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A B S T R A C T

Background and aim: Cancer stem cells (CSCs) are rare cell population present in the tumor bulk that are thought
to be the reason for treatment failure following chemotherapy in terms of their intrinsic chemo-resistance. Our
study aimed to develop an effective therapeutic strategy to target chemo-resistant cancer stem – like cells po-
pulation in solid Ehrlich carcinoma (SEC) mice model using dendritic cells (DCs) loaded with enriched tumor
cells lysate bearing CSC-like phenotype as a vaccine.
Materials and methods: Ehrlich carcinoma cell line was exposed to different concentrations of cisplatin, doxor-
ubicin, or paclitaxel. Drug treatment that resulted in drug surviving cells with the highest expression of CSCs
markers (CD44+/CD24−) was selected to obtain enriched cell cultures with resistant CSCs population. Dendritic
cells were isolated from mice bone marrow, pulsed with enriched CSC lysate, analyzed and identified (CD11c,
CD83 and CD86). SEC-bearing mice were treated with loaded or unloaded DCs either as single treatment or in
combination with repeated low doses of cisplatin. IFN- γ serum level and p53gene expression in tumor tissues
were determined by ELISA and real-time PCR, respectively.
Results and conclusion: The results revealed that vaccination with CSC loaded DCs significantly reduced tumor
size, prolonged survival rate, increased IFN-γ serum levels, and upregulated p53gene expression in SEC bearing
mice. These findings were more evident and significant in the group co-treated with CSC-DC and cisplatin rather
than other treated groups. This study opens the field for combining CSC-targeted immunotherapy with repeated
low doses chemotherapy as an effective strategy to improve anticancer immune responses.

1. Introduction

Conventional chemotherapy is one of the most common treatment
options for cancer. Unfortunately, the efficacy of chemotherapy is
limited and tumor recurrence may occur after treatment. Tumor im-
munotherapy has been reported to be effective and represent a pro-
mising strategy which acts as a trigger for mobilizing the body’s im-
mune cells to attack tumor cells (Salem et al., 2015).

Several experimental studies illustrated the presence of a very small
percentage of tumor resistant self-renewing cells in the heterogeneous
cells populations of the tumor mass that are able to escape conventional
therapy and regenerate the tumor bulk (Nandi et al., 2008; Dallas et al.,
2009; Lopez-Ayllon et al., 2014). This cell population are known as

cancer stem cells (CSCs) or cancer-initiating cells which are char-
acterized by unique properties such as self-renewal, capability of in vivo
tumorigenesis, metastasis, and high resistance to chemotherapy and
apoptosis (Ma et al., 2010; Lu et al., 2015).

Traditional treatment of tumors with chemotherapeutic agents leads
to the destruction of non-CSCs in the tumor bulk which in turn lead to
an increase in the relative CSCs percentage following treatment. The
remaining CSCs after tumor treatment is thought to be responsible for
recurrence and drug resistance (Lu et al., 2015). Therefore, it is likely
that the elimination of drug - resistant CSCs could significantly improve
the therapeutic efficacy of conventional chemotherapies which can be
achieved by CSC-targeted immunotherapy (Weng et al., 2013).

A prior study demonstrated the existence of a rare population of
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CSCs in the heterogeneous pool of Ehrlich carcinoma (EC) cell line -
identified utilizing flow cytometric analysis as CD44+/CD24− -
showing high tumorigenicity (Goltsev et al., 2013). Due to CSCs high
chemotherapeutic drug resistance, we hypothesized that CSCs can be
enriched and subsequently isolated from EC cells by in vitro drug se-
lection method as previously reported (Ma et al., 2010; Levina et al.,
2008; Nguyen et al., 2015).

In our study, enrichment of tumor cells with chemo-resistant cancer
stem – like cells was achieved by exposing EC cell cultures to different
concentrations of cisplatin, doxorubicin, or paclitaxel in vitro. Drug
surviving cells following drug treatment of cell cultures were harvested
from EC cell line and the cells populations exhibiting the highest per-
centage of CSC associated surface markers (CD44+/CD24−) as ana-
lyzed by flow cytometry were selected as an enriched source of drug -
resistant cancer cells with CSC like phenotype. These cells are referred
in our current study as CSCs.

Dendritic cells (DCs) are potent antigen presenting cells that plays a
critical role in mediating immune responses (El-Zamarany et al., 2015).
DCs are characterized by their superior ability to acquire and present
antigens to effector T cells with subsequent induction of immune re-
sponses (Salem et al., 2016a; Sabado et al., 2017). In the present study,
we used resistant CSC- enriched cell population isolated from EC cell
line as an antigen source to pulse DCs to prepare CSC-DC based vaccine.

Recent approaches are directed to combine chemotherapy and im-
munotherapy as a promising strategy to treat cancer. It was reported
that chemotherapy pre-condition the tumor microenvironment for im-
munotherapy by eliminating some of the immuno -suppressive net-
works (Salem et al., 2015; Peng et al., 2015; Konduri et al., 2016).

This study aimed to propose an effective strategy for cancer man-
agement based on targeting both resistant cancer – stem like cells and
non-CSCs through combining both CSC-targeted immunotherapy and
chemotherapy in the clinical settings. We therefore investigated the
effects of a new vaccination strategy based on administration of DCs in
vitro-loaded with lysate of chemo-resistant CSCs, in association with
low doses of chemotherapy on cancer progression as well as antitumor
immune response.

2. Materials and methods

2.1. Animal model and cell line

Six-week old Swiss female albino mice (CD-1 strain) weighing
22 ± 3 g were purchased from National Research Center, Cairo, Egypt.
Upon arrival, the mice were randomly transferred to clean, dry plastic
cages containing sawdust bedding, and allowed to acclimatize for two
weeks before the start of the experiments. They were housed under
standard laboratory conditions of temperature, humidity and light and
fed with rodent pellets and tap water ad libitum. Study protocol, ex-
perimental procedures and guidelines for care and use of laboratory
animals were approved by the Research Ethics Committee, Faculty of
Pharmacy, Tanta University, Egypt.

Ehrlich ascites carcinoma (EAC) tumor cell line was purchased from
National Research Center, Cairo, Egypt. EAC cell line is an aggressive
and malignant breast carcinoma cell line isolated originally from female
CD1 mice with a high transplantable capability and rapid proliferation
which is considered as an appropriate model for the evaluation of ex-
perimental cancer treatments (Khedr and Khalil, 2015). Ehrlich carci-
noma (EC) cell line has two subtypes: ascites and solid according to the
method of tumor cells inoculation (Aysan et al., 2013). The EC cell line
was maintained in our laboratory by weekly transplantation of 2.5 ×
l06 viable tumor cells in 0.2 ml of sterile saline by intraperitoneal in-
jection into female Swiss albino mice. The cell viability was assessed
using trypan blue exclusion assay and counted by hemocytometer be-
fore injection into naïve CD1 mice for solid tumor induction (Osman
et al., 2015).

2.2. Preparation of CSCs - enriched EC cell cultures by chemotherapeutic
drug resistance selection method

EC cells were cultured in 25mL tissue culture flasks at a density of
2×106 cells/flask in RMPI (Roswell Park Memorial Institute)-1640
medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (the inactivation was done by heating at 57 ⁰C for 30min), 2 mM
L-glutamine, mixture of 100 g/mL streptomycin and 100 U/mL peni-
cillin (P/S), and 0.5 g/mL fungizone (Nguyen et al., 2015). Cells were
incubated at 37 ⁰C, 5% CO2 in a horizontal position in a humidified
incubator for 24 h. After reaching 80% confluence, cells were treated
with varying concentrations of cisplatin (0, 10, 20, 30, 40, 50 ug/mL),
paclitaxel (0, 3, 6, 12, 14, 16 ug/mL) or doxorubicin (0, 2, 4, 6, 8, 10
ug/mL) for 72 h. Each concentration of chemotherapy was repeated in
three different flasks. The concentration range of the used chemother-
apeutic drugs was based on IC50 for each drug which are 32 μg/mL,
4.5 μg/mL and 12 μg/mL for cisplatin, doxorubicin, and paclitaxel re-
spectively (Verma and Prasad, 2012; Elbialy and Mady, 2015; Arican
and Arican, 2006).

Drug surviving cells (DSCs) were allowed to grow for additional
48 h in drug- free medium. Then, all of the media was removed and
adherent tumor cells were washed with PBS and harvested using 0.25%
trypsin-EDTA detachment solution and subsequently stained with
trypan blue dye for cell viability and counting. The number of cells per
flask were counted using a haemocytometer under digital inverted
microscope. DSCs were washed twice with PBS and stored at – 80 ⁰C
until use. The highest concentration of chemotherapy in which cells
could survive and grow was used to select cells with drug resistant
phenotype.

2.3. Flow cytometric analysis of the expression of CSCs surface markers
(CD44+/CD24−) in DSCs populations

We assessed the percentage of CSCs (CD44+/CD24−) in DSC po-
pulations using flow cytometric analysis of cultures from parental and
drug-treated EC cells. Single cell suspensions of the harvested DSCs
were prepared and counted as previously mentioned and then in-
cubated with fluorescent-conjugated monoclonal antibodies anti-mouse
CD44-FITC and anti-mouse CD24-PE (Miltenyi Biotec Gmb, Germany)
at 4 ⁰C for 30min. Cells were washed twice with PBS, harvested after
centrifugation and then re-suspended in 300 μL FACS buffer and ana-
lyzed by BD FACSCanto™ II flow cytometer (BD biosciences, USA). The
obtained data were analyzed by the FlowJo software package (Tree
star, Ashland, USA). DSCs were analyzed using flow cytometry to de-
termine the suitable chemotherapy and the optimal dose that could
enrich cells populations with the highest percentage of CD44+/CD24-
cells to be used in further experiments.

2.4. Preparation of CSC- enriched cell lysate

CSC lysates were prepared from selected DSCs with the highest
percentage of CSC surface markers as previously described. In brief,
cells were re-suspended in sterile PBS at a concentration of 5× 106

cells per mL. Cells were lysed by four rapid freeze and thaw cycles (37
⁰C water bath and – 80 ⁰C), Cell lysates were centrifuged at 2000 rpm
for 7min at 4 ⁰C (Salem et al., 2016a). The supernatants were collected
in sterile vials and stored at – 80 ⁰C until use.

2.5. Generation of mice bone marrow – derived dendritic cells in vitro and
identification of their phenotypical characteristics using flow cytometry

DCs were generated from bone-marrow (BM) derived mononuclear
cells of healthy CD1 mice. BM cells were flushed from the marrows of
femur and tibia bones of 13 male mice under aseptic conditions. The
harvested BM cells was depleted of RBCs by incubation with ammo-
nium chloride potassium lysis buffer and were then cultured at a
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concentration of 1×106 / mL in complete medium of RPMI-1640
supplemented with 10% heat inactivated FBS, 1% P/S, 2mM L-gluta-
mine in addition to 20 ng/mL GM-CSF and 20 ng/mL IL-4. On day 4, the
cultures were fed with freshly prepared complete medium containing
20 ng/mL of GM-CSF and IL-4. On day 6, immature DCs were supple-
mented with either PBS (unloaded DCs) or loaded with previously
prepared CSC-lysate (loaded DCs) at ratio 1:1 (Li et al., 2014) and in-
cubated overnight at 37 ⁰C and 5% CO2. Maturation stimulus TNF-α
was added to the cultures at a concentration of 20 ng/mL on day 7.

Activated mature DCs were harvested on day 9 by careful pipetting
and collected in 50mL centrifuge tubes for counting and phenotypic
analysis using flow cytometry. Aliquots of generated DCs (Loaded DCs
and unloaded DCs) were directly stained using fluorescent conjugated
mouse monoclonal antibodies including PE-CD 11c, FITC-CD 83 and
FITC-CD 86 (eBioscience, USA) as described previously. Cells were
analyzed using BD FACSCanto™ II Flow cytometer (Becton Dickinson®,
USA). The obtained data were analyzed by the using FlowJo® software
package (Tree star, Ashland, USA). Loaded DCs and unloaded DCs will
be used as vaccines as specified in the subsequent experiments. Each
mouse was treated with 2×106 cells in 200 μL sterile PBS per vaccine
as will be mentioned in the treatment protocol.

2.6. Solid Ehrlich carcinoma tumor induction, treatment protocol and
sample collection

Murine EAC cells were collected from the ascitic fluid of a female
Swiss (CD-1) albino mouse bearing 7-day old tumor ascetic fluid pur-
chased from the National Cancer Institute (Cairo, Egypt). The ascitic
fluid was diluted with saline at ratio 1:10. Solid tumors were implanted
by subcutaneous injection of 0.2 mL of the diluted ascitic fluid (con-
taining about 2.5× 106 viable EAC cells) in the thigh of the right hind
limb of each CD-1 mouse (Bassiony et al., 2014). Solid tumors were
formed at day 14 post-inoculation. Solid Ehrlich carcinoma (SEC)
bearing mice were divided into 6 groups. Each experimental group
included six mice. The control group was injected with PBS (untreated
control group), chemotherapy group (chemo group) was injected with
cisplatin (CIS; 2 mg/kg) intraperitoneally on day 14, 18, 22, 26, and 30
as five cycles with 3-day intervals (Gorbach et al., 2014), unloaded DC
group were intraperitoneally treated with small dose of CIS (2mg/kg)
as a single dose on day 14 once a solid tumor appeared then unloaded
DCs administered twice on days 15 and day 23 (DC group), CSC-loaded
DC group (Vacc group) was similarly treated as the DC group except for
using CSC-loaded DCs instead of unloaded DCs as a vaccine, mice in the
last two groups received repeated doses of CIS (2mg/kg) in-
traperitoneally similarly as the chemotherapy group in five cycles with
3-day intervals and were vaccinated with either unloaded DC (DC+
chemo group) or CSC-loaded DCs (Vacc+ chemo group) via in-
travenous injections through the tail vein on day 15 and day 23. Fig. 1
illustrates the study treatment protocol.

2.7. Determination of tumor volume and survival rate in SEC bearing mice

Tumor volumes were measured twice a week. The long and short
diameters of tumor mass were measured with a caliper, starting on day
14, and calculated using the formula: tumor volume = (width2 x
length)/2. Survival was monitored and was calculated according to the
following equation as described (El-Ashmawy et al., 2017) by El-
Ashmawy et al. (2017): Survival rate of tumor bearing mice= number
of surviving mice in a group on the final day of the study × 100 /
number of animals in the same group at the beginning of the study. On
day 31, mice were anesthetized under light ether and blood samples
were collected by cardiac puncture. Serum samples were separated and
stored at – 80 ⁰C until use. Mice were sacrificed by cervical dislocation
and tumor masses were excised, divided and stored at – 80 ⁰C for
subsequent analysis.

2.8. Determination of IFN- γ serum levels by ELISA assay

ELISA assay was performed to determine interferon-γ (IFN-γ) serum
level using mice IFN-γ ELISA kits obtained from Sun Red
Biotechnology® (China), according to the manufacturer instructions.
IFN-γ serum level was calculated from the generated standard ELISA
curve.

2.9. Total RNA extraction and semi-quantitive real time RT-PCR analysis of
p53 relative gene expression

Frozen tumor tissues were disrupted and homogenized using
TissueLyser II (Qiagen, Germany) with subsequent total RNA extraction
using Simply P total RNA extraction kit (Cat # BSC52S1) (BioFlux®,
China) following the manufacturer’s instructions. Total RNA con-
centration and purity was determined using Nanodrop (Thermo
Scientific™, USA). Complementary DNA was synthesized from 1 μg of
total RNA by reverse transcription using Quantitect reverse transcrip-
tion kit (Cat # 205,311) (Qiagen®, Germany). The reverse-transcription
master mix was composed of 1 μl of Quantiscript reverse transcriptase,
4 μl of 5X Quantiscript RT buffer, 1 μl of RT primer mix and 14 μl of
template RNA (after genomic DNA elimination reaction) in a total vo-
lume of 14 μl. The tubes were transferred to thermo shaker (Biometra®,
Germany) and incubated at 42 °C for 15min. Then, the Quantiscript
reverse transcriptase was inactivated by incubation at 95 °C for 3min
and chilled on ice. The synthesized cDNA concentration was calculated
for each sample as well as A260/A280 ratio to detect the purity of cDNA
samples. Purity is indicated by A260/A280= 1.8−2.0. The resultant
cDNA was then stored at −20 °C until further use.

Fig. 1. Timeline of experimental protocol. Solid tumors were induced in mice
by subcutaneous injection of 2.5× 106 cells on day 0. Mice received small dose
of cisplatin (CIS) (2mg/kg) by intraperitoneal injection on day 14. Vaccine
groups received either loaded or unloaded DCs by intravenous injection in tail
vein on day 15 and 23. Mice were sacrificed on day 31 to perform further
analysis. The groups shown are as follows: a, control (untreated group); b & c,
Vacc and DC groups, respectively: mice in the 2 groups were in-
traperitoneally treated with small dose of CIS (2mg/kg) as a single dose on day
14 once a solid tumor appeared then vaccinated by intravenous injection with
either CSC-loaded (group b) or unloaded DC (group c) twice on days 15 and 23;
d, chemo group: mice in this group were injected with CIS (2mg/kg) in-
traperitoneally on days 14, 18, 22, 26, and 30 in five cycles with 3-day inter-
vals; e & f, Vacc + chemo and DC + chemo groups, respectively: mice in the
last 2 groups received CIS (2mg/kg) intraperitoneally on days 14, 18, 22, 26,
and 30 as five cycles with 3-day intervals and vaccinated by intravenous in-
jection with either CSC-loaded (group e) or unloaded DCs (group f) twice on
days 15 and 23.
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Synthesized cDNA was used as a template for amplification of p53
using SYBR green-based real-time PCR and was detected by Piko real-
time PCR instrument (Thermo Fisher Scientific Co., Finland). Gene
expression of p53 was measured using SensiFAST™ SYBR No-ROX Kit
(Cat # BIO-980050) (Bioline, Germany). P53 primer (Invitrogen, USA)
sequences are: forward: 5′- GTTCCGAGAGCTGAATGAGG-3′, reverse:
5′- TTTTATGGCGGGACGTAGAC-3′. The thermal cycling conditions
were as follows: intial polymerase 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. The data represent the average of 3 independent ex-
periments. The relative fold change in gene expression of p53 was
calculated using Livak method (2− ΔΔCT method). Glyceraldehyde 3-
phosphate dehydrogenase (GADPH) was used as a reference gene for
mRNA level normalization. No-template sample was used as a negative
control.

2.10. Statistical analysis

Statistical analyses were performed using Statistical Package for
Social Science (SPSS) version 19. Results were expressed as mean± SD.
To determine significant differences between two groups, P values were
calculated by unpaired student t-test. Comparison between 3 or more
studied groups was performed with one-way ANOVA (F-testing).
P < 0.05 was considered statistically significant.

3. Results

3.1. Enrichment of tumor cells bearing stem cell like characteristics from
parental EC cell line based on their chemotherapeutic drug resistance

In order to develop a method to enrich chemotherapeutic drug re-
sistant tumor cells

bearing CSC characteristics from EC cell line in vitro, we cultured EC
cells for 24 h until reaching about 80% confluence and treated them
with varying concentrations of cisplatin (CIS) (0, 10, 20, 30, 40, 50 μg/
mL), paclitaxel (PACLI) (0, 3, 6, 12, 14, 16 μg/mL) or doxorubicin
(DOX) (0, 2, 4, 6, 8, 10 μg/mL) at 37 ⁰C, 5% CO2 in a horizontal position
in a humidified incubator for further 72 h.

The vast majority of cells died with increasing doses of che-
motherapeutic drugs.

EC showed relatively slow growth in low doses of applied che-
motherapeutic agents and showed a significant change in cell mor-
phology (Fig. 2a) and cell density (Fig. 2b). Alternatively, at higher
doses of chemotherapeutic drugs, cancer cell growth greatly decreased
and most of the cells died and floated in the culture medium within 72 h
of exposure to the chemotherapeutic drugs. After 72 h of exposure to
chemotherapeutic drugs, some cells were able to survive, grow and
form resistant cells population termed as “drug surviving cells (DSCs)”.
We assumed that these DSCs were cancer stem cells (CSCs). To verify
this, DSCs were counted using trypan blue staining method and ana-
lyzed for CSC surface markers (CD44+ /CD24−) using flow cytometry
to select the concentration of one of the applied chemotherapeutic
drugs that showed a significantly high percentage of CD44+ /CD24-
cells to be used in the preparation of CSC-based DC vaccine.

3.2. Flow cytometric analysis of CSC surface markers identified as CD44+/
CD24− cells

To verify whether that the DSCs population selected after 72 h of
different concentrations of the applied chemotherapies possessed the
hypothesized chemotherapeutic-resistant phenotype with the char-
acteristic features of stem cell associated surface markers CD44+/
CD24− expression corresponding to the previously identified CSCs
phenotype, we assessed the percentage of CSCs (CD44+/CD24−) in
parental and drug-treated cell cultures by flow cytometry.
Subsequently, the concentration of chemotherapeutic agent with the

highest percentage of CD44+/CD24- cells was selected to obtain en-
riched cell cultures with chemo-resistant cancer stem –like cells popu-
lation to be used as an antigen source for pulsation of dendritic cells in
further experiments. Gating strategy is illustrated in Fig. 3.

Fig. 4 illustrates the results of flow cytometric analysis of DSCs after
treatment with different concentrations of cisplatin, doxorubicin, and
paclitaxel on CD44+/CD24− expression. The analysis of DSCs popu-
lations in drug-treated EC cell cultures differed in CD44+/CD24−

percentages ranging from (0.26 ± 0.03% to 14.7 ± 0.25%) versus
0.3 ± 0.05% in parental EC cell line as shown in (Fig. 4a). The per-
centage of CD44+/CD24− expression in DSCs population of cisplatin-
treated cultures increased from 0.45 ± 0.05%–14.7 ± 0.25% with
increasing cisplatin dose. Cultures treated with cisplatin 50 μg/mL
showed the highest percentage of CD44+/CD24− expression that in-
creased significantly (P < 0.01) as compared with other cisplatin-
treated groups.

The percentage of CD44+/CD24− expression in DSCs population of
doxorubicin-treated cultures increased from 0.26 ± 0.03%
–1.4 ± 0.15%. Treatment with DO X 10 μg/mL showed a significant
increase (P < 0.01) in CD44+/CD24− expression compared to other
DOX-treated groups. CD44+/CD24− expression in DSCs populations of
paclitaxel-treated cultures ranged from 0.17 ± 0.02%–6.25 ± 0.26%.
A significant increase (P < 0.01) in CD44+/CD24− percentage in
cultures treated with PACLI 16 μg/mL compared to other paclitaxel-
treated groups.

These findings revealed that CD44+/CD24− expression of EC cell
line treated with 50 μg/mL cisplatin showed the highest percentage
among drug-treated EC cell cultures. The CD44+/CD24− expression
was significantly increased in cisplatin (50 μg/mL) treated cultures by
(P < 0.01, ↑57.5%) and (P < 0.01, ↑90.5%) when compared to PACLI
(16 μg/mL) and DOX (10 μg/mL), respectively (Fig. 4b). The cisplatin
(50 μg/mL) showed the highest expression of CD44+/CD24− among
cell cultures and was selected to obtain enriched drug resistant cells
with CSCs phenotype in order to be used in subsequent preparation of
CSC-DC vaccine.

3.3. Identification and analysis of loaded DCs and CSC-loaded DCs using
flow cytometry

In this study, we investigated the microscopic and phenotypic
characteristics of DCs generated from bone marrow (BM) – derived
mononuclear cells of naive mice. The BM cell count was
27.7 ± 4.3× 10 6 cells per mouse with 98% viability using trypan
blue staining method. Microscopic observation of cultured BM – de-
rived DCs showed significant changes in morphology throughout days
of incubation. On day 1, most cells were round and small in size. On day
6, cells with dendrites significantly increased in number indicating the
differentiation of monocytes and their transformation into immature
DCs. On day 6, most immature DCs still adhered to flask bottom with
semi-adherent and floating BMDCs (bone marrow derived dendritic
cells). On day 6, immature DCs were loaded with CSCs lysates followed
by the addition of maturation stimulus TNF-α on day 7. BMDCs showed
an evident increase in cells populations and formation of large sized
colonies of BMDCs at various sites with branched and extended mor-
phology and adhered macrophages were also observed. On day 9 of
culture, morphological observations showed a higher proportion of
loosely adherent DCs with more pronounced dendrites and presence of
veils around dendrites (Fig. 5).

To evaluate the phenotype of the in vitro generated mature BMDCs,
mature DCs were analyzed by flow cytometry for their cell surface
marker CD11c and co-stimulatory molecules CD83 and CD86 expres-
sion. The results of flow cytometric analysis of DCs - after incubation
with GM-CSF, IL-4, and maturation with TNF-α -revealed the genera-
tion of mature DCs with characteristic phenotype CD11c+, CD83+,
and CD86+ . The impact of antigen loading of DCs with tumor cell
lysate enriched in cells expressing CSCs surface markers was illustrated
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in (Fig. 5). The percentage of unloaded DCs that expressed CD11c+
was 57.3 ± 6.3%, CD83+ was 58.4 ± 4.7%, and CD86+ was
56.5 ± 4.8%. On the other hand, the percentage of loaded DCs that
express CD11c+was 55.3 ± 1.4%, CD83+ was 56 ± 3.2%, and
CD86+was 56.8 ± 3.6%. Interestingly, mature DCs after being loaded
with CSC lysate displayed almost identical phenotype as their unloaded
DCs group. There were no significant differences in the expression le-
vels of CD11c+, CD83+, and CD86+ between loaded and unloaded
DCs groups. Our findings showed that loading DCs with CSC lysates

didn't affect the expression pattern of mature DCs surface markers.

3.4. Effects of combined treatment with repeated low doses cisplatin and
CSC loaded DCs on tumor growth and survival rate of SEC bearing mice

We examined the therapeutic efficacy of CSC based DC vaccine to
prevent tumor growth and prolong the survival of SEC bearing mice.
Groups treated with cisplatin (chemo), unloaded DC (DC), CSC-loaded
DC (Vacc) and a combination of cisplatin and either unloaded

Fig. 2. a) Morphological appearance of parental and drug-treated cell cultures after in vitro treatment of EC cell line with different concentrations of cisplatin,
doxorubicin, and paclitaxel. b) Cell density were detected by trypan blue exclusion assay after cell cultures treated with different concentrations of cisplatin,
doxorubicin, and paclitaxel. Representative images showing the effect of the applied chemotherapies on the morphology of murine EC cell line after 72 h of
incubation with CIS (10, 20, 30, 40, 50 μg/mL); DOX (2, 4, 6, 8, 10 μg/mL); PACLI (3, 6, 12, 14, 16 μg/mL). Data are presented as mean ± SD. *P < 0.01. EC cells
were seeded at density 2×106 into T-25 tissue culture flask with three triplicates. After 24 h of plating, cells were treated for another 72 h with different che-
motherapeutic agents. CIS, cisplatin; DOX, doxorubicin; PACLI, paclitaxel; EC, Ehrlich carcinoma.
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(DC+ chemo) or loaded DC (Vacc+ chemo) showed a significant de-
crease (P < 0.001) in tumor volume by 40.9%, 55.76%, 56.69%,
66.76% and 82% when compared to untreated control group respec-
tively. Treatment with unloaded or loaded DC either alone or in com-
bination with cisplatin showed a significant decrease in tumor volume
on day 29 by 25% (P < 0.05), 43.75% (P < 0.01), 26.7% (P < 0.05),
and 69.6% (P < 0.001) when compared to cisplatin - treated (chemo)
group respectively (Fig. 6a).

Growth of subcutaneous tumors in mice subjected to co-treatment
with repeated low dose cisplatin and CSC - loaded DC (Vacc+ chemo)
was significantly decreased as compared with other treated groups. By
day 29, the Vacc+ chemo group significantly decreased tumor volume
by 69.6% (P < 0.001), 59.35% (P < 0.01), 69.6% (P < 0.01), and
45.9% (P < 0.05) when compared to chemo, DC, DC+ chemo, and
vacc groups respectively (Fig. 6a).

On day 30, only one out of six mice vaccinated with either unloaded
DC alone or in combination with cisplatin was tumor free. In contrast,
two out of six mice vaccinated with either CSC-loaded DC alone or in
combination with cisplatin were tumor free. (Fig. 6b) shows comparing
tumor volumes of studied groups from day 14 to day 30 post-tumor
induction.

(Fig. 6c) illustrates that the induction of tumor in the untreated
control group markedly decreased the percent survival rate by ↓
66.66%. Whereas the survival rate was improved in all treated groups;
chemo (83.33%), DC (83.33%), DC+ chemo (83.33%), Vacc (100%),
and Vacc+ chemo (100%) groups. CSC loaded DC vaccinated groups
showed the highest survival rate among the treated groups. These re-
sults demonstrated that vaccination with CSC loaded DCs significantly
augmented the therapeutic efficacy of cisplatin as evidenced by the
significant reduction of tumor volume as well as improved overall

survival rate as compared with other treated groups in SEC tumor
bearing mice.

3.5. Beneficial immune responses after vaccination with DCs loaded with
CSC enriched lysate

(Fig. 7a) illustrates the immunomodulatory effects induced by
vaccination with unloaded DCs and DCs loaded with the lysate of CSC-
enriched population either as single treatment or in combination with
cisplatin in comparison with untreated control group. Compared with
tumor control group, the serum IFN-γ level in mice treated with chemo,
DC, DC+ chemo, vacc or vacc+ chemo was significantly increased
(P < 0.05, ↑42.6%), (P < 0.001, ↑188%), (P < 0.001, ↑224%),
(P < 0.001, ↑245%) and (P < 0.001, ↑339%) respectively.

A significant increase in serum IFN-γ level was also observed in
DC+ chemo and vacc groups (P < 0.05, ↑12.5%) and (P < 0.01, ↑
19.7%) respectively, when compared to DC group. In contrast, there
was no significant difference in serum IFN-γ levels between
DC+ chemo and vacc groups. The combined treatment with CSC-
loaded DC and cisplatin showed a significant increase in serum IFN-γ
level when compared to groups treated with either unloaded DC
(P < 0.001, ↑52%), DC+ chemo (P < 0.001, ↑35%) or single treat-
ment with CSC-loaded DC (P < 0.001, ↑27%).

3.6. Upregulation of p53 relative gene expression in co-treated group with
repeated low doses cisplatin and CSC loaded DCs

We examined the expression of p53 gene at the mRNA level by real-
time PCR. As shown in Fig. (7 b), no statistically significant difference
in p53 gene expression levels were found between treatment of SEC

Fig. 3. The gating strategy of CD44/CD24 to determine the optimal phenotype for CSCs primed with different concentrations of chemotherapy. Expression patterns of
CD24 and CD44 in EC cell line was analyzed by flow cytometry. Anti-CD44 antibody labeled with FITC and anti-CD24 antibody labeled with PE were applied to the
analysis.
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bearing mice with either cisplatin at the selected dose (chemo group) or
unloaded DC (DC group) when compared to untreated control group.

In contrary, DC+ chemo, vacc or vacc+ chemo groups sig-
nificantly increased p53 relative gene expression levels by (P < 0.01, ↑
1.34 ± 0.1 fold), (P < 0.001, ↑2.08 ± 0.26 fold), and (P < 0.001, ↑
5.95 ± 0.6 fold) respectively compared to tumor control group.
Furthermore, the mRNA gene expression of p53 was significantly in-
creased in DC+ chemo group (P < 0.05), vacc group (P < 0.01), and
vacc+ chemo group (P < 0.001) when compared to chemo group
(Fig. 7b).

A significant increase in p53 gene expression levels was also ob-
served in CSC-loaded DC treated group (P < 0.05) when compared to
unloaded DC treated group. Interestingly, p53 gene expression level
was significantly up-regulated in co-treated vacc+ chemo group
(P < 0.001) when compared to other treated groups (Fig. 7b).

4. Discussion

Cancer stem cells are a subset of tumorigenic cells that were found
to be rare representing a small proportion of the tumor mass. It was

Fig. 4. (a) Enrichment of tumor cells bearing CSC markers identified as CD44+/CD24- by flow cytometry based on their chemotherapeutic drug resistance.
Percentages of CD44+/CD24− cell population in parental EC and drug-treated cell cultures were assessed by flow cytometry. Chemotherapeutic drugs were applied
with the indicated concentrations for 72 h after primary EC cell cultures. (b) Comparison between the drug-treated cell cultures with the highest expression
levels of CD44+/CD24- cells. The percentage of CD44+/CD24- cells is indicated in the dot plots. Data are presented as mean ± SD. a: significant increase versus
control group; b: significant decrease versus CIS 50 group. Triplicate experiments were performed. * P < 0.01. CIS, cisplatin; DOX, doxorubicin; PACLI, paclitaxel;
CD, cluster of differentiation. Concentrations are expressed as μg/mL.
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reported that CSCs are responsible for tumorigenesis, tumor main-
tenance, metastasis and relapse. Moreover, these cells are characterized
by their high resistance to chemotherapeutic drugs, radiotherapy and
apoptosis and are considered as major factors of treatment failure (Luo
et al., 2014).

Most of the current immune strategies are mainly directed to target
differentiated tumor antigens. However, CSC population may lack these
differentiated antigens and therefore they may not be targeted by these
traditional immune strategies. Strategies specifically target drug – re-
sistant CSCs may represent an effective way to prevent tumor relapse
and metastasis (Nguyen et al., 2015).

Li ; et al.; (2014) previously reported that CSCs could be used as an
effective antigen source to load DCs than traditional bulk tumor cells
producing much more protective immune responses against tumor-
igenesis (Li et al., 2014). There are four common methods for the se-
paration or enrichment of CSCs: a) separation by detecting side popu-
lation phenotype by Hoeschst dye; b) isolation using flow cytometry or
magnetic beads with CSC specific cell surface markers; c) ability of the
CSCs to grow and float in serum-free medium; and d) selection based on
the drug resistance property of CSCs, which increases the purity of CSCs
by inducing the apoptosis of other tumor cells achieved by in vitro or in
vivo treatment with therapeutic agents (Zhang et al., 2015).

Fig. 5. Mature bone-marrow derived dendritic cells (BMDCs) generated from naïve mice either loaded or unloaded with enriched CSCs lysate harvested on day 9 of
culture in presence of GM-CSF and IL-4 and maturation factor TNF-α. Mature loaded and unloaded DCs expressed typical mature DCs surface markers CD11c and co-
stimulatory molecules CD83 and CD86. (a) Flow cytometric analysis showed that the expression pattern of mature CSC-loaded DCs exhibited almost identical
phenotype as unloaded DCs group. Representative histogram plots for mature DCs surface markers stained with fluorochrome-conjugated monoclonal antibodies
including anti-CD11c, CD83, and CD86 as indicated. The percentages of positive cells are indicated in the histograms. Triplicate experiments were performed. Data
are presented as mean ± SD. (b) Immature loaded DCs on day 6 exhibited typical morphological changes and appeared as loosely adherent cell with branched and
extended morphology (arrow) (original magnification ×20), (c) Mature unloaded DCs on day 9 (original magnification ×20), and (d) Mature CSC-loaded DCs on
day 9 (original magnification ×40) by digital inverted microscope.
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In our study, we used transplantable EC cells to establish our tumor
cell line. EC cell line is an aggressive tumor cell line consisting of a
heterogeneous pool of malignant cells which are originally derived
from a spontaneous mouse breast carcinoma (Salem et al., 2016b). It
was reported by Goltsev ; et al.; (2017) the existence of CSCs as a part of
EC cells that were identified by their cell surface phenotypic markers as
CD44+/CD24− and were found to be responsible for maintenance of
the tumor growth (Goltsev et al., 2017).

Additionally, Goltsev and his co-workers demonstrated that all the
signs of CSCs in EC cell line (capability for self-renewal, high tumor-
igenicity, metastatsis and chemo-resistance) were characteristics of
cells with high expression levels of CD44+ marker and the absence of
CD24 expression (Goltsev et al., 2015).

We therefore hypothesized that CSCs can be enriched from EC
tumor cell population following chemotherapeutic drug treatment
based on their high resistance to chemotherapeutic agents. Isolation of
CSCs based on chemotherapeutic drug resistance is a functional assay
that has been applied to enrich cancer stem cells as reported previously
(Nguyen et al., 2015). In the present study, drug surviving cells that
have been selected from EC cell line treated in vitro with increasing
doses of cisplatin, doxorubicin, or paclitaxel possessed drug resistant
phenotype as well as CSC-like phenotype. This results indicate that
CD44+/CD24− cells were highly enriched using isolation based on
drug-resistance isolation method as previously reported (Calcagno
et al., 2010).

Considering that the undifferentiated CSCs are more resistant to
chemotherapy and apoptosis than differentiated cancer cells, the pre-
sent study initially used flow cytometry to detect the percentage of
CD44+/CD24− cells in DSCs following treatment with different che-
motherapies. Subsequently, the isolated drug surviving cells popula-
tions that exhibited the highest expression of CSC surface markers
identified as CD44+ /CD24- were selected. Our results showed that
treatment with 50 μg/mL cisplatin resulted in the highest expression of
CD44+/CD24− compared to other treated groups and this was the

maximum concentration of cisplatin in which EC cells could survive and
grow.

Elimination of drug sensitive differentiated tumor cells and en-
richment of CSCs following drug treatment observed in our in vitro
model suggest that similar selection of drug resistant CSCs could be
observed in clinical practice during chemotherapeutic treatment. It was
previously reported that breast tumors from patients treated with
chemotherapy contained higher percentage of CD44+ CD24low cells
with CSC features than from untreated patients (Yu et al., 2007). The
initial therapy of established tumors may result in destruction of non-
CSCs which in turn lead to an increase in the relative percentage of
CSCs which is consistent with our findings (Lu et al., 2015).

We developed a vaccination strategy using ex vivo generated DCs
loaded with cell lysates of chemo-resistant cancer stem – like enriched
cells population to be used for inducing effective anti-tumor immune
responses in SEC bearing mice. Our results showed that DCs isolated
from bone marrow of healthy mice - which were loaded in vitro using
resistant CSCs enriched population lysate - showed typical mature DCs
phenotype characteristics with high expression of CD 11c+ and co-
stimulatory molecules CD83 and CD86 suggesting that loading im-
mature DCs with CSC enriched antigens could successfully generate DCs
displaying typical mature DC surface markers (Salem et al., 2016a).

Moreover, the expression patterns of co-stimulatory molecules of
loaded DCs and unloaded DCs after maturation were almost identical.
These findings indicate that loading of DCs with CSC lysate didn't
change the phenotypic characteristics of mature DCs as shown by flow
cytometric analysis. These findings were supported by the study of Lee
et al. (2008).

It was reported previously that repetitive administration of che-
motherapeutic agents at low doses (so-called, metronomic che-
motherapy) induce strong antitumor effects with the advantage of the
absence of toxicity (Tagliamonte et al., 2016). Additionally, a prior
study showed that very low concentrations of different chemother-
apeutic agents increase the ability of DC vaccine to induce T cell

Fig. 6. Beneficial effects of CSC – loaded DCs either alone or in combination with repeated low doses of cisplatin on tumor volume and survival rate. (a) Tumor
volume (mm3). (b) Tumor masses excised at the end of the study from different studied groups. (c) Survival rate of tumor bearing mice in different studied groups.
Data are presented as mean ± SD. Tumor volume (mm)3 = [Length (mm) × width2 (mm2)] / 2. Tumor formation and growth was monitored twice a week.
Photographs in panel (B) are tumor masses excised from: (1) control, (2) chemo, (3) DC, (4) DC+ chemo, (5) Vacc, (6) Vacc+ chemo groups; EAC: Ehrlich ascites
carcinoma, chemo: chemotherapy (cisplatin) treated group, DC: unloaded dendritic cells treated - group, Vacc: vaccine group treated with CSC – loaded dendritic
cells, DC+ chemo: combined treatment with DC+ cisplatin, Vacc+ chemo: combined treatment with CSC-loaded DC+ cisplatin.
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proliferation (Lu et al., 2015). In the current study, we evaluated the
potential therapeutic efficacy of using CSC-loaded DC vaccine either
alone or in combination with repeated low doses of cisplatin on SEC
bearing mice. We hypothesized that CSC-based vaccines might be able
to enhance the antitumor efficiency of chemotherapy by targeting re-
sistant CSCs.

The present findings showed that vaccination with CSC-loaded DC
combined with repeated cycles of low doses of cisplatin resulted in a
significant inhibition of tumor growth compared with untreated control
group as well as all other treated groups. These findings were supported
by the work of Lu et al. (2015). Furthermore, vaccination with loaded
DC either alone or in combination with cisplatin prolonged the survival
of tumor bearing mice as demonstrated by our findings. These data
indicate that co-treatment with CSC loaded DC and cisplatin resulted in
enhanced anti-tumor outcomes compared to single treatment with ei-
ther chemotherapy or loaded DCs as indicated by inhibition of sub-
cutaneous tumor growth and prolonged survival of SEC bearing mice
which were in line with the study of Hu et al. (2016).

In the present study, we examined the ability of CSC-DC vaccine to
induce cellular immune responses via induction of significant IFN- γ
production. A significant increase in IFN- γ serum levels was observed
in DC+ chemo, Vacc, and Vacc+ chemo groups as compared to un-
treated control, DC, and chemo groups. Interestingly, the combination
of CSC-loaded DC and cisplatin significantly augmented the antitumor
immune response of cisplatin as evidenced by the significant increase in
IFN- γ serum levels as compared to either single treatment with CSC-

loaded DC or combined treatment with unloaded DC and cisplatin. The
higher IFN- γ serum levels in the Vacc+ chemo group is consistent with
the higher survival rate and reduction of tumor volume observed in the
same group as reported by previous studies (Yu et al., 2003; Xu et al.,
2009).

Dendritic cells must present tumor antigens, express co-stimulatory
signals, and produce inflammatory mediators such as IFNs in order to
activate naïve T cells into a functional state (Mac Keon et al., 2015).
IFN-γ produced by immune cells affects other distinct immune cells
within the tumor microenvironment. It plays a major role in activating
anticancer immunity by promoting the activity of T-cells, NK cells, and
DCs. Moreover, it was reported that IFN-γ inhibits regulatory T (Treg)
cells, suggesting that IFN-γ plays an important role in tumor cell
elimination (Ni and Lu, 2018).

Wang and his co-workers showed that plasma IFN-γ levels were
significantly decreased in lung cancer patients (Wang et al., 2013). It
was reported by Higgs et al. that increased IFN-γ is correlated with
higher response and longer survival in patients with non-small cell lung
carcinoma or urothelial cancerwhich is in line with our findings (Higgs
et al., 2018).

In addition to the direct activation of specific antitumor immune
response, recent approaches are directed toward combining DC-based
vaccines with agents that modulate the tumor microenvironment such
as chemotherapy to improve the immunogenicity and overcome the
immunosuppression within the tumor microenvironment (Huber et al.,
2018).

Previous studies have shown that p53 mutation/inactivation pro-
mote tumorigenesis either directly or indirectly which in turn induce
tumor pro-inflammatory responses and acts as a driver of tumorigenesis
through changing the immunological tumor microenvironment leading
to immunosuppression. On contrary, the activation/reactivation of p53
expression contribute in reversing the immunosuppression and enhan-
cing antitumor immunity (Ventura et al., 2007; Menendez et al., 2013;
Cui and Guo, 2016; Guo et al., 2017). In this context, we examined the
relative gene expression of p53 in tumor bearing mice which plays a
significant role in the inhibition of tumor cell proliferation and induc-
tion of apoptosis (Bassiony et al., 2014).

Our results illustrated that Vacc+ chemo combined treatment
showed a more profound significant increase (P < 0.001) in p53 re-
lative gene expression levels in comparison to its levels in other treated
groups. The present findings were in accordance with previous study
which illustrated that enhanced p53 expression directs the tumor cells
to induce apoptosis of Ehrlich solid carcinoma cells thus inhibiting tu-
morigenesis (Bassiony et al., 2014).

The main limitation of this study is that we didn’t use a pure po-
pulation of CSCs but instead we used residual cisplatin resistant cancer
cells with CSCs like phenotype (CD44+ CD24 −) as an antigen source in
the preparation of DC-based vaccine.

To date, the mechanisms that are involved in CSC-DC vaccination
and detailed immunological analysis data on their apparent superior
outcomes regarding the development of enhanced antitumor immunity
have not been fully defined in addition to the limited experimental
evidence. In addition, the identification of CSC antigen(s) requires
further investigation. It was stated that immunotherapeutic strategies
that engage different effector mechanisms is better to overcome the
immunosuppressive mechanisms of cancer (Apetoh et al., 2015).

5. Conclusion

Our study opens the field for the development of effective chemo-
immunotherapeutic strategies for higher antitumor efficacy and en-
hanced immune responses compared to currently available che-
motherapies. We used drug selection method based on incubation of EC
cell line with cisplatin (50 μg/mL) for 72 h, which not only selected
drug-resistant cells, but also the resistant cells were highly enriched
with CSC-like phenotype (CD44+/CD24−) population. The study

Fig. 7. Effect of vaccination with either loaded or unloaded DCs with or
without cisplatin on (a) IFN-γ serum levels in SEC bearing mice using ELISA
assay. (b) p53 mRNA relative gene expression in tumor tissues excised from SEC
bearing mice using real time PCR. The expression of p53 was significantly up-
regulated in vacc+ chemo group versus all other groups. Data are expressed as
relative fold change. Results were calculated and normalized to reference
GAPDH gene. The relative gene expression levels were calculated by using
2−ΔΔCT method. The data represents the average of three replicates for each
group. Data shown in (a) and (b) are presented as mean ± SD. # P < 0.05,
*P < 0.01, **P < 0.001. a: Significant increase versus tumor control group, b:
Significant increase versus chemo - treated group, c: Significant increase versus
DC - treated group, d: Significant increase versus DC+chemo treated group, e:
Significant increase versus Vacc - treated group. SEC: solid Ehrlich carcinoma.
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revealed an enhancement of the in vivo chemotherapeutic efficacy of
repeated low doses of cisplatin when combined with DCs loaded with
antigens enriched in drug - resistant cancer stem – like cell lysates. This
proposed combined treatment was associated with suppression of
tumor growth and potentiated antitumor immune responses compared
to either treatment alone. Thus, targeting resistant and tumor cells
bearing stem cell characteristics could be beneficial for improving the
therapeutic efficacy of conventional chemotherapy taking the ad-
vantage of using low doses of cisplatin rather than high doses.
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