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Abstract  
Immunotherapy may be used for the treatment of glioblastoma multiforme; however, the induced 

immune response is inadequate when either T cells or dendritic cells are used alone. In this study, 

we established a novel vaccine procedure in rats, using dendritic cells pulsed with C6 tumor cell 

lysates in combination with adoptive transfer of T lymphocytes from syngenic donors. On day 21 

after tumor inoculation, all the rats were sacrificed, the brains were harvested for calculation of 

glioma volume, cytolytic T lymphocyte responses were measured by cytotoxic assay, and the 

frequency of regulatory T lymphocytes (CD4
+
CD25

+
FOXP3

+
) in the peripheral blood was inves-

tigated by flow cytometric analysis. The survival rate of rats bearing C6 glioma was observed. 

Results showed that the co-immunization strategy had significant anti-tumor potential against the 

pre-established C6 glioma, and induced a strong cytolytic T lymphocyte response in rats. The 

frequency of peripheral blood CD4
+
CD25

+
FOXP3

+
 regulatory T lymphocytes was significantly 

decreased following the combination therapy, and the rats survived for a longer period. Experi-

mental findings indicate that the combined immunotherapy of glioma cell lysate-pulsed dendritic 

cell vaccination following adoptive transfer of T cells can effectively inhibit the growth of gliomas 

in rats, boost anti-tumor immunity and produce a sustained immune response while avoiding the 

accumulation of CD4
+
CD25

+
FOXP3

+
 regulatory T lymphocytes. 
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Research Highlights 
This study found that combined immunotherapy, consisting of glioma cell lysate-pulsed dendritic 

cell vaccination following T cell adoptive transfer can effectively inhibit the growth of gliomas in 

rats, boost anti-tumor immunity and produce a sustained immune response while avoiding the 

accumulation of CD4
+
CD25

+
FOXP3

+
 regulatory T lymphocytes, thus providing a strong immune 

treatment program and scientific basis for the clinical treatment of malignant gliomas. 

 

Abbreviations 
FOXP3, forkhead box P3; Tregs, regulatory T cells 

 

 
 
INTRODUCTION 
    

Glioblastoma multiforme (GBM) is a highly 

invasive primary brain tumor characterized 

by the infiltration of tumor cells into the sur-

rounding healthy brain tissue
[1]

. Even with 

combination therapy, including surgery, 

chemotherapy and radiotherapy, the median 

survival of patients diagnosed with GBM is 1 

year (4-6 months after recurrence), with 

less than 5% of the patients living 5 years 

after diagnosis
[2-3]

. Novel therapies are 

therefore urgently needed to treat patients 

diagnosed with GBM. 
Dendritic cells (DCs), which have been 
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proven as effective vaccines for the control or eradication 

of established tumors, are specialized anti-

gen-presenting cells that initiate and regulate immune 

responses against foreign, as well as self-antigens. Au-

tologous DCs loaded with autologous tumor lysates have 

been used to vaccinate glioma patients in phase I clinical 

trials
[4-5]

. Adoptive immunotherapy with antigen-specific 

cytotoxic T lymphocytes (CTLs) has also been developed 

as a valid approach for the prevention or treatment of 

gliomas. Malignant gliomas express tumor-associated 

and tumor-specific antigens, making them detectable to 

immune cells. However, immune-mediated tumor eradi-

cation is very poor in glioma patients and most attempts 

at tumor immunotherapy in the clinic have met with little 

success to date. It is thought that the tumor microenvi-

ronment can inhibit effector T cell functions and thus 

prevent destruction of the tumor.  

Recent work has raised a major concern about the po-

tentially deleterious effects of cancer vaccines in hosts 

bearing advanced tumors, due to their adverse impact on 

regulatory T cells (Tregs)
[6-9]

. Tregs are a subpopulation 

of CD4
+
 T lymphocytes that constitutively express the 

transcription factor forkhead box P3 (FOXP3)
[10-12]

. Ex-

pression of the FOXP3 gene is strictly required for Treg 

development and ectopic expression can confer conven-

tional CD4 T cells with regulatory functions
[10-12]

. Muta-

tions in FOXP3 can cause acute autoimmune disorders 

in humans
[13]

. CD25 augments interleukin-2 signaling in 

CD4
+
 T cells leading to the activation of FOXP3 expres-

sion and thus, commitment of the cells to the Treg line-

age
[14-15]

. By tracking CD25 and FOXP3 expression, it 

has been shown that both pre-existing natural Tregs and 

induced regulatory T cells contribute to the total popula-

tion of CD4
+
CD25

+
FOXP3

+
 Tregs

[16-17]
. 

CD4
+
CD25

+
FOXP3

+
 Tregs, which cause a reduction in 

the duration of contact between naive antigen-specific 

CD4
+
 T cells and antigen-loaded DCs, play a key role in 

the prevention of T-cell responses to self-antigens
[18-19]

. 

Thus, Tregs may dominate and have an overall negative 

effect on tumor immunity once a tumor has become 

firmly established in vivo
[20-21]

. CD4
+
CD25

+
FOXP3

+ 
Tregs 

accumulate within human gliomas during tumor progres-

sion and the degree of accumulation has been found to 

correlate with the tumor grade
[22-23]

. It is now widely 

acknowledged that Tregs represent one critical parame-

ter to be considered during the design of therapeutic 

treatments for cancers, in particular immunotherapies. To 

improve the success rate of current tumor vaccines and 

immunotherapeutic strategies, we have established a 

novel vaccine procedure using DCs pulsed with C6 tu-

mor cell lysates in combination with adoptive transfer of 

splenic T lymphocytes from syngenic donors. We ob-

served the survival rate of rats bearing C6 glioma and 

measured the CTL response by cytotoxic assay following 

the combination therapy. To elucidate the mechanism 

that mediates the anti-tumor effects, we examined the 

frequency of peripheral blood Tregs 

(CD4
+
CD25

+
FOXP3

+
) in the CD4

+
 T cell population by 

flow cytometric analysis. 

 

 
RESULTS 
 

Quantitative analysis of experimental animals 
A total of 88 rats were initially included and entered the 

final study with no loss. The rats were randomly divided 

into four groups: (i) PBS group, (ii) DCs group, (iii) T cells 

group, and (iv) DCs + T cells group, with 22 rats in each 

group (six rats for calculation of the glioma volume and 

flow cytometric analysis; six rats for analysis of cytotoxi-

city; ten rats for observation of survival rates). 

 

Identification of cultured DCs  
On day 5, clusters of developing dendritic cells were 

evident by light microscopy (Figure 1A). On day 9, float-

ing cells were observed and these cells were considered 

mature bone marrow-derived DCs (Figure 1B, supple-

mentary Figure 1 online). On day 7, cultured DCs had 

typical long cytoplasmic dendrites as observed by scan-

ning electron microscopy (Figures 1C, D). By day 9 of 

DC culture, double immunocytochemistry staining 

demonstrated the expression of OX6 and OX62 was posi-

tive, and flow cytometric analysis showed that 83.4% of 

DCs were positive for OX62, whereas 80.5% were posi-

tive for OX6 (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  Morphology of cultured dendritic cells.   

(A) On day 5, clusters of developing dendritic cells were 

observed (× 4, light microscopy).  

(B) On day 9, floating cells were observed (× 10, light 
microscopy).  

By scanning electrography at 7 days after culture, cultured 
dendritic cells had typical long cytoplasmic dendrites (C, × 

5 000; D, × 7 000, electron microscopy). 

A B 

C D 
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Vaccination of rats with C6 lysate-pulsed DCs and T 
cells significantly suppressed growth of glioma 
As shown in Figure 3, immunization of rats with C6 ly-

sate-pulsed DCs followed by adoptive transfer of T cells 

significantly suppressed the growth of the tumor com-

pared with the PBS group (P < 0.01).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although immunization with C6 lysate-pulsed DCs alone 

also suppressed growth of the glioma, the combination 

therapy with C6 lysate-pulsed DCs and T cells was more 

effective (P < 0.01). 

The inoculation with T cells alone was not effective in 

inhibiting the tumor volume compared with the PBS 

group. These results demonstrated that the C6 ly-

sate-pulsed DC vaccine is effective in inhibiting growth of 

glioma in rats. 

 

Survival rate was significantly enhanced by com-
bined DC/T cell immunotherapy 
The survival duration of tumor-bearing rats treated with 

C6 lysate-pulsed DCs and T cells was significantly pro-

longed compared with that of rats treated with DCs alone, 

T cells or PBS (P < 0.01; Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Generation of tumor-specific CTLs in tumor-bearing 
rats by treatment with DCs and T cells 
We demonstrated the induction of tumor-specific CTLs 

against C6 cells with a lactate dehydrogenase release 

assay using brain-infiltrating lymphocytes from experi-

mental groups. The activated lymphocytes from DCs + T 

cells treated rats showed strong specific cytotoxicity 

against C6 cells. Vaccination with DCs alone induced 

weak cytotoxic responses against C6 cells. No significant 

cytotoxicity against C6 cells was detected in the cyto-

toxicity assay using cells from the T cells group or PBS 

group. The specific killing activity of the CTLs induced by 

DCs + T cells was statistically significant compared with 

the other experimental or control groups (P < 0.01; Fig-

ure 5). 

 

Combined immunotherapy successfully inhibited the 
accumulation of CD4+CD25+FOXP3+ Tregs 
We measured the frequency of blood CD4

+
CD25

+
FOXP3

+
 

Figure 2  Phenotypes of dendritic cells detected by flow 
cytometric analyses.  

(A) Negative control; (B) PE-Isotype control; (C) OX62; (D) 

OX6. 

A B 

C D 

Figure 4  Co-immunotherapy increased the survival rate 

of rats with intracranial gliomas.   

Kaplan-Meier graph showing the effect of immunotherapy 
of dendritic cells (DCs) vaccination following adoptive 

transfer of T cells on the survival rate of rats with 

intracranial gliomas (n = 10).  

The survival rate of the rats was monitored for 70 days. 

Survival rate in the group treated with DCs + T cells is 
significantly higher than the group treated with DCs alone, 

T cells or PBS (overall log-rank P < 0.01). 

Figure 3  Vaccination with dendritic cells (DCs) and T 
cells significantly suppressed glioma growth. 

(A-D) Representative photographs of coronal sections of 
the tumor’s largest diameter from animals treated with (A) 

PBS, (B) T cells alone, (C) DCs alone, or (D) DCs +T cells 
(n = 6) were shown on day 21 after tumor inoculation.  

(E) The volume of C6 gliomas was calculated. 
Immunization of rats with C6 lysate-pulsed DCs followed 

by adoptive transfer of T cells significantly suppressed the 

growth of the tumor compared with PBS group (P < 0.01, 
unpaired t-test). The horizontal lines represent the mean of 

each group. 
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Treg cells by fluorescent-activated cell sorting Calibur 

flow cytometry. The frequency of CD4
+
CD25

+
FOXP3

+
 

Treg cells among CD4
+
 T cells was significantly higher in 

the PBS group than in healthy non-glioma rats (P = 

0.001). There was no significant difference in Treg cell 

numbers between the T cells group and the PBS group 

(P = 0.47). The frequency of CD4
+
CD25

+
FOXP3

+
 Tregs 

was significantly lower in both the DCs group and DCs + 

T cells groups compared with the PBS group (P = 0.002, 

P = 0.001, respectively). In addition, there was a signifi-

cantly lower frequency of CD4
+
CD25

+
FOXP3

+
 Tregs in 

the group receiving combination therapy compared with 

the group receiving C6 lysate-pulsed DCs alone (P = 

0.04; Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION 
 

The use of DCs as vaccines to activate endogenous 

tumor-specific T cells has been widely shown to be safe 

for clinical applications
[24]

. The problem of immune es-

cape due to using a specific tumor-associated antigen to 

pulse DCs can be avoided by using total tumor cell lysate 

pulsed DCs
[25]

, which are nontoxic and capable of in-

ducing antigen-specific Th1 immunity in advanced can-

cer
[26-27]

. Fully mature and activated DCs can success-

fully activate endogenous tumor-specific T cells, inhibit 

the induction of CD25
+
FOXP3

+
 Tregs from non-Treg 

precursor cells, counter-regulate Tregs by upregulating 

inhibitory molecules to block their functions or by pro-

ducing large quantities of cytokines that can hyperacti-

vate the effector cells and render them resistant to sup-

pression
[28-29]

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tumor tissues express high levels of tumor growth fac-

tor-β, accumulate Tregs, and contain DCs that are una-

ble to stimulate T cells, but instead promote the devel-

opment of Tregs
[30]

. Furthermore, Tregs inhibit the cyto-

toxic function of T cells and NK cells, and the immune 

functions of B cells and other immune cells that results in 

Figure 5  Cytotoxicity of cytotoxic T lymphocytes in rats 
treated with C6 lysate-pulsed dendritic cells (DCs) and T 

cells.   

Brain-infiltrating lymphocytes from experimental groups 
(PBS, DCs, T cells and DCs + T cells) at 21 days after 

tumor cells inoculation were harvested and restimulated in 

vitro with C6 cells for 5 days.  

Cytotoxic T lymphocyte activity against C6 cells was 

detected using a standard lactate dehydrogenase release 
assay using C6 cells as a target. The activated 

lymphocytes from DCs + T cells treated rats showed 

strong specific cytotoxicity against C6 cells.  

Vaccination with DCs alone induced weak cytotoxic 
responses against C6 cells. No significant cytotoxicity 

against C6 cells was detected in the cytotoxicity assay of 

the T cells group and PBS group.  

The specific killing activity of the cytotoxic T lymphocytes 

induced by DCs + T cells was significantly greater 
compared with other groups (P < 0.01).  

The data are expressed as mean ± SD from three 
independent experiments, containing three rats each, 

carried out in triplicate. Differences between the means of 
each group were analyzed using an unpaired t-test. E/T 

ratios: Effector cells/target cells ratios in cytotoxic T 

lymphocytes. 

Figure 6  Peripheral changes in frequency of 
CD4

+
CD25

+
FOXP3

+
 regulatory T cells.   

Peripheral blood samples of each group (six rats per 
group) were stained for extracellular CD4, CD25 and 
intracellular FOXP3 expression. The plots shown were 

gated on CD4
+
 T cells.  

Percentages of double positive cells are indicated on the 
plots. Specific regions are marked, the gates and 

quadrants were set while analyzing the data based on 
isotype control antibody background staining.  

Representative scatter plots (A) and mean ± SD values of 
CD4

+
CD25

+
FOXP3

+
 regulatory T cells from five 

independent experiments carried out using six rats per 
group (B) are shown. Differences between the means of 

each group were tested using an unpaired t-test. 
a
P < 

0.05, 
b
P < 0.01. 
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the induction of poor immune responses
[31-34]

. A potent 

immune response requires the provision of signals that 

enable immune effectors to escape Treg control.  

One major difference between tumor progression and 

rejection is the relative proportion of 

CD4
+
CD25

+
FOXP3

+
 cells to effector cells

[35]
. When DC 

vaccines were administered alone, antigen-specific 

CTLs were induced gradually, and thus although DC 

vaccines can induce early immune responses they are 

not maintained
[36]

. Although the induced CTLs initially 

target the tumor, the induced immune response fails as 

tumor-induced Tregs dominate. Furthermore, it is clear 

that Treg interactions can negatively affect DCs, as 

increased Tregs can induce apoptosis of DCs or inhibit 

their activation and function
[37]

. Thus, in the presence of 

established glioma, dysfunctional DCs may lead to ex-

acerbated immune suppression due to the preferential 

induction and expansion of tumor specific Tregs.  

Adoptive immunotherapy with antigen-specific CTLs has 

been also developed as an approach for the prevention 

or treatment of viral diseases and cancers. However, 

adoptive T cells used alone resulted in limited and tran-

sient antitumor responses. Potential reasons for this lack 

of clinical efficacy include undirected migration of T cells 

and a lack of persistence of adoptively transferred T cells 

in vivo. This may result from the inability of transferred 

cells to survive or proliferate because of insufficient an-

tigen stimulation in vivo, activation-induced cell death, or 

susceptibility to immune regulatory cells
[38]

. Glioma might 

later recur or progress as these CTLs undergo pro-

grammed cell death and disappear, allowing eventual 

domination by the longer-lived Tregs.  

The co-immunization strategy presented here demon-

strated significant anti-tumor potential, effectively sup-

pressed the growth of glioma, significantly enhanced the 

survival of rats bearing glioma, induced cytotoxic lym-

phocyte infiltration in the glioma microenvironment, and 

successfully inhibited the induction, expansion and ac-

cumulation of Tregs. These outcomes contributed to the 

potent induction of antigen specific CTLs, which were 

induced by fully mature DCs and adoptive T cells transfer. 

Although Tregs were also activated in glioma, a suc-

cessful antitumor response was achieved when effector 

T cell activation outnumbered Treg activation
[35]

. Subse-

quently, because of dysfunctional antigen-presenting 

cells, aberrant co-signaling, prostaglandins, counter reg-

ulatory cytokines and hypoxia, reduced numbers of 

Tregs were induced due to the decreased tumor burden. 

Perhaps a strategy where Tregs are depleted or inacti-

vated as part of a vaccination regimen will prove useful, 

not only for increasing the immunogenicity of the vaccine 

but also by ensuring that Tregs, which favor tumor 

growth, are not induced
[39-41]

. A cell surface marker spe-

cific for Tregs that could be targeted with immunoglobu-

lins to specifically deplete Tregs would be beneficial to 

overcome immunological tolerance/ignorance to brain 

tumor antigens. Unfortunately, the cell surface proteins 

on Tregs (for example, CD25 and CTLA4) are also ex-

pressed on other immune cells such as precursor and 

activated B and T lymphocytes, natural killer cells and a 

mature subpopulation of DCs
[42-44]

. Thus, depletion of 

Tregs using specific immunoglobulins may also deplete 

activated T cells, and in doing so can interfere with the 

clonal expansion of tumor antigen specific T cells during 

immunotherapy. Furthermore, the use of Treg depletion 

strategies will only be useful in the context of minimal 

residual disease
[45]

. A recent report has demonstrated 

that the total removal of Tregs from mice leads to differ-

ent incidences of autoimmune disease, implying that 

distinct regulatory populations have unique effects on 

organ-specific diseases
[46]

. 

Taken together, the immune response declines too rap-

idly when T cells are used alone and is induced too 

gradually when DCs are used alone, greatly limiting the 

complete treatment of established tumors. The immune 

system of glioma-bearing hosts could be activated and 

the immunosuppressive state overcome after treatment 

with DC vaccination followed by adoptive transfer of T 

cells. Unlike the results obtained by the depletion of 

Tregs and chemical therapy, the co-immunization strat-

egy neither inhibited cytotoxic function of T cells and 

other immune cells, nor induced autoimmune disease. All 

outcomes indicate that this therapeutic strategy is a safe, 

efficacious and promising approach. 

The novelty of our study lies in the fact that we have 

investigated the mechanism of this co-immunotherapy, 

which may be due, in part, to inhibition of the accumula-

tion of CD4
+
CD25

+
FOXP3

+
 Tregs. This is a unique 

method of using immunotherapy to treat glioma and has 

significant clinical potential. Several obstacles however 

need to be addressed before this therapy can be applied 

to humans with gliomas. 

 
 
MATERIALS AND METHODS 
 
Design 
A randomized controlled experiment pertaining to in vitro 

culture of cells and immunology in animals. 

 
Time and setting 
Experiments were performed at the Beijing Neurosurgi-

cal Institute, Capital Medical University, Beijing, China 

between October 2009 and April 2011. 

Materials 
Animals 

A total of 88 female, healthy, adult, Wister rats of clean 

grade, aged 10 weeks, weighing 230-240 g, were pur-
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chased from the Chinese Scientific Institute. During ex-

perimentation, the rats were maintained in pathogen-free 

animal facilities at a controlled humidity and temperature, 

under a 12-hour light/dark cycle. All animals were accli-

mated to the environment for at least  1 week before the 

experiments began. All animals were maintained and 

treated according to the Guidance Suggestions for the 

Care and Use of Laboratory Animals, published by the 

Ministry of Science and Technology of China
[47]

. 

 

Cell lines 

Glioma cell line C6
[48] 

was purchased from American 

Type Culture Collection (ATCC, Rockefeller, Maryland, 

USA).  

 
Methods 
Preparation of C6 tumor cell lysates  

C6 glioma cells were cultured in DMEM complete me-

dium (Gibco, Carlsbad, CA, USA) containing 10% fetal 

bovine serum (Gibco) at 37°C in 5% CO2. Cells were 

harvested, washed and resuspended in PBS at   1 × 

10
7
 cells/mL. After 5 cycles of freezing and thawing, 

100% of cells were seen to take up trypan blue by light 

microscopy (Nikon, Shanghai, China). Solid debris was 

then spun down at 1 700 × g for 5 minutes. The super-

natant constituted the lysate, which was stored at -80°C 

for later use (supplementary Figure 2 online). 

  

Culture and characterization of DCs 

DCs were generated from rat bone marrow as previously 

described
[18]

. Rats were euthanized by cervical disloca-

tion, and bone marrow cells were retrieved from the fe-

mur and tibiae of Wistar rats. Red blood cells were lysed 

with red blood cell lysis buffer. Cells were washed in PBS 

three times, added to Petri dishes and grown at a starting 

concentration of 1.5 × 10
6 
cells/mL in RPMI-1640 me-

dium (Gibco) containing 10% fetal bovine serum (Gibco), 

2 mM glutamine, 100 µg/mL penicillin (Gibco), 100 µg/mL 

streptomycin (Gibco), 500 U/mL of recombinant rat 

granulocyte-macrophage colony- stimulating factor 

(PeproTech, Rocky Hill, NJ, USA), and 500 U/mL of re-

combinant rat interleukin-4 (PeproTech). On days 2 and 

4, half of the culture supernatant was removed and re-

placed with fresh medium containing recombinant rat 

granulocyte macrophage colony- stimulating factor and 

interleukin-4. On day 6, all the loosely adherent cells 

were harvested, centrifuged and counted. Then C6 gli-

oma cell lysates and DCs (a ratio of 3 tumor cells to 1 DC) 

were incubated in fresh medium with recombinant rat 

granulocyte macrophage colony-stimulating factor and 

interleukin-4 together at 37°C in 5% CO2. To stimulate 

DC maturation in vitro, on day 8, the cultures were addi-

tionally supplemented with 20 ng/mL of lipopolysaccha-

ride (Sigma, St Louis, MO, USA) and 1 μg/mL of recom-

binant rat tumor necrosis factor-α (PeproTech). On day 9, 

cells were collected for phenotypic analysis by flow cy-

tometric analyses and vaccination.  

To evaluate the phenotype of the mature DCs, the de-

gree of expression of OX6 and OX62 on the cells surface 

was compared by flow cytometry as described previous-

ly
[48]

. For antibody staining, 5 × 10
5
 freshly cultured DCs 

were suspended in 100 μL of cold PBS. Phyco-

erythrin-conjugated OX6 and OX62 were added for 30 

minutes at 4°C. Cells were analyzed by flow cytometry 

(FACScan, BD Biosciences, San Jose, CA, USA).  

 

Preparation of T cells  

C6 glioma cells were injected subcutaneously to activate 

T cells in Wistar rats (1 × 10
6
 C6 glioma cells per rat). 

Seven days after injection, splenocytes from Wistar rats 

were harvested and depleted of erythrocytes with red 

blood cell lysis buffer (Cambrex, Walkersville, MD, USA). 

Nonadherent splenocytes, from which most macro-

phages and monocytes were removed by adherence to 

plastic for 90 minutes, were collected. Cells at a concen-

tration of 2 × 10
6
 were re-stimulated in 24-well culture 

plates with 4% paraformaldehyde pre-fixed 2 × 10
5 
C6 

cells. Then, these cells were cultured in RPMI-1640 me-

dium (Gibco) containing 10% fetal bovine serum, 500 

U/mL of recombinant rat interleukin-2 (PeproTech) for 7 

days at 37°C. Cells were collected and washed in PBS 

for adoptive transfer.  

 

Establishment of tumor models and immunotherapy 

Animals were anaesthetized intraperitoneally with    

0.3 mL/100 g body weight of 10% chloral hydrate (Tasly, 

Tianjin, China). Intracranial tumor implantation was per-

formed with the aid of stereotactic guidance, and 5 × 10
5
 

cells in 10 µL PBS were injected intracranially into each 

rat on day 0. For the combined immunotherapy, 1 × 10
7
 T 

cells (in 100 µL PBS per rat) were injected into the tail 

vein, followed by 1 × 10
6
 C6 glioma lysate-pulsed DCs (in 

100 µL PBS per rat) injected subcutaneously on day 3 

after tumor inoculation. Subsequently, the DC vaccine 

was administered following the same protocol on days 7 

and 14. For the DC treated group, 1 × 10
6
 C6 glioma 

lysate-pulsed DCs (in 100 µL PBS per rat) were injected 

subcutaneously on days 3, 7 and 14. For the T cell 

treated group, 1 × 10
7
 T cells (in 100 µL PBS per rat) 

were injected into the tail vein on day 3. For the control 

group, 100 µL of PBS per rat was injected subcutane-

ously on days 3, 7 and 14. The animals were monitored 

daily after treatment for manifestation of any pathologic 

signs associated with elevated intracranial pressure, 

such as hemiparesis, loss of appetite, or any altered 

grooming habits. Day 21 after tumor inoculation animals 

were sacrificed, the brains were harvested for calculation 

of tumor volume (n = 6 per group), and measurement of 
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CTL responses by cytotoxic assay was performed (n = 6 

per group), and the peripheral blood was investigated by 

flow cytometric analyses. The survival rate of the rats 

was monitored for 70 days (n = 10 per group; supple-

mentary Videos 1-3 online). 

 

Calculation of glioma volume  

To assess the anti-tumor effect of the co-immunotherapy, 

we compared the volume of C6 gliomas between groups 

on day 21 after tumor inoculation (n = 6 per group). Im-

mediately after death, the animals were perfused trans-

cardially with 0.9% saline, followed by 4% formalin. The 

brains were harvested, postfixed in 4% formalin and 

coronal sections were cut to calculate the glioma volume 

using Vernier calipers (TAYASAF, Beijing, China) ac-

cording to the formula: d1 × (d2)
2
 × 0.5 (d1 = largest di-

ameter, d2 = perpendicular diameter).  

 

Isolation of brain-infiltration lymphocytes  

At 21 days after tumor cell inoculation, the entire brains 

were harvested and enzymatically digested
[19]

. Cells from 

each brain were re-suspended in 70% Percoll (Sigma), 

overlaid with 37% and 30% Percoll, then centrifuged for 

20 minutes at 500 × g. Enriched brain-infiltrating lym-

phocytes were recovered at the 70-37% Percoll inter-

face.  

 

Cytotoxicity of CTLs  

Brain-infiltrating lymphocytes were co-cultured with irra-

diated (5 000 rad) C6 cells. Five days later, the activated 

CTLs were harvested and tested for activity by lactate 

dehydrogenase release assay with Non-Radioactive 

Cytotoxicity Assay kit (Promega, Madison, WI, USA) 

according to the manufacturer’s instructions. The assay 

was conducted in a volume of 100 µL using a 200 µL 

U-bottom 96-well plate at effector:target ratios of 50:1, 

25:1, and 12.5:1 for 4 hours in a humidified 5% (v/v) CO2 

atmosphere at 37°C. The percentage of specific cytolysis 

was determined using the following formula: 100 × lysis 

value A (experimental – culture medium back-

ground)/lysis value B (maximum LDH release – culture 

medium background). 

 

Frequency of Tregs in peripheral blood  

Whole blood from healthy, PBS treated, T cell treated, C6 

lysate-pulsed DCs treated, and C6 lysate-pulsed DCs 

plus T cells groups (six rats per group) was collected into 

heparin-containing vacutainer tubes and processed 

within 2 hours. Peripheral blood mononuclear cells were 

isolated by Ficoll density gradient centrifugation for    

20 minutes at 22°C and 800 × g. At least 1 × 10
6
 freshly 

isolated cells from each group were stained for pheno-

typic analysis in 1 × PBS and incubated with directly 

conjugated monoclonal antibodies for 30 minutes at 

room temperature in the dark. The following anti-rat 

mAbs (BD Biosciences) were used: PE-Cy5 conjugated 

mouse anti-rat CD4 (0.2 µg/µL), and FITC conjugated 

mouse anti-rat CD25 (0.5 µg/µL). For intracellular 

FOXP3 staining, cells were fixed and permeabilized with 

freshly prepared fixation/permeabilization working solu-

tion (eBioscience, San Diego, CA, USA). PE conjugated 

mouse anti-rat FOXP3 (0.2 µg/µL) intracellular staining 

was performed according to the manufacturer’s instruc-

tions (eBioscience). Samples were acquired on a FACS 

Calibur flow cytometer (BD Biosciences). Matched iso-

type controls with corresponding fluorescence conjuga-

tion were used for each antibody in addition to surface 

stain controls to set appropriate quadrant boundaries for 

absolute-positive populations. Analysis was performed 

by fluorescence-activated cell sorter (FACS Calibur, BD 

Biosciences) and Cell Quest software (BD Biosciences). 

 

Statistical analysis 

The data analysis was performed using SPSS 13.0 

software (SPSS, Chicago, IL, USA). Data were ex-

pressed as mean ± SD. Two group comparisons were 

performed using an unpaired t-test to determine the sig-

nificance of the correlation between two variables. Sur-

vival data were analyzed by log rank test. A P value  of < 

0.05 was considered statistically significant.  
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