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Purpose: Cancer stem cells have recently been thought to be closely related to tu-
mor development and reoccurrence. It may be a promising way to cure malignant 
glioma by using glioma stem cell-targeted dendritic cells as a tumor vaccine. In this 
study, we explored whether pulsing dendritic cells with antigens of glioma stem 
cells was a potent way to induce specific cytotoxic T lymphocytes and anti-tumor 
immunity. Materials and Methods: Cancer stem cells were cultured from glioma 
cell line U251. Lysate of glioma stem cells was obtained by the repeated freezing 
and thawing method. Dendritic cells (DCs) were induced and cultured from the 
murine bone marrow cells, the biological characteristics were detected by electron 
microscope and flow cytometry. The DC vaccine was obtained by mixing DCs 
with lysate of glioma stem cells. The DC vaccine was charactirizated through the 
mixed lymphocyte responses and cell killing experiment in vitro. Level of 
interferon-γ (IFN-γ) in the supernatant was checked by ELISA. Results: After stim-
ulation of lysate of glioma stem cell, expression of surface molecules of DC was 
up-regulated, including CD80, CD86, CD11C and MHC-II. DCs pulsed with lysate 
of glioma stem cells were more effective than the control group in stimulating origi-
nal glioma cells-specific cytotoxic T lymphocytes responses, killing glioma cells 
and boosting the secretion of IFN-γ in vitro. Conclusion: The results demonstrated 
DCs loaded with antigens derived from glioma stem cells can effectively stimulate 
naive T cells to form specific cytotoxic T cells, kill glioma cells cultured in vitro.
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INTRODUCTION

Malignant glioma is a common primary brain tumor. Currently, malignant glioma 
is treated by surgical removal combined with radiochemotherapies. However, pa-
tient survival rates remain unsatisfactory.1 Dendritic cell (DC)-based tumor vac-
cines are gaining interest for treating malignant glioma because of encouraging re-
sults obtained from basic studies as well as phase I and II clinical trials. However, 
DC-based vaccines do not completely eradicate tumor cells and prevent recur-
rence.2,3 Current disadvantages of tumor vaccines may be attributed to limited tar-
get specificities. Recent studies revealed that numerous tumors, including glioma, 
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isolated by fluorescence-activated cell sorting (FACS) (EP-
ICS ALTRA II, Beckman, Fullerton, CA, USA) and pas-
saged under the same conditions for up to 4 weeks. A por-
tion of the spheroids were analyzed for monoclonality, cell 
surface marker expression and differentiation potential. 
Cell concentration was adjusted to 1000 cells/mL and colo-
ny formation was assessed.8 Spheroids were cultured on 
sterile glass cover slips pretreated with 10% polylysine for 
2 h in DMEM/F12 medium at 37°C. The glioma stem cell 
marker, nestin and CD133 expression were then observed 
by immunofluorescence. Spheroids were also incubated in 
DMEM/F12 supplemented with 10% fetal bovine serum 
(FBS, Gibco, Grand Island, NY, USA) for 5-10 d followed 
by microtube-associated protein 2 (MAP2, Sigma, St. Lou-
is, MO, USA) and glial fibrillary acidic protein (GFAP, Sig-
ma, St. Louis, MO, USA) expression analysis by immuno-
fluorescence to identify differentiated phenotypes. Cells 
were also lysed under sterile conditions by three cycles of 
immersion in liquid nitrogen for 1 min followed by incuba-
tion in a water bath at 37°C for 3 min. Lysates were as-
sayed for protein concentration using the bicinchoninic acid 
method (BCA Protein Assay Kit, Pierce, Rockford, IL, 
USA) and stored at -80°C until use.

Heat treatment of U251 cells
U251 cells were heat-treated using a method described be-
low. Cells were collected at the logarithmic growth phase 
and cultured at various temperature-time combinations (43, 
44 or 45°C; 1, 2, 3 or 4 h). Then, cells were transferred to a 
fresh medium supplemented with 2% FBS and cultured at 
37°C for 12 h. In order to test the effect of heat treatment, 
cells were analyzed by anti-annexin V-FITC/propidium io-
dide (PI) double-staining (AnnexinV-FITC Kit, Bender, 
Burlingame, CA, USA) to determine apoptosis rates. Brief-
ly, samples were adjusted to a concentration of 2×105-
3×105 cells/mL and rinsed twice with cold PBS. Cells were 
then suspended in 190 μL binding buffer and thoroughly 
mixed with 5 μL anti-annexin V-FITC followed by incuba-
tion in the dark at room temperature for 10 min. 5 μL PI 
was added to the cell suspensions followed by incubation 
for a further 15 min and then flow cytometric analysis.

Dendritic cell isolation and culture
DCs were isolated from the bone marrow of 20 C57BL/6 
mice.9 Femurs and tibias were harvested under sterile con-
ditions and bone marrow cells were collected and treated 
with a erythrocyte lysis buffer. The remaining cells were 

contain a small number of cells with stem cell characteris-
tics. Known as cancer stem cells, these cells are closely re-
lated to tumor development and reoccurrence.4-6 In animal 
models, studies have also found that cancer stem cells pos-
sess higher immunogenicities compared with those of tu-
mor cells, and can induce stronger immune response.7 

However, whether human glioma stem cells can induce the 
same immune response is still unknown. In this study, we 
prepared a new tumor vaccine by loading DCs with human 
glioma stem cell lysates. We then studied the capacity of the 
vaccine to activate naive T-cells for targeted killing of glio-
ma cells in vitro, followed by analysis of the associated 
mechanisms.

MATERIALS AND METHODS
　　　

Animals and cell line
The human glioma cell line U251 was purchased from the 
Shanghai Institute for Biological Sciences, Chinese Acade-
my of Sciences. Specific pathogen-free grade 6-8 week-old 
male C57BL/6 mice were purchased from the Center of Lab-
oratory Animals, Wuhan University, which were maintained 
in a virus-free environment in accordance with the Laborato-
ry Animal Resources Commission standards. All aspects of 
the studies requiring animal experimentation were approved 
by the Wuhan University Institutional Animal Care and Use 
Committee. Every effort was made to minimize both the ani-
mal suffering and the number of animals used.

Glioma stem cell culture and lysate preparation
Approximately 1×106 U251 cells in the logarithmic growth 
phase were suspended in DMEM/F12 (Hyclone, Logan, 
UT, USA) medium supplemented with 10 ng/mL LIF (Mil-
lipore, Bedford, MA, USA), 20 ng/mL epidermal growth 
factor (EGF, Peprotech, Rocky Hill, NJ, USA), 20 ng/mL 
FGF (Peprotech, Rocky Hill, NJ, USA) and 20 µL/mL B27 
(Gibco, Grand Island, NY, USA) supplement. U251 cells 
were incubated at 37°C in an atmosphere of 5% CO2 and 
95% relative humidity. Cells were observed daily for growth 
status and medium was exchanged every 48 h or according 
to medium acidity. After 5-7 d incubation, spheroids were 
collected and dissociated into single cells with 0.25% tryp-
sin. Trypsinization was stopped by adding a serum-contain-
ing medium and cells were rinsed three times with phos-
phate-buffered saline (PBS). Cells were cultured in the 
described medium and passaged weekly. CD133+ cells were 
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5, 1 : 10, 1 : 20, 1 : 40 and 1 : 80) in 96 well plates. The cul-
ture medium was supplemented with 100 U/mL rmIL-2. 
After 5 d, T-cell proliferation was assayed using a cell count-
ing kit-8 (CCK-8, Dojindo, Kumamoto, Japan) to deter-
mine the optimal DC: T-cell ratio for subsequent experi-
ments. Each assay group contained ≥4 replicates.

Targeted killing of glioma cells by DC-activated T cells
U251 cells in the logarithmic growth phase were seeded in 
96 well plates and co-cultured with T-cells and various DC 
combinations (BGS-DCs, HT-DCs, LPS-DCs and PBS-
DCs) at three effector: target ratios (20 : 1, 40 : 1 and 80 : 
1). After incubation for 72 h, 100 μL aliquots of conditioned 
medium were collected. Interferon-γ (IFN-γ) levels were 
analyzed by an ELISA Kit (R&D, Minneapolis, MN, USA) 
according to the manufacturer’s instructions. The remaining 
medium was discarded, then 100 μL PBS and 10 μL CCK-
8 reagent was added to each well. Optical density (OD) was 
measured and converted to kill rate using the formula: kill 
rate (%)=(1-ODexperimental group/ODPBS group). Each assay group 
contained ≥4 replicates.

Statistical analyses
Data were expressed as the mean±standard deviation and 
analyzed by SPSS 13.0 (SPSS, Chicago, IL, USA). Statisti-
cal analysis was performed using a nonparametric Kruskal-
Wallis test for T-cell proliferation, killing rate, IFN-γ level. 
For DC surface marker comparisons, a Student t-test was 
used. Statistical significance was accepted at p<0.05.

RESULTS
 

Glioma stem cell identification
Twelve hours after culture in serum-free medium, a small 
number of cells adhered and the majority formed suspended 
aggregates. After 48 h, a large number of cell agglomerates 
with various sizes and shapes were observed (Fig. 1A). 
Cells were passaged after 7 d and new spheroids formed, 
which became increasingly regular in shape with passaging. 
CD133+ cells were isolated by FACS and cultured in se-
rum-free medium at 1×103 cells/mL. Isolated single cells 
were also observed to form spheroids (Fig. 1B). Immunoflu-
orescence staining revealed that spheroids contained abun-
dant nestin and CD133 double-positive cells (Fig. 1C-F). 
After a 4 h culture in a FBS-containing medium, spheroids 
adhered and initiated differentiation. After 24 h, a small 

suspension cultured in medium supplemented with 10 ng/
mL recombinant murine granulocyte macrophage-colony 
stimulating factor (Peprotech, Rocky Hill, NJ, USA) and 5 
ng/mL recombinant murine interleukin-4 (rmIL-4, Peprot-
ech, Rocky Hill, NJ, USA) with daily changes of half medi-
um volumes. On day 6, 1 μg/mL lipopolysaccharide (LPS, 
Sigma, St. Louis, MO, USA) was used to stimulate DC 
maturation. DCs were harvested on days 6 and 7 followed 
by scanning and transmission electron microscopy (SEM 
and TEM, respectively, Hitachi/TM-1000, Tokyo, Japan) 
examinations of cell morphology. Cell surface markers 
CD11c, CD80, CD86 and MHC-II (antibodies were pur-
chased from eBioscience, San Diego, CA, USA) were also 
analyzed by flow cytometry.

T cell isolation and preparation
Spleens were harvested from C57BL/6 mice under sterile 
conditions and mechanically homogenized into suspensions 
followed by treatment with an erythrocyte lysis buffer. Cell 
suspensions were adjusted to 1×108 cells/mL and trans-
ferred to a nylon fiber column (Wako, Osaka, Japan), then 
incubated in the dark at 37°C for 1 h. Freshly prepared 
warm medium was added to the column and the effluent 
was collected after becoming slightly turbid. The effluent 
was centrifuged and the cell pellet resuspended in RPMI-
1640 medium (Gibco, Grand Island, NY, USA) supple-
mented with 100 U/mL recombinant murine interleukin-2 
(rmIL-2, eBioscience, San Diego, CA, USA) and cultured 
in six well plates.

Dendritic cell antigen loading
DCs were combined with glioma stem cell lysates and cul-
tured for 24 h in six well plates, as described by Ashley, et 
al.10 Antigen-loaded DCs were termed BGS-DCs (brain gli-
oma stem cell pulsed DCs). Cell surface markers CD80, 
CD86, CD11C and MHC-II were analyzed by flow cytome-
try. DCs were also mixed with heat-treated U251 cells 
(U251 : DC ratio: 3 : 1, determined by preliminary testing) 
and cultured in 96 well plates for 24 h. These DCs were re-
ferred to as heat-treated U251 cell pulsed DCs (HT-DC). HT-
DC phenotypes were analyzed by flow cytometry. As con-
trols, LPS and PBS replaced tumor antigen treatments and 
were designated as LPS-DCs and PBS-DCs, respectively.

T-cell proliferation assay
Naive T-cells (2×104 cells/well) were co-cultured with BGS-
DCs, HT-DCs, LPS-DCs or PBS-DCs at various ratios (1 : 
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colonies enlarged with additional culture (Fig. 2B). Follow-
ing LPS stimulation, cells developed abundant dendritic 
processes, a mature DC characteristic (Fig. 2C and D). 
Flow cytometric analysis revealed that mature cells ex-
pressed significantly higher levels of DC surface markers 
including CD11c, MHC-II, CD80 and CD86 compared 
with those of immature cells (Table 1).

U251 cell apoptosis rate after heat treatment
An apoptosis rate of 40.10±1.08% was observed in cells 
treated at 44°C for 3 h, which was significantly higher com-
pared with those of other temperature-time combinations 
(*p<0.01, †p<0.05) (Fig. 3) (Table 2). So 44°C for 3 h was 
the best heat treated condition for subsequent experiments.

number of synapses extended outward from spheroids (Fig. 
1G). With further culture, an increasing number of synapses 
extended radially and cells with irregular polygon shapes 
and abundant synapses began to migrate out from spheroids 
(Fig. 1H). Cells were confluent after 7-10 d culture. Immu-
nofluorescence staining revealed that a small number of 
cells were strongly GFAP+ (Fig. 1I, J and K), while other 
cells were MAP2+ with an outward radiation of synapses 
from spheroids (Fig. 1L). A portion of heterogeneous cells 
were double-positive for both GFAP and MAP2.

Dendritic cell isolation
Cells extracted from mouse bone marrow were small and 
able to form colonies after a 3 d culture (Fig. 2A). Cells and 

Fig. 1. Glioma stem cell isolation and differentiation. (A) One week in suspension culture. (B) Spheroid formations. (C-F) Glioma stem cell double-staining with 
anti-nestin-FITC and anti-CD133-PE with nuclei DAPI stained. (G) Spheroids after 12 h differentiation. (H) Spheroids after 1 week differentiation. (I, J and K) 
Differentiated cells staining positive with anti-GFAP-CY3 with nuclei DAPI stained. (L) Staining of differentiated cells with anti-MAP2-FITC (a small number of 
cells stained positive, nuclei labeled with PI). PI, propidium iodide.

Fig. 2. DC culture and identification. (A) DCs after 2 d culture (B) DCs after 5 d culture (C) Scanning electron micrograph showing DCs with dendritic process-
es (D) Transmission electron micrograph revealing inner DC structures. Cells contained dendritic processes and folds. Nuclei are darkly stained and located 
toward one side with irregular morphologies (generally lobular). Cytoplasm contains abundant mitochondria, endosomes, endoplasmic reticula and Golgi 
apparatuses. However, only a small number of lysosomes are observed.
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Table 1. Flow Cytometric Analysis of the Expression of Surface Markers on the Immature and Mature DCs     (mean±standard, %)

Groups CD11c CD80 CD86 MHC II
DCs 52.8±1.25 64.6±1.36 71.8±1.23 81.5±1.86
LPS-DCs   61.2±1.75*     83.5±1.57†     86.4±1.42†   89.6±1.92*

Increased expression of cell surface markers on DCs matured by LPS stimulation.
*p<0.05.
†p<0.01.

Fig. 3. Flow cytometric analysis of the expression of surface markers on the DCs pulsed with heat-treated U251 or glioma stem cell ly-
sate.
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T-cell proliferation was the highest compared with other 
DC : T-cell ratios (†p<0.01) (Fig. 4). So the DC : T-cell ratio 
of 1 : 5 was optimal for subsequent experiments. T-cell 
stimulation by LPS-DCs and PBS-DCs demonstrated simi-
lar results (p>0.05).

Targeted killing of U251 cells by DC-activated T-cells
Various antigen-loaded DCs were co-cultured with T-cells 
and U251 cells for 72 h. At an effector : target ratio of 20 : 
1, there was no difference between BGS-DCs and HT-DCs 
(p>0.05). At an effector : target ratio of 40 : 1 and 80 : 1, 
wells that contained BGS-DCs showed a significantly low-
er mean OD, indicating a higher kill rate compared with 

Antigen-loaded DC phenotypes
DCs were incubated with glioma stem cell lysates or heat-
treated U251 cells for 24 h, as described elsewhere.10 HT-
DCs expressed significantly lower levels of DC surface 
markers compared with those of BGS-DCs (*p<0.05, 
†p<0.01) (Table 3).

Stimulation of T-cell proliferation by antigen-loaded DCs
Various vaccine combinations were co-cultured with T-cells 
for 5 d. At the same DC : T-cell ratio, BGS-DC-stimulated 
T-cell proliferation was the highest compared with those of 
other DCs (HT-DCs, LPS-DCs and PBS-DCs) (*p<0.01) 
(Fig. 4). In BGS-DCs group, at the DC : T-cell ratio of 1 : 5, 

Table 2. Flow Cytometric Analysis of Apoptotic Rate of Heat Treatment U251 Cells by Annexin V-FITC/PI Method 
(mean±standard, %) 

Groups
Heat treatment times  

1 hr 2 hrs 3 hrs 4 hrs
43°C     6.0±1.02 11.60±1.33 18.20±1.26 20.40±1.64
44°C 10.30±1.42 21.70±1.22    40.10±1.08*,† 25.60±1.37
45°C 18.70±1.57 19.60±1.43 35.60±1.58   37.0±1.09

PI, propidium iodide.
44°C for 3 h vs. 44°C for 1, 2, or 4 h: *p<0.01; 44°C for 3 h vs. other temperatures for 1, 2, 3, or 4 h: †p<0.05.

Table 3. Flow Cytometric Analysis of the Expression of Surface Markers on the DCs Pulsed with Heat-Treated U251 or Glioma 
Stem Cell Lysate                                                                                                                                                                                   (mean±standard, %) 

Groups CD11c CD80 CD86 MHC II
HT-DCs   73.2±3.21   88.7±1.69 91.6±2.47   93.8±2.64
BGS-DCs 75.53±0.5*  95.10±0.44† 92.90±4.85* 94.27±2.3*

Compared with DCs stimulated with thermally treated U251 cells (HT-DCs), DCs stimulated with lysate of glioma stem cells (BGS-DCs) expressed signifi-
cantly higher levels of CD11c, CD80, CD86, and MHC-II.
*p<0.05. 
†p<0.01.

Fig. 4. Stimulation of T-cell proliferation by various antigen-loaded DCs by 
CCK-8 method. At the same DC/T-cell ratio, OD in BGS-DCs group was high-
er than in HT-DCs group (*p<0.01). In the BGS-DCs group, OD was highest at 
the DC/T-cell ratio of 1 : 5 (1 : 5 vs. 1 : 10, 1 : 20, 1 : 40, or 1 : 80: †p<0.05 ). 

Fig. 5. Targeted killing of U251 cells by vaccine-induced tumor-specific cyto-
toxic T-cells by CCK-8. At T-cell : U251 cell ratio of 20 : 1, BGS-DCs vs. HT-DCs: 
p>0.05; At T-cell : U251 cell ratio of 40 : 1, BGS-DCs vs. HT-DCs: †p<0.01; At 
T-cell : U251 cell ratio of 80 : 1, BGS-DCs vs. HT-DCs: ‡p<0.01. In BGS-DCs 
group, 20 : 1 vs. 40 : 1: *p<0.01, 40 : 1 vs. 80 : 1: **p<0.01. CCK, cell counting kit.
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and are closely related to tumor occurrence, progression, 
metastasis, recurrence, drug resistance and immune eva-
sion.14-16 Therefore, tumor stem cell eradiation is essential 
for complete cancer clearance. Cancer stem cells have been 
identified in glioma, which provide new targets for active 
vaccination.17,18 Therefore, DCs loaded with glioma stem 
cell antigens may be used to stimulate T-cells for a tumor-
specific cytotoxicity against glioma cells. Studies have found 
that heat treatment of tumor cells up-regulates heat-shock 
protein expression and results in enhanced immunogenicity. 
Thus, we used DCs pulsed with heat-treated U251 cells as 
a control group.

Over the past decade, there is accumulating evidence for 
the presence of cancer stem cell-like progenitors in malig-
nant glioma.19-22 To date, identification and purification of 
brain glioma stem cells (BGS) depends mainly on neural 
stem cell-like biological properties and cell surface mark-
ers. Similar to normal neural stem cells (NSCs), BGS can 
form neurospheres, possess the capacity of self-renewal 
and multilineage differentiation, express CD133 and nestin, 
and not express neural differentiation markers.19,20,23,24 In 
our study, neurospheres from U251 cells showed CD133+ 
and nestin+ are capable of being passaged repeatedly in the 
serum-free medium, and differentiated into neuron-like 
cells (MAP2+ CD133-) and astrocyte-like cells (GFAP+ 
CD133-) in the medium with FBS. It is reported that, un-
like NSCs, BGS can reform spheres even after the induc-
tion of differentiation, and are capable of forming tumors in 
vivo. Furthermore, differentiated cells are heterogeneous 
and are similar to the origin tumor cells. In addition, com-
mon tumor cells have no capacity of unlimited proliferation 
and differentiation.19-24 These were also consistent with our 
findings. As a cancer cell line, U251 cells do not contain 
NSCs. So, our findings indicated that U251 cell line con-
tained cancer stem cells. We succeeded in isolating brain 
glioma stem cells following methods by Singh, et al.17,20

In our study, we prepared lysates of glioma stem cells by 
freeze-thaw cycles for use in antigen-loaded DC-based vac-
cines. Freeze-thaw cycling can effectively recover whole 
cell antigens and allow DC vaccines to present optimal tar-
get cell antigens that may lead to tumor-specific targeting of 
glioma cells including glioma stem cells. We also isolated 
highly pure DCs at a high efficiency and relatively low cost 
using a method adapted from Inaba, et al.9 After culture 
with glioma stem cell lysates, BGS-DCs expressed signifi-
cantly higher levels of MHC-II, CD11C, CD80 and CD86, 
compared with those of control groups. Increased expres-

those of HT-DCs (†p<0.01, ‡p<0.01) (Fig. 5). In addition, 
kill rate increased with increasing effector : target ratios 
(Fig. 5). ELISA results revealed that IFN-γ levels increased 
as the effector : target ratio increased in BGS-DCs groups 
(†p<0.01, ||p<0.01) (Fig. 6). At the same effector : target ra-
tio, wells with BGS-DCs contained higher IFN-γ levels 
(*p<0.01, §p<0.05, ‡p<0.01) (Fig. 6).

DISCUSSION

DCs are potent “professional” antigen-presenting cells, 
which are responsible for capturing and presenting antigens 
for initiation of T-cell immune responses. DCs also play 
pivotal roles in the regulation and monitoring of the im-
mune system.11 In vitro, DC stimulation with tumor antigens 
may induce tumor-specific T-cells that generate an effective 
anti-tumor immune response. Thus far, various antigens have 
been used to prepare DC-based vaccines against glioma such 
as tumor polypeptides and lysates, RNA, cDNA, as well as 
fusion and apoptotic cells.12 Although various degrees of 
success have been achieved, DC-based vaccines could not 
completely eradicate glioma. This observation may be due 
to DC apoptosis and tumors lacking targeted antigens.13 Re-
cent studies demonstrate that numerous tumors contain a 
small number of “side population” cells with stem cell 
characteristics. These cells are known as cancer stem cells 

Fig. 6. Stimulation of IFN-γ secretion of T-cell by various antigen-loaded 
DCs by ELISA. The level of IFN-γ was detected in the supernatant of medi-
um. The following are the results after statistical analysis. At T-cell : U251 
cell ratio of 20 : 1, BGS-DCs vs. HT-DCs, LPS-DCs or DCs: *p<0.01. At T-cell : 
U251 cell ratio of 40 : 1, BGS-DCs vs. other groups: §p<0.05; At T-cell : U251 
cell ratio of 80 : 1, BGS-DCs vs. other groups: ‡p<0.01. In BGS-DCs group, 20 
: 1 vs. 40 : 1: †p<0.01, 40 : 1 vs. 80 : 1: ||p<0.01, OD increased as DC : T-cell ra-
tio increased. 
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LPS-DCs group, and was respectively (38.5±0.043%), 
(48.8±0.028%), and (70.9±0.010%) in the BGS-DCs 
group. The effect different species might exist, but if it did, 
it had a small effect on the results. Therefore we were able 
to demonstrate that DC vaccines loaded with lysate of glio-
ma stem cells had a stronger antitumor effect than those 
loaded with heat-treated glioma cells.  

In conclusion, compared with DCs loaded with antigens 
of glioma cell, DCs loaded with antigens derived from glio-
ma stem cells more effectively stimulate naive T-cells to 
form tumor-specific cytotoxic T-cells that kill glioma cells 
cultured in vitro. These observations provide preclinical ev-
idence for active vaccination against malignant glioma us-
ing DC-based vaccines and are an experimental basis for 
further studies.
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