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Background: Conventional immunotherapy for glioma is not only expensive but also 
demonstrates less-than-desired clinical efficacy. In this study, we evaluated the immunother
apeutic efficacy of a tumor cell lysate-based hybrid glioma vaccine developed using 
a molecular-based approach.
Methods: First, the ability of the autologous (9L-cell lysate) and allogeneic (C6-cell lysate) 
vaccines against glioma, individually and in combination, to activate Fischer344 rat dendritic 
cells (DCs) was determined. Next, the activated DCs were co-cultured with T lymphocytes 
and screened for the optimal DC-to-T-cell ratio. The in vitro efficacy of the DC/T-cell 
vaccine formulations subjected to different immunogen treatments and co-cultured with 
glioma cells was evaluated based on glioma cell viability and monocyte chemoattractant 
protein (MCP)-2 and interferon (IFN)-γ secretion. Subsequently, the efficacy of the 9L + C6 
hybrid vaccine was evaluated in 32 glioma rat models, randomly allocated to the following 
five treatment groups: blank control, tumor, vaccine treatment, thymosin treatment, and 
vaccine + thymosin treatment (combined treatment). Changes in survival duration, intracra
nial tumor volume, peripheral blood immune-cell (CD4+ T, CD8+ T, and natural killer [NK] 
cell) count, and serum cytokine (interleukin [IL]-2, IL-10) levels were assessed in these 
groups.
Results: The hybrid vaccine demonstrated the highest glioma cell apoptosis and the lowest 
cell viability and promoted MCP-2 and IFN-γ secretion in vitro. The vaccine treatment and 
combined treatment groups demonstrated longer survival duration, lower intracranial tumor 
volume, and higher immune cell glioma tissue infiltration and IL-2 secretion than the 
untreated tumor group, indicating the vaccine’s good in vivo efficacy. Thymosin treatment 
had minimal effect in enhancing anti-glioma immunity.
Conclusion: We demonstrated the feasibility of combining autologous and allogeneic tumor 
cell lysates to stimulate specific host cell immune response against glioma cells. The good 
clinical efficacy of our developed glioma hybrid vaccine in rat models suggests its potential 
clinical application.
Keywords: tumor cell lysate, vaccine, glioma, molecular simulation, rat, immunotherapy

Introduction
Glioblastoma multiforme (GBM), a highly aggressive glioma subtype, is the most 
common malignant brain tumor of the central nervous system. The characteristic 
features of GBM include a high rate of growth, invasiveness, and recurrence.1 

Although the global incidence rate of GBM is relatively low (<10 persons in every 
100,000 individuals),2 the fatality rate within 2 years of diagnosis despite 
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therapeutic intervention is considerably high. In addition, 
in 2017, the American Cancer Society reported a dismal 
5-year relative survival rate of <10%. Standard therapy for 
GBM involves surgical resection of the lesion, followed 
by postoperative chemoradiation. However, this therapy 
can extend the median survival time by only 8.6 months.3 

Identifying an effective therapeutic approach for GBM is 
therefore imperative. Importantly, advances in single-cell 
RNA sequencing technology have enabled the develop
ment of a multilayer network biomarker that holds prog
nostic value in glioma therapy.4

In addition to conventional surgery and chemotherapy 
for gliomas, new advances in immunotherapy have estab
lished its potential as a viable alternative. Immunotherapy 
entails killing of proliferating tumor cells through direct or 
indirect activation of cytotoxic/lytic T lymphocytes.5 

Foreign antigens, such as tumor cell antigens, are inter
nalized and processed into peptides by the dendritic cells 
(DCs). These processed peptides are then combined with 
the major histocompatibility complex (MHC) class-II 
molecules to form antigen peptide–MHC-II antigen com
plexes, which are then presented on the surface of DCs. 
Subsequently, T cells attracted to these complexes engage 
and participate in the collective immune regulation and 
immune response process via T-cell receptors (TCRs).6 

DCs have been the focal point of disease vaccine research 
because of their effective antigen-presenting ability. The 
heterogenous DCs are categorized on the basis of their 
functional, morphological, and immunological features 
[7]. Antigen-presenting DCs bind to the cell surface recep
tors of both CD4+ and CD8+ T lymphocytes and induce 
the secretion of cytotoxic/lytic cytokines and chemokines 
against tumor cells.7

The use of tumor-associated antigens, such as peptides, 
proteins, mRNA, tumor cells, tumor cell lysates, as sources 
of DC vaccine types is being tested in clinical trials.8 

However, these vaccines have shown reasonable efficacy in 
promoting immune evasion and tumor progression.7 Thus, 
DC vaccines are trending toward application in anticancer 
combination therapies to improve patient treatment response 
during early disease stages. For instance, APCEDEN®, an 
autologous monocyte-derived and tumor lysate-pulsed 
mature DC-based vaccine with reasonable antitumor effi
cacy, has been approved for treatment of four cancer types.7 

In addition to the aforementioned conventional types of DC 
vaccines, other DC-specific immunogenic methods engi
neered to date include targeted gene editing through 
CRISPR/Cas9 or RNAi techniques9 and nanoparticle-based 

(nanovaccine) strategies, such as the use of the polymer 
inulin acetate, which is a potent immunogen with minimal 
undesirable toxicity.10–12 Furthermore, tumor cell lysate- 
based nanovaccines have demonstrated effective immunopo
tentiation of DCs and T cells in melanoma combination 
immunotherapy.13

Conventional immunotherapy, such as CAR-T and PD- 
1/PD-L1 immunotherapy, and DC vaccines for glioma are 
not only expensive but also demonstrate less-than-desired 
clinical efficacy.14–18 In this study, we focused on improv
ing the conventional tumor cell lysate-based hybrid vaccine 
to overcome the current problem of poor clinical efficacy. 
Most published studies have used either autologous or 
allogeneic antigens, but studies on their combined use are 
rare. This is a study to use a combination of autologous and 
allogeneic tumor cell lysates to stimulate specific host cell 
immune response to target glioma cells. Specifically, we 
evaluated the formulation of a hybrid glioma vaccine com
posed of autologous 9L tumor cell lysate and allogeneic C6 
tumor cell lysate using a tumor cell lysate-based approach. 
Autologous tumor cells have cell-surface epitopes nearly 
similar to those of host tumor cells, whereas allogeneic 
tumor cells share certain highly conserved epitopes with 
the host tumor cells.19 Because of the heterogeneous nature 
of tumor cells, autologous antigens typically exhibit poor 
immunogenicity.19 Allogeneic antigens can elicit a potent 
cross-immune response to kill tumor cells, causing tumor 
regression.19 Therefore, in this study, we included these 
antigens as adjuvants in the vaccine formulation.

Tumor cell lysate-activated DCs and T lymphocytes were 
co-cultured to determine the optimal DC-to-T-cell formula
tion for use as a molecular vaccine against glioma cells 
cultured in vitro. The cytolytic in vitro efficacy of the three 
vaccines (autologous, allogeneic, and hybrid) on glioma cells 
was evaluated. In addition, the in vivo therapeutic effect of 
the hybrid glioma cell lysate vaccine and the extent of infil
tration of peripheral blood immune cells and surrounding 
tumor immune cells in the 9L/Fischer344 (F344) rat glioma 
model were assessed. The developed glioma hybrid vaccine 
demonstrated good clinical efficacy in rat models. Our results 
provide new insights into glioma clinical therapy.

Materials and Methods
Animal Care and Handling for in vitro DC 
Primary Cell Culture
Bone marrow-derived DCs were obtained from the femur 
and tibia of ten 6- to 8-week-old Fischer344 (F344) rats 
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(Beijing Vital River Laboratory Animal Technology 
Company, China), each weighing 150–180 g. The rats 
were bred in the experimental animal facility in the 
Clinical Research Center, Southwest Medical University, 
China. For in vitro experiments, the rats were killed by 
cervical dislocation. The bone marrow cavity was then 
washed with phosphate-buffered saline (PBS), centrifuged, 
and resuspended to obtain the DC suspension. Next, 
a lymphocyte-separation medium was added to the DC 
suspension and centrifuged to enable aspiration of the 
middle bone marrow stromal cell layer (white membrane 
layer). The aspirate was then cultured under sterile condi
tions in a DC-cell RPMI-1640 growth medium supplemen
ted with 16% v/v fetal bovine serum (FBS), 25 ng/mL 
GM-CSF, 25 ng/mL interleukin (IL)-4, and 100 U/mL 
penicillin + 100 U/mL streptomycin at 37ºC in a 5% 
CO2 humidified incubator. Cell growth was monitored 
every day until the last day of the experiment. All experi
mental procedures were approved by the Institutional 
Animal Care and Use Ethics Committee at the Southwest 
Medical University, China, and were conducted in accor
dance with the Laboratory Animal Guidelines for Ethical 
Review of Animal Welfare.

Flow Cytometric Detection of Cell 
Marker Expression on Isolated DCs
To prepare the in vitro molecular dynamics-based glioma 
vaccine, we first tested five immunogens—PBS, 9L rat 
glioma cell lysate (Shanghai EK-Bioscience, China), C6 
rat glioma cell lysate (Cyagen Biosciences, China), 9L + 
C6 rat glioma cell lysate (mixed cell lysate), and lipopo
lysaccharide (LPS; Sigma, USA)—for their ability to acti
vate F344 rat bone marrow-derived DCs. Each of the 
immunogen was incubated in vitro with primary F344 
DCs for 72 h at 37°C in a 5% CO2 humidified incubator. 
Suspensions of 70%–80% confluent glioma cell lysates 
were co-cultured with primary DCs. These cultured DCs, 
before and after the respective treatments, were isolated by 
centrifugation and resuspended to obtain single-cell sus
pensions (50 μL; about 1 × 106 cells) for flow cytometric 
analyses (BD FACSuiteTM software, BD Biosciences, 
USA). Subsequently, the single-cell suspensions were 
incubated with CD80, CD86, OX62, OX6, CD11c, and 
MHC-II antibodies (eBioscience, USA) for 30 min at 25°C 
in the dark before submitting to flow cytometry (BD 
Biosciences, USA).

Detection of T-Lymphocyte Proliferation 
in Rat Spleen
The F344 rats were killed, and their spleens were removed 
under sterile conditions. After grinding the spleen with the 
plunger of a 5-mL syringe, the isolated T lymphocytes 
were added to 2 mL of lymphocyte separation solution 
before submitting to centrifugation at 2000 rpm for 20 min 
at room temperature. The lymphocyte layer (white mem
brane in the middle of the tube) was aspirated, washed 
thoroughly, and cultured at 37°C in a 5% CO2 humidified 
incubator. To detect cell proliferation, the T-cell suspen
sion was incubated with an equal volume of carboxyfluor
escein succinimidyl ester (CFSE) working solution at 37° 
C for 10 min. The reaction was terminated by adding 40% 
cold fetal calf serum and incubating it for 10 min. The 
T-cell suspensions, thus obtained, were washed twice 
before resuspending in a complete culture medium. Next, 
the T-cell suspensions were co-cultured with activated 
DCs at the DC-to-T-cell target ratios of 0:1, 1:5, 1:10, 
1:20, 1:40, and 1:80 for 3 days before submitting to flow 
cytometry. The T-cell proliferation index was then calcu
lated using the FlowJoTM flow cytometry software (BD 
Biosciences, USA).

Detection of Glioma-Cell Apoptosis
The best DC-to-T-cell target ratio was selected for co- 
culture with glioma cells at glioma-to-DC/T-cell target 
ratios of 10:1, 20:1, and 50:1. Glioma cells in the loga
rithmic growth phase were seeded onto a 96-well plate at 1 
× 104 cells/well. After adherence of the seeded glioma 
cells, the DC/T-cell mixed suspensions at the best DC-to 
-T-cell target ratio were added to obtain glioma-to-DC 
/T-cell target ratios of 10:1, 20:1, and 50:1. The five 
immunogens—PBS (equal volume added to the cells in 
a well), 9L cell lysate, C6 cell lysate, 9L + C6 mixed cell 
lysate, and LPS (1 μg)—were then added to each well 
containing glioma, dendritic, and T cells and incubated 
for 72 h. The cell lysates (1 × 106 cells) of each group 
were added to 150 μL of sterile distilled water and cen
trifuged at 10,000 rpm for 10 min.20 Annexin V-FITC 
binding solution (190 μL; BD Biosciences, USA) was 
added to gently resuspend the cells (5 × 104 to 1 × 105), 
followed by addition of 5 μL of Annexin V-FITC, which 
was gently mixed with the cells before incubation at room 
temperature for 10 min in the dark. Next, propidium iodide 
staining solution (10 μL; Sigma, USA) was gently mixed 
with the cell suspension and incubated in an ice bath in the 
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dark. The resultant suspension was immediately submitted 
to flow cytometry. The Annexin V-FITC-stained cells 
appeared green and the propidium iodide-stained cells 
appeared red. The apoptotic rate of the five treatment 
groups was calculated using the FACSuiteTM flow cyto
metry software (BD Biosciences, USA). The best glioma 
cell-to-DC/T-cell target ratio was finally selected to assess 
the in vitro efficacy of the DC-based vaccine.

Glioma Cell Viability Assay
Glioma cell viability was assessed to determine the in vitro 
efficacy of the DC-based vaccine. The CCK-8 kit (Sigma, 
USA) was used to examine the viability of glioma cells in 
the five treatment groups of DC-activated T cells co- 
cultured with glioma cells. For this assay, 9L or C6 cells 
(1 × 104 cells/well) in the logarithmic phase were seeded 
onto 96-well plates at the respective target ratios of 10:1, 
20:1, and 50:1. Co-cultures of DCs and T cells in the 
tested DC-to-T-cell target ratios in each well were incu
bated with the CCK-8 (10 μL) solution for 1–4 h. Next, the 
absorbance (Å) at 450 nm, which indirectly reflects the 
number of live cells, was measured using a microplate 
reader. The cell viability was calculated using the follow
ing formula:

Cell viability (%) = [A (experimental group) − A (blank 
group)]/[A (control group) − A (blank group)] × 100%.

ELISA-Based Detection of T-Lymphocyte 
Chemokine and Cytokine Secretion
Chemokine (monocyte chemoattractant protein [MCP]-2) 
and cytokine (interferon [IFN]-γ) secretion from T cells for 
the five treatment groups of DC-activated T cells co- 
cultured with glioma cells was also assessed as part of 
the evaluation of the in vitro efficacy of the DC-based 
vaccine. Lymphocyte chemokine and cytokine secretion 
in the supernatant was detected after 7 days of co-culture 
by using the ELISA kit (MCP-2: Beijing Ruike 
Biotechnology Co. Ltd., China; IFN-γ: MultiSciences 
[Lianke] Biotech Co. Ltd., China), according to the man
ufacturers’ instructions. The absorbance at 450 nm was 
measured using a microplate reader.

Animal Grouping for in vivo Experiments
Forty 6- to 8-week-old F344 rats (Beijing Vital River 
Laboratory Animal Technology Company, China), each 
weighing 160–180 g, were randomly allocated to five 
groups (n = 8 per group): saline was microinjected to the 

brain to establish the animal model for the blank control 
group, whereas glioma tumor cells were injected into the 
brain via the same method for the remaining four groups to 
establish the tumor models (tumor-negative control group; 
9L + C6 [9L + C6 mixed cell lysates vaccine] treatment 
group; thymosin treatment group; and 9L + C6 + thymosin 
treatment group). Following the establishment of rat 
glioma models, the blank control and the tumor groups 
were each treated with 10 μL of normal saline; the 9L + 
C6 and the 9L + C6 + thymosin treatment groups were 
each subcutaneously injected with the molecular 
dynamics-based glioma vaccine on postoperative day 1; 
and the thymosin and 9L + C6 + thymosin treatment 
groups were each treated with 0.8 mg/kg thymosin via 
subcutaneous injection on postoperative day 1, followed 
by the injection every 3 days.21 All experimental proce
dures and studies were approved and performed according 
to the Institutional Animal Care and Use Committee at the 
Southwest Medical University, China.

Preparation of Glioma-Cell Suspension 
for Transplantation into Rat Models
C6 and 9L glioma cells cultured in a complete glioma 
medium at 80% confluency were harvested to prepare 
respective single-cell suspensions (1 × 106/10 μL concen
tration). Trypan blue staining was performed to assess cell 
viability (target > 90%) of the single-cell suspension, 
which was temporarily stored at 4°C if not used immedi
ately. 9L and C6 cells, each at a concentration of 3 × 105 

cells, were mixed with 100 μL of PBS to prepare 9L and 
C6 glioma cell suspensions, respectively. Subsequently, 
the cell suspensions were transplanted into rats to establish 
glioma.

Establishment and Treatment of 9L/F344 
Rat Glioma Models
Each F344 rat was anesthetized with sodium pentobarbital 
and fixed on an operating table of a stereotactic instru
ment. After trimming the animal’s head hair and disinfect
ing it, the skin along the midline of the scalp was incised 
to expose the anterior condyle. A 1-mm-diameter hole was 
drilled in the bone 0.5 mm before the anterior condyle and 
3 mm to the right of the sagittal suture. Care was taken not 
to damage the dura while drilling. The uniformly mixed 
glioma cell suspension (10 μL) was delivered into the hole 
via microinjection within 15 min. The microinjection nee
dle was inserted 6 mm vertically through the hole in the 
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bone and was slowly pulled out of the hole 10 min after 
the completion of the injection. Antibiotics were sprayed 
at the surgical site and the incision was sutured. One day 
after successfully establishing the tumor-bearing 9L/F344 
rat glioma model, the 40 rats in the five treatment groups 
were administered the aforementioned treatments.

Blood Collection for the Measurement 
of Blood Cell Count and Cytokine Level
Blood was collected from the tail vein of each rat 1 day 
before treatment and at 30 days after treatment to analyze 
blood cell (CD4+ T, CD8+ T, natural killer [NK]) count 
and cytokine (IL-2 and IL-10) level in sera using flow 
cytometry and ELISA, respectively. The tails were cleaned 
and sterilized with alcohol before collecting 70 μL of 
whole blood. The anticoagulant EDTA was immediately 
added to the whole blood collected. T-cell (CD3, CD4, 
CD8) and NK-cell (CD161) antibodies (BD Biosciences, 
USA) and absolute counting microspheres (BD 
Biosciences, USA) were incubated for 15 min in the dark 
before incubation with 50 μL of blood cell lysate and for 
another 15 min in the dark. The mixture was centrifuged at 
1000 rpm for 5 min before submitting to flow cytometry. 
The remaining whole blood was left at room temperature 
for 30 min before centrifuging at 1000 g for 15 min. The 
supernatant (200 μL) was then frozen and stored at −20°C. 
IL-2 and IL-10 concentrations in sera (supernatant sam
ples) were measured using the ELISA kit (Abcam, UK), 
according to the manufacturer’s instructions.

Magnetic Resonance Imaging Examination 
of Tumor Volume and Survival Status of 
Rat Models
Magnetic resonance imaging (MRI) examination was per
formed at 5, 20, 30, and 40 days after surgery to observe the 
changes in the intracranial tumor volume. First, the rats were 
injected with pentobarbital. Next, 0.5 mL of glucosamine 
was injected into the rat’s tail vein for contrast-enhanced 
MRI scans (Philips Achieva 3.0T MRI, Philips Healthcare, 
Best, The Netherlands). One rat from each treatment group 
was killed before treatment and after treatment (20 and 
30 days after surgery) via excessive pentobarbital injection. 
The change in glioma intracranial tumor volume was calcu
lated using the Cavalieri formula.22 Only objective, not 
subjective, differences in tumor volume were considered 
for the calculation. The changes in survival duration of rats 

in each treatment group were observed everyday up to 
40 days or till death, whichever was earlier.

Immunohistochemistry
One rat from each treatment group was killed before treat
ment and after treatment (20 and 30 days after surgery) via 
excessive pentobarbital injection. After tissue sectioning, the 
abundance of CD4+ T, CD8+ T, and NK cells around the 
tumor site was examined by immunohistochemistry. The 
fixed tissue was dehydrated and embedded before section
ing. The dewaxed sections were placed in a dyeing tank 
containing 3% methanol and hydrogen peroxide at room 
temperature for 10 min. The sections were then washed 
three times with PBS for 5 min each before immersing in 
0.01 M citrate buffer solution (pH 6.0). Next, the sections 
were heated in a microwave oven until boiling and then 
cooled for 5 min before repeating the process another time. 
The sections were then washed with PBS two times, each for 
5 min, before incubating with goat serum blocking solution 
at room temperature for 20 min. Subsequently, the sections 
were incubated with primary antibodies at 4°C overnight, 
followed by incubation with biotinylated secondary antibo
dies at 37°C for 30 min. After washing the sections with 
PBS three times, the 3,3ʹ-diaminobenzidine (DAB) staining 
reagent (concentrated DAB kit, K135925C, Beijing 
Zhongshan Jinqiao Biological Co., Ltd., China) was added 
and the color development was monitored using a light 
microscope. Excess DAB stain was removed by washing 
the sections with distilled water (usually after 2 min of 
staining), followed by the application of hematoxylin as 
a counterstain. The stained sections were dehydrated, 
mounted, and sealed with a neutral gum. The sections were 
first observed at 100× magnification to select the fields of 
view using an optical microscope (BA200 digital trinocular 
micro-camera system, McAudi Industrial Group Co., Ltd., 
China). Images from three fields of view at 400× magnifica
tion were then collected. The optical density (integrated 
optical density [IOD]) and area of all the collected images 
were measured using the Image-Pro Plus 6.0 image analysis 
system (Media Cybernetics, Inc., USA), and the average 
optical density (mean density [MD]) of each image was 
calculated. The average optical density of each sample was 
obtained using the average optical density of three images. 
The average was analyzed by single factor analysis of var
iance (one-way ANOVA) using the SPSS21 software (SPSS 
Inc, Chicago, IL, USA) and data are expressed as mean ± 
standard deviation (SD).
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Statistical Analysis
Data from three independent experiments (n = 3) were 
analyzed using SPSS v21.0 (SPSS Inc, Chicago, IL, 
USA) and are expressed as mean ± SD. A comparison 
among different groups was performed using multivariate 
one-way ANOVA analyses. Values of p < 0.05 were con
sidered statistically significant.

Results
Activation of DCs by Glioma-Cell Lysate
To determine the immunogenic effect of DCs on glioma cell 
lysate, we examined the changes in expression levels of the 
DC cell-surface markers CD80, CD86, OX62, OX6, CDIIC, 
and MHC-II. Individual glioma cell lysates, C6 and 9L, and 
C6 + 9L were tested. The PBS- and LPS-treatment groups 
were used as experimental controls. Significantly higher 
expression levels were noted for most of the cell surface 
markers, except for CD86, after DC treatment (Figure 1). 
Importantly for most markers, the LPS-treated group (posi
tive control) demonstrated the most significant increase and 

the PBS-treated group (baseline control) demonstrated the 
least significant increase in cell-surface markers compared 
with the other four groups. Moreover, the 9L + C6 group 
demonstrated a more significant increase than the individual 
lysates C6 and 9L groups. The results indicate that all 
treatment methods tested could successfully promote DC 
maturation and antigen-presentation ability. In addition, the 
glioma cell lysates, both individual and combined, were able 
to successfully activate DCs.

Induction of T-Cell Proliferation by 
DC-to-T Cells at 1:20 Ratio
After successfully confirming DC activation by all the 
three glioma cell lysates (autologous, allogeneic, and 
hybrid), we investigated the in vitro co-culture DC-to 
-T-cell ratio for establishing the vaccine formulation. The 
six DC/T-cell co-culture groups (0:1, 1:5, 1:10, 1:20, 1:40, 
and 1:80) stimulated with the glioma cell lysate immuno
gen were submitted to flow cytometry to assess T-cell 
proliferation. Different T-cell proliferation capabilities 
were noted for different groups tested (Figure 2). The 

Figure 1 Histograms showing the percentage change in DC cell surface markers (A) CD80, (B) CD86, (C) OX6, (D) CD11c, (E) OX62, and (F) MHC-II. Data are 
presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA statistical test was performed for comparisons among groups.
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T-cell proliferation index for the 0:1, 1:5, 1:10 groups was 
statistically significant (p < 0.05), whereas that for the 
1:20, 1:40, and 1:80 groups were not significant. We 
used the DC-to-T-cell ratio of 1:20 for all subsequent 
experiments because this group demonstrated optimal 
values to induce sufficient T-cell proliferation.

Induction of Glioma-Cell Apoptosis by 
a Tumor Cell Lysate-Based 9L + C6 
Hybrid Vaccine
The efficacy of the tumor cell lysate-based vaccines was 
examined by their effect on glioma cell apoptosis. We 
analyzed three glioma-to-vaccine ratios (10:1, 20:1, and 
50:1) for the five treatment groups. At the 10:1 effect 
target ratio on the apoptotic rate, no significant difference 
was noted between the 9L lysate and PBS groups 
(p > 0.05); significantly higher rate (p < 0.05) was noted 
in the C6 lysate and mixed (9L + C6) lysate groups than in 
the PBS group; and no significant difference was noted 
between the C6 lysate and mixed lysate groups (p > 0.05) 
(Figure 3A). At both 20:1 and 50:1 target ratios, all the 
three experimental groups (9L, C6, and 9L + C6 treatment 
groups) demonstrated a higher apoptotic rate than the PBS 
group (Figure 3B–C; p < 0.05). For the mixed cell lysate 
group, the apoptotic rate increased with an increase in the 
target ratio (p < 0.05). The group also demonstrated 

a significantly higher apoptotic rate than the 9L- and C6- 
treatment groups (Figure 3D; p < 0.05).

Reduction of Glioma Cell Proliferation by 
a Tumor Cell Lysate-Based 9L + C6 
Hybrid Vaccine
Subsequently, we assessed the efficacy of the tumor cell 
lysate-based DC vaccines on glioma cell viability at the 
same three target ratios, 10:1, 20:1, and 50:1, for the five 
treatment groups. The three experimental treatment 
groups (9L, C6, and 9L + C6 cell lysate groups) demon
strated a statistically significant decrease in glioma cell 
viability compared with the PBS group at all three target 
ratios tested (Figure 4A–C; p < 0.05). The mixed cell 
lysate group demonstrated the least glioma cell viability 
(p < 0.05), which decreased with the increase in the 
target ratio (Figure 4D; p < 0.05).

Induction of T-Lymphocyte Chemokine 
and Cytokine Secretion by a Tumor Cell 
Lysate-Based 9L + C6 Hybrid Vaccine
The T-lymphocyte chemokine (MCP-2) and cytokine 
(IFN-γ) secretion were also evaluated to assess the efficacy 
of the tumor cell lysate-based vaccine. The 9L group 
demonstrated no significant difference in MCP-2 and 
IFN-γ secretion from the PBS group at all three target 
ratios (Figure 5A–C and 6A-C; p > 0.05), whereas the 
C6 and 9L + C6 groups demonstrated significantly higher 
MCP-2 and IFN-γ secretion than the PBS group at all three 
target ratios (Figure 5A–C and 6A-C; p < 0.05). Increased 
MCP-2 and IFN-γ secretion with an increase in the target 
ratio was noted in the 9L + C6 group (Figures 5D and 6D; 
p < 0.05), indicating that using the mixed glioma lysate as 
a vaccine immunogen can induce T-cell chemokine and 
cytokine secretion.

Longer Survival Duration of 
Tumor-Bearing Rats Treated with the 
Tumor Cell Lysate-Based Hybrid Vaccine
First, the in vitro efficacy of the tumor cell lysate-based 
hybrid vaccine (9L + C6 cell lysates as an immunogen) on 
apoptosis and viability of glioma cells, as well as induction 
of T-cell chemokine and cytokine secretion, was examined. 
Then, the in vivo efficacy of the vaccine was investigated on 
tumor-bearing rat models. The survival of tumor-bearing 
rats in the four treatment groups (tumor group, 9L + C6 

Figure 2 T-cell proliferation index of the six different DC-to-T-cell ratios derived 
from flow cytometric cell sorting and detection. Data are presented as mean ± 
standard deviation (SD) of three independent experiments (n = 3). One-way 
ANOVA statistical test was performed for comparisons among groups.
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treatment group, thymosin-treatment group, and 9L + C6 + 
thymosin treatment group) over a 60-day period was studied. 
Both the 9L + C6 and 9L + C6 + thymosin treatment groups 
demonstrated significantly longer survival duration than the 

tumor and thymosin-treatment groups (Figure 7; p < 0.05). 
No statistically significant difference in the survival duration 
was found between the tumor and thymosin-treatment 
groups (Figure 7; p > 0.05).

Figure 3 The apoptotic rate (%) of glioma cells at (A) 10:1, (B) 20:1, and (C) 50:1 glioma-to-vaccine ratios for the five DC activation treatment groups and at (D) the three 
target ratios for the 9L + C6 mixed cell lysate group. Data are presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA 
statistical test was performed for comparisons among groups.

Figure 4 Cell viability of glioma cells at (A) 10:1, (B) 20:1, and (C) 50:1 target ratios for the five dendritic cell (DC) activation treatment groups, and at (D) different target 
ratios for the 9L + C6 treatment group. Data are presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA statistical test 
was performed for comparisons among groups.

Figure 5 Monocyte chemotactic protein-2 (MCP-2) concentrations at (A) 10:1, (B) 20:1, and (C) 50:1 target ratios for the five DC activation treatment groups, and at (D) 
different target ratios for the 9L + C6 treatment group. Data are presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA 
statistical test was performed for comparisons among groups.
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Reduction of Intracranial Tumor Volume 
in Tumor-Bearing Rats Treated with 
a Tumor Cell Lysate-Based Hybrid 
Vaccine
We also assessed the change in the intracranial tumor 
volume over a 40-day period in tumor-bearing rats of the 
four treatment groups through enhanced MRI. All rats 
initially demonstrated enhanced mass shadows on the 
right caudate nucleus on day 5, indicating the successful 
establishment of the tumor. The intracranial tumor volume 
in the tumor group gradually increased until the rats died 
(Figure 8A). As the rats in the tumor group did not survive 
up to day 40, the images for days 5, 10, 20, and 30 are 
presented. Similarly, the tumor volume in the thymosin- 
treatment group gradually increased until the rats died 
(Figure 8C). In contrast, a gradual decrease in tumor 
volume was noted in the 9L + C6 and 9L + C6 + thymosin 
treatment groups from days 20 to 40 (Figure 8B and 8D).

Hybrid Vaccine Treatment-Induced 
Increase of Peripheral Blood CD4+ T- and 
NK-Cell Count
We investigated the changes in peripheral blood CD4+ T, 
CD8+ T, and NK cell count in the five treatment groups. The 
tumor group demonstrated a statistically significant decrease 
in CD4+ and CD8+ T cells (p < 0.05), whereas the NK cell 
count was higher than that in the blank control group 
(Figure 8). Higher CD4+ T and NK cells were observed in 
the 9L + C6 and the 9L + C6 + thymosin treatment groups 
(Figure 9A; p < 0.05), whereas no significant difference was 
observed in the CD8+ T-cell count compared to the blank 
control group. No significant difference in CD8+ T-cell count 
was observed in the 9L + C6, thymosin, and 9L + C6 + 
thymosin treatment groups compared with the blank control 
group (Figure 9B). Both the 9L + C6 and 9L + C6 + thymosin 
treatment groups demonstrated higher CD4+ T- and NK-cell 
count than the blank control group (Figure 9A and C).

Figure 6 Interferon-gamma (IFN-γ) concentrations at (A) 10:1, (B) 20:1, and (C) 50:1 target ratios for the five dendritic cell (DC) activation treatment groups, and at (D) 
different target ratios for the 9L + C6 treatment group. Data are presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA 
statistical test was performed for comparisons among groups.

Figure 7 Survival curves of glioma rat models for the four treatment groups (tumor, 9L + C6, thymosin, and 9L + C6 + thymosin groups) over a period of 60 days. Data are 
presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA statistical test was performed for comparisons among groups.
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Hybrid Vaccine Treatment-Stimulated 
IL-10 and IL-2 Secretion
To assess the in vivo efficacy of the vaccine, peripheral blood 
IL-10 and IL-2 level for the five treatment groups was mea
sured using ELISA. The IL-10 level was increased in the 
tumor and 9L + C6 treatment groups (p < 0.05), slightly higher 
in the 9L + C6 + thymosin treatment group, and remained 
unchanged in the thymosin treatment group compared with the 
blank control group (Figure 10A). The 9L + C6, thymosin, and 
9L + C6 + thymosin treatment groups were able to effectively 
stimulate the release of IL-2 compared with the blank control 
group (Figure 10B; p < 0.05). However, no significant differ
ence was observed in the IL-2 expression level between the 
tumor and blank control groups (Figure 10B).

Hybrid Vaccine Treatment-Induced 
Increase in the Infiltration of CD4+ T, 
CD8+ T, and CD161+ NK Cells in Rat 
Glioma Tissue
We subsequently assessed the infiltration (relative abun
dance) of CD4+ T, CD8+ T, and CD161+ NK cells in rat 
glioma tissue of the five treatment groups. Increased infiltra
tion of CD4+ T cells was observed in the 9L + C6, thymosin, 
and 9L + C6 + thymosin treatment groups compared with the 
blank control group (Figure 11A; p < 0.05). No significant 
difference in the abundance of CD4+ T cells was observed in 
the tumor group. The abundance of CD8+ T cells was 
increased in the 9L + C6 and 9L + C6 + thymosin treatment 
groups compared with the blank control group (Figure 11B; 

Figure 8 Representative magnetic resonance images (MRIs) of the (A) tumor group, (B) 9L + C6 treatment group, (C) thymosin treatment group, and (D) 9L + C6 + 
thymosin treatment group at 5, 20, 30, and 40 days after remodeling. Because the tumor group rats died before day 40, end-stage MRI on Day 26 is provided for the Day 30 
image.
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p < 0.05). No significant change in CD8+ T-cell abundance 
was observed in the tumor and thymosin treatment groups 
(Figure 11B). Higher infiltration of CD161+ NK cells was 
observed in the 9L + C6 and 9L + C6 + thymosin treatment 
groups than in the blank control group (Figure 11C; p < 0.05). 
No significant change was observed in the infiltration of 
CD161+ NK cells in the tumor and thymosin treatment 
groups (Figure 11C).

Discussion
In this study, we evaluated the in vitro and in vivo efficacy 
of a tumor lysate-based glioma vaccine and demonstrated 
the feasibility of its use as an immunotherapeutic agent. 
First, we tested the effect of autologous 9L glioma cell 
lysate and allogeneic C6 glioma cell lysate, individually 
and combined, as immunogens of DC maturation. Both 
types of glioma cell lysates were able to activate DCs 
individually, as well as in combination, as was evident 
from the detection of the characteristic DC surface mar
kers. Next, we assessed the ability of activated DCs to 
induce T-cell proliferation in DC/T-cell co-cultures to 
determine the optimal DC-to-T-cell ratio for the vaccine 
formulation, which was found to be 1:20. Subsequently, 
we determined the cytolytic effect of the vaccine on 
glioma cells. We found increased glioma cell apoptosis, 

reduced glioma cell viability, and increased chemokine 
and cytokine secretion from T cells for all the three 
glioma-to-vaccine ratios. The hybrid 9L + C6 cell lysate 
vaccine demonstrated the best in vitro efficacy, providing 
credence to our hypothesis of designing a multi-epitope 
tumor vaccine based on the theoretical molecular simula
tion principle. Then, we proceeded to evaluate the in vivo 
efficacy of this hybrid vaccine on 9L/F344 rat glioma 
models. We randomly allocated the 40 rats into five treat
ment groups of eight rats each and subjected them to 
respective treatments: blank, tumor, 9L + C6 (vaccine), 
thymosin, and 9L + C6 + thymosin (vaccine + thymosin). 
The 9L + C6 treatment group demonstrated longer survival 
duration, lower intracranial tumor volume, higher periph
eral blood CD4+ and NK cell count, greater IL-10 and IL- 
2 cytokine level, and higher immune cell (CD4+ T, CD8+ 
T, and NK cells) infiltration in rat glioma tissue. Although 
the peripheral CD8+ T-cell level did not exactly increase 
after vaccine treatment, it was higher than that of the 
tumor group, which demonstrated reduced peripheral 
CD8+ T-cell count. This indicates the ability of the vac
cine to activate the immune system and limit glioma 
progression. We found that thymosin, a hormone that 
stimulates T-cell maturation,23 demonstrated weak antitu
mor effect in the rat glioma models. A slight increase in 

Figure 9 Graphs showing the difference in pre- and post-treatment peripheral blood cell count for (A) CD4+ T cells, (B) CD8+ T cells, and (C) NK cells for the five 
treatment groups. Data are presented as mean ± standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA statistical test was performed for 
comparisons among groups.
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peripheral and tumor-infiltrating CD4+ T cells, but not in 
CD8+ T and NK cells, was observed in the thymosin 
treatment group. In addition, IL-2, not IL-10, cytokine 
secretion was observed following thymosin treatment. 
Furthermore, the effect of thymosin in combined therapy 
did not appear to strengthen the antiglioma efficacy of the 
vaccine. The immune-promoting effect was not as desired, 
possibly because thymosin enhances immunity in a non- 
specific manner.

Allogeneic and autologous tumor-associated immuno
gens consist of T-cell epitopes that mediate antitumor 
immune responses such as engagement and activation of 
T cells and upregulation of MHC cell-surface expression 
on DCs.24 In this study, we demonstrated the effect of 
these two immunogen types on DC maturation and T-cell 
proliferation stimulation. To detect tumor antigen-induced 
DC activation, we assessed a panel of typical mature DC 
surface markers. The CD80 and CD86 cell-surface mar
kers, which belong to the immunoglobulin superfamily 
and are critical for T-cell activation, can be simultaneously 
stimulated by their respective ligands CD28 and CTLA-4, 
found on the surface of T cells.25 Increased expression of 

CD80 and CD86 on the surface of DCs potentiates the first 
wave of T-cell activation and initiates the immune 
response.25 CD86 primarily induces the differentiation of 
helper T cells and maintains and enhances the antigen- 
induced inflammatory response. OX62 is another mature 
DC marker that is primarily expressed on rat CD4+ and 
CD4− DCs.26 CD11c, a classical marker of mature DCs 
and a member of the β2-integrin family, can regulate the 
proliferation and function of CD4+ and CD8+ T cells.27–30 

The marker is highly expressed on the surface of most 
DCs, monocytes, and macrophages but is less abundant on 
the surface of plasmacytoid DCs.31 However, high num
bers of CD11c+ DCs suppress the immune system and 
reduce the antitumor ability.32 In this study, we observed 
increased levels of the selected six-panel cell surface mar
kers, indicating the successful activation of DCs by the 
treatments tested. This allowed us to continue to determine 
the DC-to-T-cell target ratio for DC-based vaccine 
formulation.

IFN-γ cytokine, the classical indicator of T-cell activa
tion, can stimulate activation of the downstream chemo
kine MCP-2.33 Although the allogeneic C6 cell lysate and 

Figure 10 Graphs showing the secretion levels of (A) IL-2 and (B) IL-10 cytokines in the five treatment groups, as detected using ELISA. Data are presented as mean ± 
standard deviation (SD) of three independent experiments (n = 3). One-way ANOVA statistical test was performed for comparisons among groups.
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9L + C6 cell lysate hybrid vaccines were able to induce 
the release of MCP-2 and IFN-γ, the effect appeared to be 
modest at best. Moreover, the autologous 9L cell lysate 
vaccine alone could not stimulate MCP-2 and IFN-γ secre
tion from T cells. We speculate that our in vitro conditions 
could not fully replicate the complex in vivo immune 
environment. In our experiment, we mainly focused on 
dendritic, glioma, and T cells, although tumor immunity 
involves the coordinated response of a myriad of immune 
cell populations.34 Thus, this limitation could be the rea
son for the observed poor induction of chemokine and 
cytokine release from T cells by DCs. Nonetheless, 
because the hybrid vaccine could successfully induce cyto
kine and chemokine release, thus indicating its in vitro 
efficacy, we decided to continue with in vivo efficacy 
evaluation.

Glioma is typically accompanied by immune surveil
lance failure due to immunosuppression.35 In the in vivo 
rat glioma models, the tumor group demonstrated 
decreased peripheral and tumor-infiltrating CD4+ T cells, 
whereas the vaccine-treatment group demonstrated 

increased levels of these cells. This finding suggests that 
the hybrid vaccine could override the immunosuppression 
induced by gliomas and activate the immune response. 
Moreover, although no significant increase was observed 
in peripheral CD8+ T cells, elevated levels of tumor- 
infiltrating CD8+ T cells indicate enhanced cellular immu
nity. Increased peripheral and tumor-infiltrating NK cells 
observed in the vaccine- and combined-treatment groups 
were also consistent with the increase in the CD4+ and 
CD8+ T immune cells. Moreover, increased NK-cell infil
tration indicates strengthened immunity, considering their 
role as tumor-killing cells.

IL-10 inhibits the activation and effector functions of 
DCs, macrophages, and T cells; regulates the growth and 
differentiation of immune cells; and downregulates the 
expression of Th1 cytokines and MHC-II antigens on macro
phages and monocytes.36,37 Although IL-10 functions in 
immunosuppression and inflammation inhibition, it has 
demonstrated pro-inflammatory and antitumor effects. In 
gliomas, IL-10 reportedly upregulated the immune check
point programmed cell death ligand PD-L1 in circulating 

Figure 11 Immunohistochemical images of the abundance of (A) CD4+ T cells, (B) CD8+ T cells, and (C) CD161+ natural killer (NK) cells in rat tumor tissues for the five 
treatment groups.
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monocytes and tumor-associated macrophages38 and pro
moted T-cell proliferation to inhibit glioma progression.39 

In addition, IL-10 induced macrophages to produce antian
giogenic cytokines and promote antitumor NK-cell 
responses.36 Considering its dual role, we cannot reliably 
use the IL-10 secretion level as a marker to assess the efficacy 
of glioma treatment. In contrast, IL-2, known to induce 
anticancer effects such as T-cell proliferation and trigger 
innate and adaptive immunity,39,40 can be used to assess the 
efficacy of the vaccine. IL-2 levels increased in the vaccine-, 
thymosin-, and combined-treatment groups, indicating the 
effectiveness of all three treatments. However, the modest 
increase in IL-2 level in the thymosin-treatment group 
reflects partial immune enhancement by thymosin.

Future follow-up research regarding the effect of vac
cine administration on glioma cell invasion, immune cell 
subtypes and cytokines, T-cell sequestration in the bone 
marrow, and circulating immune cells in the brain tissue, 
as well as the effect of vaccine treatment on different 
tumor models, is warranted. In conclusion, we demon
strated good in vitro and in vivo antiglioma efficacy of 
the tumor cell lysate-based vaccine. Our study proposes 

the potential clinical application of the vaccine that was 
developed based on the principle of molecular dynamics in 
glioma immunotherapy. This molecular simulation-based 
hybrid vaccine will add value to the current knowledge on 
vaccine immunotherapy.
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Figure 12 Histograms showing the optical density (OD) levels of (A) CD4, (B) CD8, and (C) CD161 in the five treatment groups. Data are presented as mean ± standard 
deviation (SD) of three independent experiments (n = 3). One-way ANOVA statistical test was performed for comparisons among groups.
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