applying increasing cisplatin concentrations (10–50 μg/mL) on the 
percentage of CD44+/CD24− cells. CD44 and CD24 were detected 

using fluorochrome-conjugated anti-mouse antibodies. Data are pre-
sented as mean ± SD. a: significant versus control group. Triplicate 
experiments were performed. **P  <  0.01. EC Ehrlich carcinoma; 
CIS cisplatin; CD cluster of differentiation. Concentrations of cispl-
atin are expressed as μg/mL
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figures as well as minimal necrotic areas (Fig. 5a). Tumor 
tissues from SEC-bearing mice treated with low doses of 
CIS showed necrotic areas and isolated mitotic figures. 
Necrotic tissues showed amorphous eosinophilic mass and 
loss of the plasma membrane integrity and the cell nucleus 
(Fig. 5b).

Tumor sections from DC and CIS + DC groups showed a 
few apoptotic residual bodies and minimal areas of necrosis 
(Fig. 5c, d). Tumor sections from CSC–DC-treated group 
showed an increase in apoptotic bodies as well as a decrease 
in the number of multinucleated cells (Fig. 5e). Combination 
therapy with CSC–DC and CIS further increased the apop-
totic bodies compared with other tumors treated groups with 
the absence of mitotic figures indicating efficient apoptotic 
death responses (Fig. 5f).

Effect of vaccination with CSC–DC on MDR and Bcl‑2 
gene expression

The presence of CSCs is thought to be responsible for devel-
oping MDR and is associated with resistance to apoptosis 
[1]. In the current study, we determined the relative gene 
expression levels of MDR and Bcl-2 in tumor tissues from 

all studied groups. As shown in Fig. 6a, MDR gene expres-
sion was significantly downregulated in CIS, DC, CIS + DC, 
CSC–DC or CIS + CSC–DC groups (↓ 0.49 ± 0.02, ↓ 
0.32 ± 0.01, ↓ 0.15 ± 0.01, ↓ 0.16 ± 0.07, and ↓ 0.02 ± 0.004 
fold) compared to control group, respectively. There was 
no statistically significant difference between CIS + DC and 
CSC–DC groups, but the two groups showed a significant 
decrease in MDR gene expression levels compared to CIS 
and DC groups. MDR gene expression was significantly 
downregulated (P < 0.001) in CSC–DC + CIS group as 
compared to CIS, DC, CIS + DC, CSC–DC, and (P < 0.01) 
CIS + DC groups (Fig. 6a).

Bcl-2 relative gene expression was significantly 
downregulated in CIS, DC, CIS + DC, CSC–DC or 
CIS + CSC–DC groups (↓ 0.8 ± 0.04, ↓ 0.79 ± 0.03, ↓ 
0.67 ± 0.03, ↓ 0.63 ± 0.06, and ↓ 0.24 ± 0.09, respectively) as 
compared with untreated control group, as shown in Fig. 6b. 
CIS + DC and CSC–DC groups significantly decreased in 
Bcl-2 gene expression levels compared to CIS (P < 0.05) 
and DC (P < 0.01) groups. Co-treatment with CIS and CSC-
pulsed DCs significantly downregulated (P < 0.001) Bcl-2 
gene expression compared to CIS, DC, CSC–DC, and 
(P < 0.01) CIS + DC groups (Fig. 6b).

Fig. 3   Generation of functional bone marrow-derived dendritic cells 
(DCs) expressing phenotypical characteristics of mature DCs. Dot 
plot flow cytometry analysis of phenotypes of DC (a) and DC pulsed 
with CSCs lysates (b). Data represent the percentage of DCs identi-
fied as CD11c +/CD86 + and CD11c +/CD83 + . Triplicate experi-
ments were performed. Data are presented as mean ± SD. Percentages 

indicate the percent of cells in that quadrant. c Microscopic images 
showing the morphological features of generated mature dendritic 
cells on day 9 of cell culture. The figure shows mature CSC–DCs 
with branched projections and extended morphology (Original mag-
nification 40X)
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Discussion

Recent research in CSCs’ biology is gradually gaining an 
increasing attention for developing potent and effective can-
cer therapies. This is due to CSCs high chemotherapeutic 
resistance which is responsible for treatment failure and sub-
sequent tumor relapse [12, 22]. Therefore, it is essential to 
enhance the chemo-sensitivity of tumor cells via targeting 
drug-resistant CSCs. In the present study, we investigated 
the therapeutic efficiency of using enriched CSC-based 
DC vaccines either alone or in combination with low doses 
of cisplatin to overcome cisplatin resistance and inhibit 
tumorigenesis.

CSCs represent a small fraction in the tumor bulk com-
prising 1–2% of total tumor cells [23]. Since one of the 
defining characteristics of CSCs is their high chemothera-
peutic drug resistance, we used chemotherapy drug selection 
method to enrich CSCs’ population in vitro in an EC cell 
line by applying different concentrations of CIS. As demon-
strated in our study, treatment with CIS (50 ug/mL) was the 
concentration that showed the highest percentage of CSCs 
identified as CD44+/CD24− by flow cytometry and that was 

the highest concentration of cisplatin that cells could survive 
and grow.

Consistent with our findings, previous studies showed that 
selection based on chemotherapeutic drug resistance leads 
to an increase in the relative percentage of drug-resistant 
cell populations with stem cell characteristics [12, 19, 24, 
25]. It was reported by Levina and his co-workers that drug 
treatment of lung cancer cells for 72 h successfully enriched 
stem cells population which is in line with our findings [26].

Moreover, previous study of Goldman et al. demonstrated 
that the exposure of human breast cancer cells to high doses 
of taxanes in vitro induced changes in the cells population 
phenotype towards CD44hiCD24hi [27]. Another study dem-
onstrated that the exposure of hepatocellular carcinoma non-
CSCs to carboplatin induced their phenotypic transition into 
cells with stem-like properties and high tumorigenic capac-
ity which supports our findings [28].

In the current study, we prepared enriched CSCs lysate-
based DC vaccine in vitro with the aim of inducing anti-
tumor immune response against antigens loaded on the DCs. 
Our findings demonstrated that the antigen loading of DCs 
with the enriched CSCs lysate reserved the phenotypical 

Fig. 4   Effect of immunization using CSC–DC-based vaccine either 
as single treatment or in combination with cisplatin on tumor inhibi-
tion rate a in SEC-bearing mice. b Gross tumor images of different 
studied groups on day 31 of the in vivo study. The figure shows com-
paring tumor sizes before excision from different studied groups on 
day 31 after sacrificing mice. Arrows indicate the developed tumor 
masses. c Kaplan–Meier survival curve of various treated groups 
as described on the chart. Data are presented as the mean ± SD. 

#P < 0.05, *P < 0.01, **P < 0.001. a Significant increase versus con-
trol group, b Significant increase versus CIS-treated group, c Sig-
nificant increase versus DC- treated group, d Significant increase 
versus DC + CIS-treated group, e Significant increase versus CSC–
DC-treated group. SEC: solid Ehrlich carcinoma, CIS: cisplatin, 
DC: dendritic cells treated—group, CSC–DC: CSC-pulsed dendritic 
cells, DC + CIS: combined treatment with DC and cisplatin, CSC–
DC + CIS: combined treatment with CSC–DC and cisplatin
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Fig. 5   Photomicrographs of hematoxylin and eosin-stained tumor 
sections from SEC-bearing mice. Sections refer to: a untreated tumor 
control group showing the presence of mitotic figures (encircled by 
yellow circles), b CIS-treated group showing necrotic areas (N), c 
DC-treated group, d CIS + DC co-treated group (original magnifica-

tion 200×), e CSC–DC group showing the presence of some apop-
totic figures (arrow) (400×). f CSC–DC + CIS co-treated group show-
ing the absence of mitotic figures and an increase in apoptotic bodies 
(arrow) (400×)

Fig. 6   Vaccination with CSC–DCs enhances the anti-tumor efficacy 
of cisplatin by downregulation of MDR and BCl-2 gene expression in 
tumor tissues of SEC-bearing mice. Data are the average fold change 
in a MDR and b Bcl-2 gene expression levels. Data are presented 
as the mean ± SD. #P < 0.05, *P < 0.01, **P < 0.001. a Significant 
decrease versus tumor control group, b Significant decrease versus 
CIS-treated group, c: Significant decrease versus DC-treated group, 

d Significant decrease versus CIS + DC-treated group, e Significant 
decrease versus CSC–DC-treated group. MDR: multi-drug resist-
ance; Bcl-2: B-cell lymphoma 2; SEC: solid Ehrlich carcinoma, CIS: 
cisplatin; DC: dendritic cells, CSC–DC: CSC-pulsed dendritic cells; 
CIS + DC: combined treatment with CIS and DC; CIS + CSC–DC: 
combined treatment with CSC–DC and CIS
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characteristics of the generated mature DCs as shown by 
the non-significant difference between loaded or unloaded 
DCs in CD11c, CD83, and CD86 which is in line with the 
work of Xu et al. [29].

The effectiveness of chemotherapies is limited by the 
acquisition of MDR of tumor cells which is often medi-
ated by CSCs [30, 31]. Accumulating evidence indicate that 
chemotherapy-resistant stem cells upregulates MDR gene 
expression, thereby reducing the efficacy of these drugs 
[32, 33]. Alisi et al. demonstrated that upregulation of MDR 
is probably one of the important mechanisms of CSCs in 
response to chemotherapy due to their increased drug efflux 
capacity [30].

Our findings showed upregulation of MDR gene expres-
sion in untreated control group compared to treated groups. 
In contrast, the co-treated group with CSC–DC and repeti-
tive low doses of CIS showed anti-tumor chemo-sensitizing 
effects mediated by significant downregulation of MDR 
relative gene expression levels compared to all other treated 
groups [34]. This indicates MDR-reversing effect of this 
treatment strategy via dual targeting of both resistant CSCs 
and non-CSCs.

Vaccination with CSC–DC showed a profound tumor 
growth inhibition when combined with CIS as demonstrated 
by our results where the co-treated group showed a signifi-
cant tumor growth inhibition by 80% compared to either 
single treatment with CSC–DC (66.7%) or CIS (41%). The 
administration of CSC–DC either alone or in combination 
showed a better survival. In line with our results, a previous 
study showed the therapeutic efficacy of using CSC–DC-
based vaccine in inhibiting tumor growth and recurrence as 
well as prolonging the survival of tumor-bearing animals 
[35].

It has been reported that the development of malignancy 
is associated with upregulation of apoptosis inhibitory genes 
such as Bcl-2 and the production of cells with MDR pheno-
type [36]. MDR property of CSCs is associated with modu-
lation of apoptotic pathways. Dysregulated apoptotic signal-
ing pathways in CSCs make them able to escape apoptosis 
by altering Bcl-2 expression levels and, therefore, maintain 
tumor growth which represents another mechanism for 
chemo-resistance. This leads to the failure of chemothera-
pies, rapid tumor progression, and metastasis [4, 12].

In the present study, we demonstrated a significant decrease 
in Bcl-2 relative gene expression in all treated groups com-
pared to control untreated group. In addition, CSC-pulsed DCs 
showed a significant decrease in Bcl-2 relative gene expression 
when compared to DCs. Moreover, we found a statistically 
significant decrease in Bcl-2 relative gene expression level in 
CSC–DC + CIS group as compared to single treatment with 
either CSC–DC vaccine or CIS. These findings suggest that 
co-treatment with CSC–DC vaccine leads to restoration of 
apoptotic pathways through downregulation of Bcl-2 gene 

expression. These results are consistent with the histopatho-
logical observations that showed an increase in the apoptotic 
figures in CSC–DC + CIS co-treated group. This is consist-
ent with the previous study that shows that DCs pulsed with 
CSC antigens might have unique therapeutic benefits where 
they induce a significant increase in apoptosis compared to 
unloaded DCs [37].

Taken together, the present study suggests that CSC–DC 
vaccine significantly increased the efficacy of CIS by increas-
ing tumor cells sensitivity to CIS which is likely due to 
decreased MDR and Bcl-2 gene expression levels achieved 
by dual targeting of resistant cells with CSCs phenotype and 
non-CSCs. In line with our findings, it was previously reported 
that enriched CSC-based vaccines significantly decrease tumor 
volume, prolong survival, inhibit of metastasis, and induces 
humoral immune responses against cancer stem cells [38].

Our results suggested that the generation of CSCs based 
on their chemotherapeutic drug resistance property may be 
helpful in developing new immunotherapeutic strategies 
which could increase the efficacy of conventional chemo-
therapies. The main limitations of this study are that we were 
not able to confirm whether the CD44+/CD24− drug-resist-
ant cell population was actually CSCs or they were express-
ing CSC-like phenotype. Moreover, the genetic diversity of 
CSCs in different types of cancer is another limitation of our 
study, since we studied only one cell line (EC) [39].

One of the reasons of cancer immunotherapy failure is the 
immunosuppressive tumor microenvironment. Eliminating 
tumor suppressive immune networks can lead to improve-
ment in cancer immunotherapies such as DC-based vaccine 
[40]. In addition, the administration of conventional chemo-
therapies, especially at high doses—that target malignant 
cells—is associated with toxic effects as well as induction 
of immune suppression.

It has been reported that repetitive administration of low-
dose chemotherapy (known as metronomic chemotherapy) 
selectively eliminates some of the immunosuppressive net-
works via depleting regulatory T cells and preconditions the 
tumor microenvironment for immunotherapy by increasing 
the tumor permeability to CD8 T-cell-derived cytolytic fac-
tors which eventually result in an improvement in immu-
notherapy efficacy along with the restoration of anti-tumor 
immune responses in the absence of toxicity [1, 15, 36]. Sev-
eral studies showed improvement in the immune responses 
following low doses of chemotherapeutic agents which sup-
ports our findings [41–45].

Conclusion

Elimination of CSCs represents an attractive treatment 
strategy to overcome chemo-resistance and prevent tumor 
relapse. Since CSCs represents a minor population within 
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the tumor mass, it is likely that combinatorial therapy that 
targets both drug-resistant CSCs and conventional chemo-
therapy that abolishes the proliferating cells of the tumor 
bulk might have a better therapeutic effect with success in 
clinical trials.

Chemo-resistance to cisplatin (MDR gene expression) 
could be reduced in SEC-bearing mice upon targeting CSC 
by a prepared CSC–DC-based vaccine. Dual targeting of 
CSCs and non-CSCs suppressed tumor growth and induced 
apoptosis. These results were confirmed by histopathologi-
cal examination which showed enhanced apoptosis with the 
absence of mitotic figures. It is foreseeable that this thera-
peutic combination will be further studied in other tumor 
models to exploit the underlying mechanisms governing 
CSCs and to enhance the efficacy of the currently used 
chemotherapies.
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