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We studied the feasibility, efficacy, and mechanisms 
of dendritic cell (DC) immunotherapy against murine 
malignant glioma in the experimental GL261 intracra-
nial (IC) tumor model. When administered prophylacti-
cally, mature DCs (DCm) ex vivo loaded with GL261 
RNA (DCm-GL261-RNA) protected half of the vacci-
nated mice against IC glioma, whereas treatment with 
mock-loaded DCm or DCm loaded with irrelevant anti-
gens did not result in tumor protection. In DCm-GL261-
RNA–vaccinated mice, a tumor-specific cellular immune 
response was observed ex vivo in the spleen and tumor-
draining lymph node cells. Specificity was also shown in 
vivo on the level of tumor challenge. Depletion of CD8+ 
T-cells by anti-CD8 treatment at the time of tumor 
challenge demonstrated their essential role in vaccine- 
mediated antitumor immunity. Depletion of CD25+ 
regulatory T-cells (Tregs) by anti-CD25 (aCD25) treat-
ment strongly enhanced the efficacy of DC vaccination 
and was itself also protective, independently of DC vac-
cination. However, DC vaccination was essential to pro-
tect the animals from IC tumor rechallenge. No long-
term protection was observed in animals that initially 
received aCD25 treatment only. In mice that received DC 
and/or aCD25 treatment, we retrieved tumor-specific  
brain-infiltrating cytotoxic T-lymphocytes. These data 
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Escape from immunosurveillance is nowadays 
considered one of the hallmarks of malignant 
cell growth, and several mechanisms leading 

to immune suppression or immune escape have been 
described.1 On the other hand, it is generally accepted 
that a patient’s immune system can be instructed to 
recognize and attack several types of malignant lesions 
more efficiently.2,3 Hence, immunotherapy based on 
immunization with tumor antigen (Ag)-loaded dendritic 
cells (DCs) as professional Ag-presenting cells (APCs) 
represents a promising strategy in the multimodal treat-
ment for different types of cancer,4,5 including malig-
nant glioma.6–15 Immunotherapeutic approaches for 
malignant glioma are currently under investigation by 
our group14–16 and others.17,18 Results of in vitro experi-
ments19,20 and animal studies,21 together with pilot data 
from clinical trials,14–16 are very promising, although it is 
still too early to draw definitive conclusions.22
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Orthotopic rodent glioma models are highly useful 
to address fundamental questions regarding the balance 
between pro- and antiimmunogenic cellular mecha-
nisms.23–25 In this study, we explore the prophylactic 
effect of immunotherapy with RNA-loaded DCs in vitro 
and in vivo in the well-established GL261 mouse glioma 
model in C57BL/6 mice. The concept of loading tumor 
Ags on DCs in the form of RNA molecules has been well 
established.26

The GL261 glioma model has been characterized in 
depth by others and has been widely used to test experi-
mental treatment strategies.27–32 We recently published 
an extensive validation study on the use of in vivo bio-
luminescence (BLI) for the monitoring of DC immuno-
therapy in this model.21 Since GL261 tumor cells are 
considered moderately immunogenic, they can be used 
for immunotherapeutic studies. Moreover, it has been 
demonstrated that growing GL261 tumors damage 
the blood–brain barrier, which allows the infiltration 
of lymphocytes into the tumor and surrounding areas  
of the brain.33 Together with the finding of drainage of 
interstitial fluid from the brain into the deep cervical 
lymph nodes and the presence of microglial cells with 
APC capacities, this calls into question the assumption 
of strict immunological privilege in the brain.6

Regulatory T-cells (Tregs), a subpopulation of CD4+ 
T-cells that constitutively express the transcription fac-
tor FoxP3, the high-affinity interleukin-2 (IL-2) recep-
tor CD25, and the B7 ligand cytotoxic T-lymphocyte–
associated Ag 4 (CTLA-4 or CD154), are required for 
the maintenance of tolerance throughout the lifetime of 
an organism and are believed to represent key players 
in tumor immunology as well.34–36 It has been shown 
by others that CD4+CD25+FoxP3+ Tregs accumulate in 
murine and human gliomas during tumor growth, and 
these cells are potent suppressors of antiglioma immune 
responses in vivo.37 Hence, Tregs are becoming an impor-
tant target in cancer immunotherapy. Since no unique 
surface marker has been determined yet for Tregs, in 
vivo depletion of this cell population in murine models 
is mainly based on rather nonspecific interventions with 
monoclonal antibodies (mAbs) targeting CD25, which 
can also be expressed on activated lymphocytes. This 
concept is not new; in 1999 Onizuka et al.38 described 
the rejection of leukemia, myeloma, and fibrosarcoma 
in vivo by the administration of anti-CD25 (aCD25) 
mAbs. Other reports have shown an antitumor effect 
of Treg depletion on murine neuroblastoma and glioma 
models.37,39

In this study, we aimed to further dissect the mecha-
nisms between immunogenic and immune-suppressive 
cellular processes and the impact of DC vaccination and/
or Treg elimination by depletion of T-cells expressing 
CD25 with the PC61 mAb. In particular, we questioned 
whether DC vaccination and/or Treg depletion could 
lead to persistent immunological protection against 
intracranial (IC) glioma. To explore whether DC vacci-
nation could lead to immunological memory, long-term 
surviving mice from primary tumor challenge were IC 
rechallenged with GL261 cells. Besides data on clinical 
outcome in the different experimental conditions, we 

aimed to characterize the brain-infiltrating cells in these 
mice in depth and address their functionality ex vivo.

Materials and Methods

Animals, Cell Lines, and Culture Media

Female adult (10 weeks old) C57BL/6J mice were pur-
chased from Harlan (Horst, The Netherlands). The ani-
mals were housed in filter-top cages and bedded with 
sawdust and had free access to food and water. All ani-
mal experiments were approved by the bioethics com-
mittee of the Katholieke Universiteit Leuven, which fol-
lows international guidelines.

Methylcholanthrene-induced murine C57BL/6J syn-
geneic GL261 glioma cells were kindly provided by Dr. 
Eyupoglu from the University of Erlangen (Erlangen, 
Germany). GL261 tumor cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% 
heat-inactivated fetal calf serum, 2 mM l-glutamine, 
100 U/ml penicillin, 100 mg/ml streptomycin, and 100 
mg/ml gentamycin sulfate (all from Lonza, Verviers, Bel-
gium). MC17-51 fibrosarcoma (American Type Culture 
Collection [ATCC] clone CRL-2799; ATCC, Manassas, 
VA, USA) and Lewis lung carcinoma (LLC) tumor cells 
were maintained in RPMI with the same supplements as 
described for the GL261 cells.

Splenocytes and lymph node cells were cultured in 
RPMI supplemented with 10% heat-inactivated fetal 
calf serum, 2 mM l-glutamine, 100 U/ml penicillin, 
100 mg/ml streptomycin, 13 nonessential amino acids 
(Lonza), and 50 mM b-mercaptoethanol (Sigma-Aldrich, 
Bornem, Belgium). DC medium consisted of RMPI-
1640 supplemented with 10% heat-inactivated fetal calf 
serum, 2 mM l-glutamine, 100 U/ml penicillin, 100 mg/
ml streptomycin, and 50 mM b-mercaptoethanol. Diges-
tion medium consisted of RPMI 1640 with 10% heat-
inactivated serum, 2.5 mg/ml collagenase D (Roche, 
Basel, Switzerland), and 5 U/ml DNase I (Invitrogen, 
Carlsbad, CA, USA). Cells were cultured in a humidi-
fied atmosphere containing 5% CO2 at 37°C.

Generation of Murine DC and Loading  
with Tumor Ags

DCs were derived from bone marrow progenitor cells 
as described.40,41 Recombinant murine granulocyte/
macrophage colony-stimulating factor (GM-CSF) was 
kindly provided by Prof. Dr. Kris Thielemans (Vrije 
Universiteit, Brussels, Belgium). In short, bone marrow 
progenitor cells were cultured in GM-CSF at 20 ng/ml 
for 7 days. Medium was refreshed on days 3 and 5 of 
culture. Immature DCs (DCi) were harvested on day 7 
of culture by vigorous pipetting and washed with Dul-
becco’s phosphate-buffered saline (DPBS; Lonza).

For RNA-loading, DCi were loaded with total GL261 
RNA (unless mentioned otherwise) through exponen-
tial decay electroporation (300 V and 150 mF) with a 
GenePulser electroporator (Bio-Rad, Nazareth, Bel-
gium). RNA extraction was performed with the RNeasy 
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Murine Subcutaneous Tumor Model

For subcutaneous (SC) tumor challenge, GL261 or 
MC17-51 tumor cells were resuspended at 1 3 105 in 
50 ml culture medium. Mice were anesthetized as men-
tioned above, the skin of the right hind limb was shaved, 
and cells were injected SC over 1 min with an insulin 
syringe. After injection, the syringe was left in place 
for 1 additional min and then slowly retracted. Long 
(a) and short (b) perpendicular tumor diameters of the 
tumor were measured three times per week with a cali-
per. Approximation of the tumor volume was calculated 
using the formula V 5 (a 3 b2)/2.43

Treatment with RNA-Loaded DCs

Mice were vaccinated with one million CD11c+ DCm on 
days –14 and –7 before tumor challenge. IP vaccinations 
were given in a volume of 200 ml DPBS. Before each 
vaccination, flow cytometric quality control of the DCm 
was performed.

Functional Immune Monitoring

Spleen cells and pooled lymph node cells from the ingui-
nal and axillary lymph nodes were used for ex vivo 
restimulation experiments; 2 3 105 cells were restimu-
lated with 2 3 104 DCm pulsed with GL261 lysate 
(DCm-GL261-L). Phytohemagglutinin (PHA) was used 
as positive control.

Mouse interferon- ELISPOT. Ethanol-activated  
polyvinyl difluoride 96-well plates (Millipore, Bill-
erica, MA, USA) were coated the AN18 mAb (15 mg/
ml; MABTECH, Stockholm, Sweden). Cells were 
plated in triplicate with the respective stimuli and incu-
bated for 36 h. For spot detection, the R4-6A2–biotin 
mAb (1 mg/ml, MABTECH) was used together with 
streptavidin:ALP (alkaline phosphatase labeled strepat-
vidin; 1:1,000, MABTECH). Finally, AP-conjugated 
(alkaline phosphatase) substrate (Bio-Rad) was added 
until spots emerged. 

In Vivo Depletion of Specific Lymphocyte 
Subpopulations

For depletion of CD25+ cells, mice received a single bolus 
injection (250 mg) of the PC61 aCD25 mAb 21 days 
before tumor challenge. CD8a+ cells were depleted using 
YTS169 aCD8a mAb at 200 mg 1 day before and 100 mg 
1 day after tumor challenge. mAbs were diluted in sterile 
phosphate-buffered saline (PBS), and all injections were 
given IP. Polyclonal rat immunoglobulin (Rockland, Gil-
bertsville, PA, USA) was used as control.

Isolation of Brain-Infiltrating Cells

Mice were anesthetized by IP injection of 100 ml sodium 
pentobarbital (Ceva Sante Animale, Brussels, Belgium), 
both femoral arteries were opened, and the animals were 
perfused through the left cardiac ventricle with 50 ml 

Midi Kit (Qiagen, Venlo, The Netherlands) and qual-
ity controlled. RNA load was 15 mg of GL261 RNA 
per million DCi. Cells were resuspended in OptiMEM 
medium (Gibco, Invitrogen, Merelbeke, Belgium) at 20 
3 106 cells/ml, and 4 3 106 DCi were used per electropo-
ration cuvette.

For lysate loading, DCi were coincubated with GL261 
lysate at 100 mg per million DCi cells/ml OptiMEM 
medium for 30 min at 37°C. Lysates were generated 
by exposing GL261 cells to six consecutive freeze/thaw 
cycles (3 min in liquid nitrogen and 3 min on 56°C, 
respectively).

Immediately after loading, DCi were cultured in DC 
medium with GM-CSF, and 0.5 mg/ml E. coli lipopoly-
saccharide (Sigma-Aldrich) was added to induce matu-
ration. After 24 h, mature DCs (DCm) were harvested, 
counted and resuspended at suitable concentration for 
further application. Maturation was assessed by flow 
cytometry as previously described.21

Murine Brain Tumor Model

For the orthotopic IC model, GL261 cells were har-
vested, washed, counted, and adjusted to 5 3 105 living 
cells in 10 ml culture medium. Mice were anesthetized 
intraperitoneally (IP) with 6 ml/g body weight of a mix-
ture of 18.75 mg/ml ketamine (Pfizer, Puurs, Belgium) 
and 0.125% xylazine hydrochloride (Bayer, Brussels, 
Belgium). After their skulls were shaved, mice were fixed 
in a stereotactic frame (Kopf Instruments, Tujunga, CA, 
USA) and 2% lidocaine hydrochloride (AstraZeneca, 
Brussels, Belgium) was applied locally for 1 min. A 1.5-cm  
(longitudinal) incision was made, and a burr hole was 
drilled through the skull at 1.0 mm lateral and 1.5 mm 
posterior from the bregma.

Tumor cells were injected over 1.5 min at a depth of 
3 mm below the dura mater with a 26-gauge syringe 
(Hamilton, Bonaduz, Switzerland). After injection, the 
syringe was left in place for an additional 2 min and 
then slowly retracted. The site of the burr hole was 
rinsed with saline, and sterile bone wax was used to seal 
off the burr hole. The incision was closed with stitches, 
and 2% sodium fusidate (Leo Pharma, Wilrijk, Bel-
gium) was applied. Stereotactic challenge was performed 
under sterile conditions. Three times per week, mice 
were weighed and clinical symptoms were scored with 
a neurological deficit scale adapted from an experimen-
tal autoimmune encephalomyelitis model, with grade 0 
for healthy mice, grade 1 for slight unilateral paralysis, 
grade 2 for moderate unilateral paralysis and/or begin-
ning hunchback, grade 3 for severe unilateral or bilat-
eral paralysis and pronounced hunchback, and grade 
4 for moribund mice.42 Unless otherwise mentioned, 
mice were sacrificed by cervical dislocation when they 
showed grade 4 symptoms, and brain was prelevated for 
histological analysis. Mice with a survival longer than 
60 days (i.e., 3-fold the median survival of untreated 
animals) were considered long-term survivors. Rechal-
lenge was performed between day 80 and day 90, and 
each time, naive mice of approximately the same age 
were challenged as controls.
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cold PBS. Brains were prelevated and cut in small pieces 
with a scalpel in a 50-ml tube in 1 ml digestion medium. 
Next, 2 ml digestion medium was added, and the tissue 
was incubated at 37°C for 30 min. After incubation, the 
digested tissue was passed through a cell strainer (BD; 
Becton Dickinson Pharmingen, Erembodegem, Belgium) 
and thoroughly washed. The suspension was centrifuged 
(400 g, 5 min), and the pellet was resuspended in 10 ml 
40% Percoll (Sigma-Aldrich, Bornem, Belgium). This 
suspension was carefully brought on top of 4 ml 70% 
Percoll in a 15-ml tube and centrifuged for 25 min at 
800g. After gradient centrifugation, the top myelin and 
debris layer was removed, and the mononuclear cell inter-
phase was recovered and washed two times in DPBS. 
For further functional assays, cells were separated based 
on the expression of CD11b using CD11b MicroBeads 
(Mil tenyi Biotec, Bergisch Gladbach, Germany). Briefly, 
cells were counted and centrifuged at 300g for 10 min. 
Cells were resuspended in buffer (DPBS with 0.5% fetal 
calf serum and 2 mM EDTA) according to manufacturer 
guidelines. For 107 cells, 10 ml CD11b MicroBeads were 
added, mixed, and incubated for 15 min at 4°C. Cells 
were washed by adding 2 ml buffer per 107 cells and cen-
trifuged at 300g for 10 min. Cells were resuspended in 
500 ml buffer, and magnetic separation was performed 
with MS or LS columns, depending on the cell number 
(Miltenyi Biotec, Bergisch Gladbach, Germany). Both 
the unlabeled CD11b– fraction and the magnetically 
labeled CD11b+ cells were collected and washed with 
DPBS. Flow cytometric quality control was performed 
prior to further use.

Flow Cytometric Analysis

Murine DC were stained for H-2Kb, I-A/I-E, CD80, 
CD86, CD40, and CD11c. Lysed whole blood (obtained 
through retroorbital bleeding), splenocytes, draining 
lymph node cells (dLN; from either the inguinal and 
axillary lymph nodes for SC-challenged mice) or the cer-
vical and brachial lymph nodes for IC-challenged mice, 
and brain-infiltrating cells were analyzed for expression 
of CD4, CD8a, CD25, CD62L, and CD11b. For each 
staining, appropriate isotype stainings were used. For 
intracellular detection of FoxP3, the protocol guide-
lines of the FoxP3 staining kit (eBioscience, San Diego, 
CA, USA) were followed. Expression of CD8a on DCm 
was also assessed by indirect staining with aCD8 mAb 
YTS169 followed by staining with fluorescein isothio-
cyanate (FITC)-labeled goat antirat (GAR) immuno-
globulin (Serotec, Düsseldorf, Germany). Analysis was 
performed using the Cellquest software on a FACSort 
flow cytometer (BD). Absolute cell numbers of each spe-
cific cell population were calculated by multiplying the 
relative cell numbers (as percent of total) with the total 
number of viable cells (FSC-SSC gate [forward scatter; 
side scatter]). 

In Vitro Tumor Cell Viability Assay

The viability assay has been performed as previously 
described.20 In brief, target tumor cells (5 3 103) were 

cocultured with effector cells (5 3 104) in a total volume 
of 200 ml in a flat-bottomed 96-well cell culture plate 
(TPP, St. Louis, MO, USA). After 2 days of coculture, 
medium and nonadherent cells were removed, the wells 
were carefully rinsed with PBS, and 100 ml of a 0.5 mg/ml 
5-diphenyltetrazolium bromide (MTT; Sigma) solution in 
culture medium was added. The plates were wrapped in 
aluminum foil to protect them from light and incubated 
for 2 h. After incubation, the MTT solution was removed 
from the wells, and 100 ml dimethyl sulfoxide (Merck, 
Darmstadt, Germany) was added. After gentle shak-
ing of the plates (400 rpm, 5 min), optical density (OD) 
was measured at 570 and 620 nm (OD570–620nm) using 
an enzyme-linked immunosorbent assay reader (Thermo 
Labsystems, Franklin, MA, USA). The OD570–620nm value 
was used as a measure of cell viability.

Histology

Prelevated brains from sacrificed animals were long-term 
fixed in 6% paraformaldehyde. Fixed brain samples were 
embedded in paraffin, and 10-mm-thick serial coronal 
sections were prepared and mounted on glass slides. All 
slides were stained with hematoxylin and eosin.

Statistical Analysis

All data are represented as mean 6 SEM. Survival analy-
sis was performed using the log-rank test. For comparing 
multiple groups, one-way analysis of variance (ANOVA) 
was used. For comparison of two groups, Student t-test 
was performed. Statistics were calculated with Prism 
software (version 4.0a; Graphpad Software Inc., San 
Diego, CA, USA).

Results

Prophylactic Vaccination with RNA-Loaded  
DCs Induces a Protective Antitumor Immune  
Response In Vivo

We implemented RNA-loaded DC immunotherapy 
in an established IC mouse glioma model.27,28 Using 
a preventive treatment strategy consisting of two vac-
cinations with DCm ex vivo loaded with GL261 RNA 
(DCm-GL261-RNA) before tumor challenge (Fig. 1a), 
we observed a significant (p ,0.001) increase in median 
survival (Fig. 1b) compared to untreated animals (21 vs. 
35 days, respectively). Interestingly, vaccination with 
mock-loaded DCm (DCm-mock; 26 days, p ,0.001), 
DCm-LLC-RNA (29.5 days, p ,0.001), and splenocyte 
RNA-loaded DCs (DCm-splenocyte-RNA; 24 days,  
p 5 0.04) also shifted median survival significantly 
compared to untreated animals. However, compared to 
DCm-mock, only GL261-RNA loading of DCs yielded a 
significantly (p , 0.01) better survival and protected 12 
of 26 animals (46.2%) from tumor development. No pro-
tection was observed in untreated animals and animals 
treated with DCm-mock, DCm-LLC-RNA, or DCm-
splenocyte-RNA. In some experiments, mice respond-
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ing to DCm-GL261-RNA treatment were followed up 
to 5 months after tumor challenge and no relapse was 
noted. Consistent with overall survival, mapping of the 
tumor-induced neurological deficits (Fig. 1c) revealed 
not only a more pronounced clinical manifestation but 
also an earlier (p , 0.01) onset of symptoms in untreated 
animals (18.0 6 0.82 days) compared to DCm-GL261-
RNA–treated animals (29.2 6 2.21 days). Loss of body 
weight less than 80% of the initial weight coincided 
with the onset of neurological deficit (data not shown). 
Histological analysis on day 14 after tumor challenge 
showed immune cells infiltrating the tumor bed in ani-
mals that received DCm-GL261-RNA treatment (Fig. 
1d, left), whereas this phenomenon was absent or much 
less pronounced in untreated mice. Comparison of brain 
slides of untreated moribund (grade 4) mice and animals 
responding to DCm-GL261-RNA treatment (grade 0), 
sacrificed on day 21 after tumor challenge, showed the 
massive presence and total absence of tumor cell, respec-
tively (Fig. 1d, right).

Specificity of the induced immune response was 
assessed in vivo by SC challenge of mice with either 
GL261 glioma or MC17-51 fibrosarcoma tumor cells 

in mice that were treated with DCs loaded with either 
GL261 or MC17-51 RNA (Fig. 2). In GL261-challenged 
mice, a delay in onset of SC tumor growth was noted in 
DCm-GL261-RNA–treated (28.0 6 1.27 days) but not 
DCm-MC17-51-RNA–treated (19.0 6 0.41 days) ani-
mals compared to untreated mice (21.7 6 1.26 days). 
Reciprocally, tumor onset in mice that were challenged 
with MC17-51 fibrosarcoma cells was delayed compared 
to untreated mice (11.7 6 0.67 days) if mice were treated 
with DCm-MC17-51-RNA (21.7 6 0.48 days) but not if 
treated with DCm-GL261-RNA (11.7 6 0.42 days).

Vaccination with DCs Loaded with Total GL261 RNA 
Induces a Splenic and dLN Cell Population That Is 
Responsive to GL261 Ags

To study the immune status of animals that received 
DC treatment, we investigated whether cells responsive 
to GL261 Ags could be found within the splenocyte 
and/or tumor dLN cell pools. Therefore, the number 
of interferon- (IFN-)–producing cells upon specific 
in vitro restimulation with DCm-GL261-L was mea-
sured in an ELISPOT assay. Baseline values obtained 
prior to treatment did not reveal a significant number of 
IFN-–producing cells (data not shown). Compared to 
untreated animals, DC-treated mice displayed a signifi-
cantly higher number of both IFN-–producing spleno-
cytes (317 6 40.9 vs. 119 6 10.9, p , 0.01) and dLN cells 
(320 6 38.3 vs. 47.7 6 11.2, p , 0.001) when assessed 
14 days after SC tumor challenge (Fig. 3). Moreover, 
this observation was independent of the tumor (either 
GL261 glioma or MC17-51 fibrosarcoma) cells used for 
challenge.

Fig. 1. Vaccination with RNA-loaded dendritic cells (DCs) is par-
tially protective against subsequent intracranial glioma challenge. 
(a) Overview of the DC vaccination model. Mature DCs (DCm) 
ex vivo loaded with GL261 RNA (DCm-GL261-RNA) were intra-
peritoneally (IP) injected on day 14 and day 7 before tumor chal-
lenge. Tumor challenge consisted of intracranial (IC) implantation 
of 5 3 105 GL261 tumor cells under stereotaxic guidance. (b) Data 
represented as Kaplan-Meier graph of pooled experiments: sur-
vival curves of animals vaccinated with DCm-GL261-RNA (, n 
5 25), DCm-mock (▲, n 5 9), DCm Lewis lung carcinoma RNA 
(▼, n 5 4), DCm splenocyte RNA (■, n 5 5), and untreated ani-
mals (●, n 5 24). Overall log-rank p , 0.0001. (c) The tumor-
induced neurological deficit is displayed graphically over time by 
color-coding symptom severity, both for untreated mice (left, n 5 
8) and DCm-GL261-RNA–treated mice (right, n 5 16): grade 0 
(green), healthy mice; grade 1 (yellow), slight unilateral paralysis; 
grade 2 (orange), moderate unilateral paralysis and/or beginning 
hunchback; grade 3 (red), severe unilateral or bilateral paralysis and 
pronounced hunchback; grade 5 (black), moribund and/or dead 
mice. (d) Histological ana lysis of hematoxylin and eosin–stained 
brain slides: normal brain parenchyma (nb) adjacent to the tumor 
bed (tu) with infiltration of immune cells (arrows) on day 14 after 
tumor challenge from a DCm-GL261-RNA–treated animal (left), 
untreated mouse with progressive disease (upper right), and mouse 
responding to DCm-GL261-RNA treatment (lower right). Repre-
sentative pictures are shown from tissue slides obtained 21 days 
after tumor challenge.
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CD8+ T-Cells Are Essential for Endogenous and 
Vaccine-Induced Antitumor Immune Response In Vivo

Because RNA-loaded DCs are considered to act primar-
ily through priming of CD8+ T-cells, prophylactic DCm-
GL261-RNA treatment was combined with depletion of 
CD8a+ T-cells to study their in vivo role in our model. 

Survival (Fig. 4a) was significantly shortened (median 
survival of 18 days, p , 0.001) in mice in which CD8a+ 
T-cells were depleted compared to mice that received 
tumor challenge only (median survival of 22 days). Treat-
ment with DCm-GL261-RNA induced immunological 
protection and prolonged median survival to 45 days  
(p , 0.001 compared to untreated mice), whereas CD8a+ 
T-cell depletion in DCm-GL261-RNA–vaccinated mice 
shortened median survival (28 days; p 5 0.02 compared 
to DCm-GL261-RNA–vaccinated mice). The median 
survival of DCm-GL261-RNA–treated CD8-depleted 
mice was significantly longer as compared to untreated 
CD8-depleted mice (28 days vs. 18 days, p , 0.001). 
Interestingly, whereas DCm-GL261-RNA treatment 

Fig. 2. Treatment with mature dendritic cells (DCm) loaded with 
GL261 RNA (DCm-GL261-RNA) results in a GL261-tumor–specific 
immune response in vivo. To address specificity in vivo, mice were 
either left untreated or prophylactically treated with DCm-GL261-
RNA or DCm loaded with MC17-51 RNA and subsequently sub-
cutaneously (SC) challenged with GL261 glioma (●) or MC17-51 
fibrosarcoma () cells. The growth of SC tumors was measured 
with a caliper. For each group, the onset (in days after tumor chal-
lenge) of a detectable tumor mass is depicted.

Fig. 3. ex vivo assessment of specific immunization by treatment 
with mature dendritic cells (DCm) loaded with GL261 RNA (DCm-
GL261-RNA). Fourteen days after tumor challenge, splenocytes and 
draining lymph node cells (dLN) from either DCm-GL261-RNA–
vaccinated (DC; n 5 8) or untreated (control; n 5 8) mice were 
ex vivo restimulated for 36 h with DCm pulsed with GL261 lysate 
(DCm-GL261-L) or phytohemagglutinin (PHA). Cells that were left 
unstimulated were used as a negative control. The production of 
interferon- (IFN-) was measured with eLISPOT. Data are repre-
sented as mean 6 SeM number of IFN- spots per 2 3 105 cells. 
Two asterisks indicate p , 0.01; three asterisks indicate p , 0.001.

Fig. 4. Involvement of CD8+ T-cells in the endogenous and vaccine-
mediated antitumor immune response. Mice were left untreated or 
received prophylactic treatment with mature dendritic cells (DCm) 
loaded with GL261 RNA. At time of tumor challenge, CD8a+ T-cells 
were depleted in both groups by intraperitoneal injection of the 
YTS169 aCD8a monoclonal antibody (mAb). Animals that were 
not CD8a depleted were used as controls. (a) Survival data from 
pooled experiments are shown for untreated mice (■, solid line, 
n 5 8), CD8a-depleted mice (■, dashed line, n 5 8), vaccinated 
mice (●, solid line, n 5 7), and mice that received vaccination and 
were CD8a depleted (●, dashed line, n 5 7). Overall log-rank p 
, 0.0001. Arrows on the x-axis indicate timing of administration 
of the aCD8a mAb. (b) Draining lymph node cells were analyzed 
for CD8a and CD25 expression 7 days after tumor challenge in 
nondepleted (left) and CD8a-depleted mice (right). Numbers on 
dot plots indicate relative cell fractions in respective quadrants. A 
lymphocyte gate was set for the analysis.
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was sufficient to protect more than 40% of animals from 
glioma development, the combination of DCm-GL261-
RNA treatment with depletion of CD8a+ T-cells resulted 
in 100% mortality. Efficiency of depletion was moni-
tored over time and exceeded 90% when measured in 
cervical dLNs 8 days after depletion (Fig. 4b), and CD8 
cell numbers returned to normal values by day 15 (data 
not shown). To exclude a major impact of CD8a+ cell 
depletion on the prophylactically administered DC, the 
expression of CD8a on ex vivo–generated DCs was mea-
sured by indirect staining with unlabeled aCD8 mAb 
YTS169 followed by GAR:FITC. The expression of 
CD8a on DCs was 9.02% 6 1.25% (data not shown).

aCD25 Treatment Is Dominant to Treatment  
with DC Vaccination In Vivo

It has been well documented in experimental rodent 
models that malignancy recruits and expands Treg to 
dampen endogenous antitumor responses. In our model, 
FoxP3– expression on CD4+ splenocytes was assessed to 
investigate the influence of DC treatment on Treg. After 
two rounds of immunization with DCm-GL261-RNA 
but prior to tumor challenge, no differences in percent-
age of CD25+FoxP3+ cells within the CD4+ splenocyte 
population were noted compared to naive animals. In 
contrast, 14 days after tumor challenge, prophylactic 
DCm-GL261-RNA treatment resulted in a significant 
increase in splenic Treg compared to naive animals 
(11.9% 6 0.32% vs. 7.35% 6 0.19%, p , 0.01, n 5 5). 
In untreated mice, an increase in Treg upon tumor chal-
lenge was also noted compared to naive mice, although 
to a lesser extent (9.54% 6 0.31%, p , 0.05, n 5 5). 
Hence, these data represented the rationale to perform 
a series of experiments in which Treg were depleted in 
vivo prior to DCm-GL261-RNA treatment. We observed 
that independent of treatment with DCm-GL261-RNA, 
the injection of aCD25 (Fig. 5a) was able to rescue all 
tumor-challenged animals (p , 0.001). Depletion effi-
ciency was monitored (Fig. 5b) in peripheral blood 4 
days prior to and 10 days after tumor challenge (17 and 
31 days, respectively, after CD25 depletion). Whereas 
CD25+ cells were still significantly downregulated 4 days 
before tumor challenge (2.38% 6 0.13% for naive mice 
vs. 0.80% 6 0.04% for aCD25-treated mice, p , 0.001), 
a normalization of the percentage of CD25-expressing 
lymphocytes was noted by day 10 after tumor challenge 
(2.57% 6 0.02% for naive mice vs. 2.48% 6 0.03% 
for aCD25-treated mice). Strikingly, whereas the per-
centage of splenic CD25-expressing CD4+ lymphocytes 
was 9.37% 6 0.38% in naive littermates, it was still sig-
nificantly decreased in aCD25-treated mice (0.80% 6 
0.08%, p , 0.001, n 5 5) 14 days after tumor challenge. 
However, DCm-GL261-RNA vaccination after CD25 
depletion nearly completely rescued the CD25-expressing  
CD4+ cells (8.09% 6 0.13%, p , 0.001, n 5 5) com-
pared to aCD25 treatment only. Moreover, a substantial 
fraction (3.35% 6 0.72%) of the restored CD25+CD4+ 
splenic T-cells by combined treatment expressed the 
Treg transcription factor FoxP3 compared to 0.65% 
6 0.14% for mice that received aCD25 treatment only 

(p , 0.001). The total number of splenic CD4+ T-cells 
was not significantly different between groups (data not 
shown). The GL261 glioma cells did not express CD25 
themselves (data not shown).

Fig. 5. In vivo depletion of CD25+ cells is protective against sub-
sequent tumor challenge and is dominant to dendritic cell vac-
cination. In order to eliminate CD25+ Treg in vivo, mice received 
a single intraperitoneal administration of the aCD25 monoclonal 
antibody PC61, 1 week before treatment with mature dendritic 
cells (DCm) loaded with GL261 RNA (DCm-GL261-RNA). (a) 
Kaplan-Meier graph from pooled experiments depicting sur-
vival of untreated mice (■, solid line, n 5 11), CD25-depleted 
mice (■, dashed line, n 5 7), DCm-GL261-RNA–vaccinated 
mice (●, solid line, n 5 7), and mice treated with CD25 deple-
tion and DCm-GL261-RNA vaccination (●, dashed line, n 5 6). 
Overall log-rank p , 0.001. (b) Monitoring of CD25 expression 
was performed on blood samples obtained 4 days before and 10 
days after tumor challenge. Results are shown as mean 6 SeM  
(n 5 5, for each experimental group). Percent CD25 expression was 
calculated by gating on lymphocytes. Abbreviations: aCD25, anti-
CD25 monoclonal antibody; DC, dendritic cells; TC, T-cells. Two 
asterisks indicate p , 0.01; three asterisks indicate p , 0.001.
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DC Vaccination but Not Prophylactic Depletion  
of CD25+ Lymphocytes Induces Long-Lasting 
Antitumor Immunity

IC rechallenge of long-term survivors after a first tumor 
challenge revealed that initial depletion of CD25+ T-cells 
was not sufficient to maintain immunological protection 

since the median survival of 19.5 days after rechallenge 
in these mice was comparable with median survival of 
untreated animals upon first challenge, and since all 
of these animals also died (Fig. 6). On the other hand, 
aCD25 treatment with DCm-GL261-RNA vaccination 
resulted in protection of 50% of the animals (3 of 6), and 
median survival was significantly prolonged (63.5 days 
vs. 21 days for untreated animals, p , 0.01). Similarly, 
three of seven long-term surviving mice that received 
only DCm-GL261-RNA vaccination before primary 
challenge were also protected (median survival of 54 
days, p , 0.001 compared to untreated mice).

Lymphocyte Infiltration in the Brain of DC- and/or 
aCD25-Treated Mice and Induction of CD8+  
and CD4+ Memory T-Cells

Brain-infiltrating lymphocytes were analyzed by flow 
cytometry 14 days after tumor challenge. Total lympho-
cytes (Fig. 7a) were significantly increased by aCD25 
treatment, vaccination, and combined treatment com-
pared to untreated animals. Detailed analysis of CD4+ 
and CD8+ lymphocyte subpopulations was performed 
(Table 1). Tumor-bearing mice exhibited increased 
numbers of CD4+ effector, Treg, and CD8+ lymphocytes 
compared to naive animals, although this was not sig-
nificant. Separate treatment with either aCD25 or DCm-
GL261-RNA vaccination alone further boosted the 
influx of all above-mentioned subpopulations (except for 
Treg in aCD25-treated mice) with a significant increase 
in CD25+CD8+ T-cells. Combination therapy resulted 
in a significant upregulation of both CD4+ effector and 
Treg cells, but not CD8+ T-cells, compared to untreated 

Fig. 6. Dendritic cell vaccination but not anti-CD25 monoclonal 
antibody (aCD25) treatment induces persistent immunological pro-
tection against intracranial glioma challenge. Long-term surviving 
mice after a primary tumor challenge were rechallenged orthotopi-
cally with GL261 glioma cells. Kaplan-Meier curve depicts survival 
of animals that were initially (before primary tumor challenge) 
treated with aCD25 alone (▲, n 5 4), vaccination alone (●, n 5 
7), or aCD25 combined with vaccination (▼, n 5 6). Untreated 
control mice are also depicted (■, dashed line, n 5 16). Overall 
log-rank p , 0.001.

Fig. 7. Treatment with dendritic cells and/or anti-CD25 monoclonal antibody (aCD25) leads to infiltration of lymphocytes into the brain and 
the induction of immunological memory in CD8+ and CD4+ T-cells, respectively. Fourteen days after tumor challenge, mice were sacrificed, 
and brain-infiltrating lymphocytes were isolated as described. Mice were either left untreated or received treatment with either aCD25 
(aCD25 + TC), mature dendritic cells (DCm) loaded with GL261 RNA (DCm-GL261-RNA; Vax + TC), or combined treatment (aCD25 + Vax 
+ TC). As a control, naive littermates were analyzed. Data are from pooled experiments and are represented as mean absolute cell numbers 
6 SeM. For statistical analysis, treatment groups were compared to untreated animals. (a) Absolute numbers of total brain-infiltrating 
lymphocytes (million cells per mouse). CD62Llo cells were considered as memory T-lymphocytes. The expression of CD62L was monitored 
on both CD4+ (b) and CD8+ lymphocytes (c). Overall ANOVA p , 0.01 for both CD4+ and CD8+ T-cells. One asterisk indicates p , 0.05; 
two asterisks indicate p , 0.01; three asterisks indicate p , 0.001.
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animals. In comparison with aCD25 treatment only, 
combined treatment yielded a significantly higher influx 
of CD4+CD25+Foxp3– and Treg cells. Compared to vac-
cination only, only the CD4+CD25+Foxp3– subpopula-
tion was significantly increased in the combined treat-
ment group.

Analysis of the expression of CD62L (L-selectin) as 
memory T-cell marker on brain-infiltrating lymphocytes 
(Fig. 7b,c) revealed that DCm-GL261-RNA vaccination 
in combination with aCD25 treatment resulted in a sig-
nificant increase of CD4+CD62Llo cells (4.30 6 0.66 3 
105) compared to untreated mice (1.39 6 0.23 3 105,  
p , 0.001) and mice that received vaccination only (2.09 
6 0.41 3 105, p , 0.01). Depletion of CD25+ cells only 
resulted in a higher influx of CD4+CD62Llo cells (3.08 
6 0.26 3 105, p , 0.05) compared to mice that were left 
untreated. When CD8+CD62Llo cells were considered, a 
significant increase was noted in mice that received vac-
cination alone (1.46 6 0.15 3 105, p , 0.01) and com-
bined treatment (1.26 6 0.17 3 105, p , 0.05) compared 
to untreated mice (4.69 6 1.43 3 104).

Prophylactic In Vivo Depletion of Treg Allows  
Local Influx of Potent and Specific Antitumor 
Cytotoxic T-Cells into the Brain

The functionality of the brain-infiltrating cells was 
addressed ex vivo by coculturing sorted CD11b+ mye-
loid cells or CD11b– lymphoid cells as effector cells with 
target tumor cells. After 2 days of coculture, GL261 tar-
get cell viability (Fig. 8) was reduced by coculture with 
CD11b– effector cells from aCD25-treated mice (OD 
0.07 6 0.02, p , 0.001), vaccinated mice (OD 0.36 6 
0.01, p , 0.05), and mice that received combined treat-
ment (OD 0.11 6 0.03, p , 0.001) compared to untreated 
animals (OD 0.59 6 0.04). No effect on LLC target cell 
viability was noted. When CD11b+ effector cells were 
used, no significant cytotoxicity was noted against the 
GL261 or LLC target cells (data not shown).

Discussion

In this study, we validated in vivo the concept of tumor 
immunotherapy with ex vivo total RNA-loaded DCs in 
the context of malignant glioma. Moreover, the inevi-

table link between active immunotherapy and counter-
acting immune suppression was also investigated.

This immunotherapeutic approach was implemented 
in the well-established murine GL261 glioma model. We 
opted for prophylactic treatment since others reported 
the very aggressive nature of the GL261 model, neces-
sitating additional intervention in curative settings.44,45 
Moreover, this model reflects more the clinical thera-
peutic setting in which DC vaccination is also given 
at a stage of minimal residual disease after (sub)total 
resection and not at the time of bulky tumor disease.14–16 
Vaccination with DCm-GL261-RNA prolonged survival 
and protected nearly half of the treated animals against 
subsequent tumor challenge. Mapping of weight loss 
and tumor-induced neurological deficit clearly under-
scored our survival data.21 Finally, histological analy-
sis revealed DCm-GL261-RNA vaccination resulted in 

Table 1. Characterization of brain-infiltrating lymphocytes

 CD4+CD25–  CD4+CD25+Foxp3–  CD4+CD25+Foxp3+  CD8+CD25–  CD8+CD25+  
Treatment (3 104) (3 104) (3 103) (3 104) (3 103)

Naive (n 5 6) 9.47 6 1.21  0.04 6 0.01  0.22 6 0.11  10.5 6 0.97 0.19 6 0.05

Untreated (n 5 8) 19.5 6 2.37  2.39 6 0.70  19.9 6 7.10  15.4 6 3.72 5.78 6 1.32

aCD25 (n 5 10) 53.4 6 14.9  6.10 6 0.92  11.2 6 2.26  47.6 6 16.6 18.0 6 4.52*

DC (n 5 10) 38.5 6 4.76  7.02 6 1.45  28.2 6 5.66  35.4 6 5.09 18.2 6 1.29*

aCD25 + DC (n 5 9) 61.9 6 5.22* 18.2 6 4.71* 43.9 6 5.38* 50.0 6 10.5 12.2 6 2.09

Abbreviation: aCD25, anti-CD25 monoclonal antibody; DC, dendritic cells. Brain-infiltrating lymphocytes were isolated from naive, untreated, aCD25-treated, vaccinated, and 

vaccinated + aCD25-treated mice 14 days after tumor challenge. Within the CD4+ population, CD25 and CD25+FoxP3– effector cells and CD25+Foxp3+ Treg were assessed. For 

CD8+ T-cells, CD25– and CD25+ cells were discriminated. Pooled data are represented as mean absolute cell numbers 6 SeM.

*Significant difference between experimental groups and untreated animals. Significant differences between combined treatment and aCD25 treatment or vaccination only are 

highlighted by italic and boldface numbers, respectively.

Fig. 8. Specific antitumor cytotoxicity of brain-infiltrating lympho-
cytes by prophylactic dendritic cell (DC) vaccination and/or in vivo 
depletion of regulatory T-lymphocytes (TC). Sorted CD11b– brain-
infiltrating cells were used as effector cells in an in vitro tumor cell 
cytotoxicity assay. effector and target cells were cocultured for 48 
h at an effector-to-target ratio of 10:1. As target cells, either GL262 
glioma or Lewis lung carcinoma (LLC) cells were used. Optical den-
sity (OD) is depicted as measurement of target cell viability. Data 
are from repeated measurements in one assay on pooled samples 
(n 5 6 for each group). Abbreviations: aCD25, anti-CD25 mAbs; 
NS, not significant. One asterisk indicates p , 0.05; two asterisks 
indicate p , 0.01; three asterisks indicate p , 0.001.
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infiltration of lymphocytes and nonlymphoid cells, espe-
cially at the interface of the tumor mass with the normal 
brain parenchyma.

The specificity of any induced immune response rep-
resents a major issue when dealing with cellular cancer 
immunotherapy. The specificity of the immune response 
induced by RNA-loaded DCs in this model was dem-
onstrated in vivo by challenging DCm-GL261-RNA–
treated mice with an immunogenic fibrosarcoma cell line 
that is embryologically unrelated to glial tumors, or chal-
lenging DCm-MC17-51-RNA–treated mice with GL261 
tumor cells. In both cases, the DC-mediated immunity 
against the target tumor resulted in a delay of growth of 
the target tumor, in contrast to the unchanged growth 
rate of the nontargeted tumor. Specificity was also con-
firmed at the level of ex vivo cytotoxic activity of in vivo 
stimulated brain-infiltrating lymphocytes, which clearly 
depicted tumor-suppressive activity against the GL261 
tumor cells but not against the LLC cell line. However, 
we noticed that alongside immunization, treatment with 
DCm-LLC-RNA and DCm-splenocyte-RNA resulted 
in a prolonged median survival compared to untreated 
mice. A similar finding was observed in the group of 
mice treated with mock-loaded DCm. We postulate that 
the induction of a minor immune response upon tumor 
challenge itself might be boosted in a nonspecific man-
ner by administration of activated DCs. In none of these 
control conditions, however, did tumor-challenged mice 
survive, pointing to the specific immunological protec-
tive effect of DCm-GL261-RNA treatment.

The boosted status of the immune system of DCm-
GL261-RNA–vaccinated animals was shown by specific 
ex vivo restimulation of splenocytes and dLN cells. Sple-
nocytes and dLN cells responding to GL261 Ags were 
retrieved in DCm-GL261-RNA–treated animals and 
only to a significantly lower extent in untreated mice.

Only half of the treated mice could be protected. With 
the help of online monitoring of tumor load through in 
vivo BLI, we recently defined two different subcategories 
within mice that were not protected by DCm-GL261-
RNA treatment.21 One group of animals displayed in 
vivo flux values similar to those of untreated mice and 
are hence considered genuine nonresponding mice. 
On the other hand, we observed a fraction of partially 
responding mice that exhibited an initial tendency 
toward tumor rejection but later showed progressive dis-
ease. To our view, this is suggestive of a delicate balance 
between immunogenic antitumor and counteracting 
tolerogenic and/or suppressive mechanisms involved in 
the antiglioma immune response. This delicate balance, 
moreover, might be prone to interanimal variability. We 
therefore tried to unravel the balance between endog-
enous and/or vaccine-induced antitumor mechanisms 
and endogenous and/or tumor-induced tolerogenic or 
suppressive processes. This was accomplished by in vivo 
depletion of both CD8+ effector T-cells and CD25+ Treg 
with aCD8 and aCD25 mAb, respectively. 

In accordance with recently published data by Grauer 
et al.,37 we have shown that CD8+ T-cells are involved 
both in an endogenous immune response upon tumor 
challenge and a vaccine-mediated protective antitumor 

immune response. When CD8+ T-cells were depleted at 
the time of tumor challenge, immunological protection 
was completely abolished, and all animals died. How-
ever, the median survival of DCm-GL261-RNA–treated 
CD8-depleted mice was still significantly longer than 
that of the untreated CD8-depleted mice. This indicates 
that DC immunotherapy is not solely acting through 
CD8+ T-cells. Other key players such as CD4+ helper 
T-cells, natural killer (NK) cells, and NK/T-cells might 
be likewise affected by this kind of DC treatment.46–48 
In our hands, a minor fraction of the ex vivo differenti-
ated DCs from bone marrow progenitor cells that were 
used for immunization showed low expression of CD8a. 
Hence, this CD8a+ DC subpopulation is prone to in vivo 
elimination by the injection of aCD8a mAb 1 week after 
the second vaccination. The functional consequences of 
this phenomenon are not clear. The CD8aa homodimer 
has been regarded as a cell lineage marker rather than a 
molecule that could contribute to functional differences 
between (CD8a+) lymphoid and (CD8a–) myeloid DC.49 
However, Hong et al.50 recently reported that expres-
sion of CD8a on bone-marrow–derived DCs may play a 
functional role in enhancement of T-cell activation.

We noted that a single injection of a CD25-depleting 
mAb creates a temporal decrease in CD4+CD25+FoxP3+ 
Treg activity that is sufficient to completely protect ani-
mals from subsequent (early) IC tumor challenge. This 
attributes a dominant role to Treg in our experimental 
glioma model. A direct effect of aCD25 on GL261 cells 
was excluded, which agrees with recent findings of Curtin 
et al.,34 who also demonstrated that the efficiency of Treg 
depletion in a curative setting is dependent on the tumor 
burden since systemic administration of PC61 has a ben-
eficial effect on survival if applied 15 days after tumor 
challenge but not when given 24 days after tumor chal-
lenge. Other investigators have found that curative DC-
based immunotherapy in the GL261 model is efficient 
only if CD25-expressing Tregs are first depleted.39,51

The crucial role of Treg in glioma and other types 
of cancer and the impact on immunotherapy has been 
documented extensively both in humans and in experi-
mental rodent models by many groups.52–55 For an 
excellent review on this subject, we refer to the work of  
W. Zou.56 Recent evidence has arisen that aCD25 treat-
ment with the PC61 mAb does not result in a genuine 
depletion of Tregs but rather a functional inactivation of 
naive CD69lo Tregs with rapid internalization and shed-
ding of the IL-2 receptor a unit.57 Considerable caution 
should be taken into account when CD25 expression on 
CD4+ T-cells is used to monitor Treg kinetics. Hence, 
in this study, only FoxP3+ cells were considered the true 
Treg population. In our experiments, restoration of CD25 
expression in CD4+ splenocytes by vaccination after ini-
tial CD25 depletion was concomitant with an increase 
in FoxP3 expression. This suggests that DC treatment is 
capable of inducing Tregs besides its beneficial influence 
on the effector arm of cellular immunity. It remains an 
open question whether these FoxP3-expressing cells are 
true functional Tregs with in vivo suppressive capacity, 
since all animals that received combined treatment were 
long-term survivors from primary tumor challenge.
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From rechallenge experiments, we concluded that 
treatment with DCm-GL261-RNA was able to induce 
immunological memory against the tumor, since animals 
that initially received combined treatment (consisting of 
CD25 depletion and DCm-GL261-RNA vaccination) or 
survived after treatment with DCm-GL261-RNA alone 
displayed prolonged survival and were again partially 
protected against tumor challenge. To our view, the 
observed early and also late immunological protection 
against glioma challenge clearly demonstrates the effi-
ciency of immunization with DCs. On the other hand, 
mice that received aCD25 treatment only were not pro-
tected upon rechallenge, so either the vaccine-induced 
FoxP3-expressing CD4+CD25+ cells are nonfunctional 
Tregs, which is unlikely, or the balance between immu-
nogenicity and tolerance is again sufficiently tilted 
toward the former at a later time point (day 60). The 
local inflammatory environment might also downregu-
late Treg functionality, and this can be partially medi-
ated by IL-6–producing DCs.58,59 Jouanneau et al.60 
reported recently that lysate-loaded DCs are essential 
for the priming but inefficient for maintaining antitumor 
immune responses in the GL261 model since late tumor 
relapses were observed, finally resulting in the cure of 
only 20% of treated mice. However, we did not observe 
late tumor relapses. Van Meirvenne et al.61 showed ele-
gantly that in vivo depletion of Tregs enhanced both the 
primary and memory cytotoxic T-lymphocyte response 
elicited by mRNA-loaded DCs in an ovalbumin-specific 
tumor model. In our hands, DCm-GL261-RNA vaccina-
tion alone was sufficient for the induction of immuno-
logical protection and memory in about half of the mice, 
while all of the aCD25-treated mice survived but were 
not protected upon rechallenge. Hence, in the aforemen-
tioned setting, our data support a combined immuno-
therapeutic treatment consisting of Treg depletion and 
DCm-GL261-RNA vaccination for the induction of an 
optimal antitumor immune response.

Since systemic monitoring of immune reactions 
within the brain represents an artificial readout that can 
only partially reflect local events, we opted for genuine 
in situ investigation of brain-infiltrating cells. Taken 
together, we observed that both CD25 depletion and 
DCm-GL261-RNA vaccination, as well as combined 
treatment, before challenge with GL261 tumor cells 
allowed a massive lymphocyte infiltration into the brain. 
Effector lymphocytes, encompassing both CD4+CD25– 
and CD4+CD25+FoxP3– and CD8+ T-cells, were upregu-
lated by both aCD25 treatment and vaccination, as well 
as combined treatment. Combined treatment clearly 
expanded the Treg population, which is in concordance 
with the above-mentioned systemic monitoring data. In 
this regard, time kinetics could provide useful informa-
tion regarding the expansion and/or reduction in infil-
trating lymphocytes, but this was beyond the scope of 
the present report. Here, we provide evidence that the 
CD11b– lymphocyte fraction of the brain-infiltrating 
cells, in particular from animals in which CD25+ cells 
were prophylactically eliminated, contained the real 
cytotoxic effector cells, whereas the CD11b+ myeloid 
cells had little or no cytotoxic effect.

Mice that were treated with either DCm-GL261-
RNA alone or DCm-GL261-RNA together with aCD25 
clearly displayed a higher number of CD8+CD62Llo 
lymphocytes, whereas CD4+CD62Llo lymphocytes were 
mainly increased by aCD25 and combined treatment. 
This shift toward induction of immunological memory 
correlates with the initially vaccinated mice being par-
tially protected against IC rechallenge, even without 
CD25 depletion. The absolute increase in infiltrating 
CD8+ lymphocytes by DCm-GL261-RNA treatment 
and the concomitant memorylike phenotype of these 
cells further illustrate their involvement in the vaccine-
mediated antitumor immune response, as already evi-
denced by previously mentioned in vivo CD8 codeple-
tion experiments.

Overall, our primary goal is to improve glioma 
immunotherapy both by generating a more effective 
cellular-mediated antitumor response and by counter-
acting immune-suppressive mechanisms such as endog-
enous or tumor-induced Tregs. With the data presented 
here, we demonstrate the feasibility and efficiency of 
DC loading with total tumor RNA in vitro as well as in 
vivo. Moreover, we have partially unraveled the involve-
ment of CD8+ effector T-cells and CD25+ Tregs in the 
experimental GL261 murine glioma model. Elimina-
tion of Tregs by aCD25 treatment or other interven-
tions seems to represent a powerful weapon in the fight 
against cancer, but unfortunately it is not the ultimate 
tool in cancer immunotherapy after all.62–65 One should 
keep in mind that prolonged depletion of Tregs is not 
feasible due to the risk of eliciting autoimmune disease. 
Translated to the human system, pilot data on the use 
of Ontak (denileukin diftitox) and cyclophosphamide 
in cancer immunotherapy seemed very promising in 
downregulating Tregs, although conflicting data are 
arising.66–68 Moreover, not only are Tregs eliminated by 
aCD25 treatment, but also IL-2–dependent CD4+ helper 
T-cells and/or proliferating CD8+ lymphocytes can be 
affected.34 CTLA-4, a negative regulator of endogenous 
and vaccine-induced antitumor immunity, represents 
another good selective target in cancer immunotherapy. 
It has been shown in metastatic melanoma patients that 
sequential infusions of anti-CTLA-4 mAbs after DC 
vaccination generate a clinically meaningful antitumor 
immunity without grade 3 or grade 4 toxicity.69

The prognosis for patients diagnosed with high-grade 
malignant brain tumors and glioblastoma multiforme 
(GBM) in particular remains dismal, with a median 
survival of only 14 months for the latter subcategory. In 
general, patients respond poorly to the current state-of-
the-art treatment strategies, consisting of maximal safe 
surgical resection, radiotherapy, and chemotherapy.70 Due 
to spreading of the tumor cells into surrounding areas of 
the brain, all GBM patients display tumor relapse and 
die within 18 months.71 Hence, there is an urgent need 
for new treatment modalities that are able to specifically 
eradicate or at least suppress the residual glioma cells 
without serious adverse effects and with acceptable qual-
ity of life. In this perspective, autologous DC therapy (in 
which monocyte-derived DC are loaded with total lysate 
from the patients’ own tumors) is under investigation by 
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our research group in two phase I/II clinical trials for 
newly diagnosed and relapsed GBM. So far, postopera-
tive adjuvant DC vaccination in more than 100 patients 
with relapsed high-grade glioma yields interesting long-
term results, with about 25% 2-year survivors after vac-
cination, which compares favorably to any large study in 
recurrent high-grade glioma thus far.15 For newly diag-
nosed GBM, we are currently assessing the integration 
of DC vaccination into the conventional postoperative 
radiochemotherapy regimen.

The main objective of the work presented in this 
study was better insight into the mechanisms govern-
ing the induced immune response by DCm-GL261-RNA 
against malignant glioma. This work opens perspectives 
for a further detailed study of the cytokine expression 
patterns both locally in the tumor microenvironment 
and systemically in the different experimental treat-
ment groups described here. In conclusion, we postulate 
from the in vivo data presented here that the combined 
immunotherapeutic approach targeting both Tregs and 
effector T-cells leads to optimal immunological pro-
tection against malignant glioma. The ultimate goal is 

to refine immunotherapy directed against this type of 
malignancy, thereby improving the outcome of patients 
diagnosed with high-grade glial tumors.
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