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Abstract Chaperone-rich cell lysates (CRCLs) may play an
important role in the development of anti-tumor vaccines.
Tumor-derived CRCLs have been reported to activate dendrit-
ic cells (DCs) to elicit potent anti-tumor activity. However, the
role of DC-derived exosomes (DEXs) secreted from DCs
loaded with CRCLs in the treatment of tumors has not been
clearly determined. In the present study, DEXswere generated
from DCs loaded with CRCLs derived from GL261 glioma
cells. These DEXs, designated DEX (CRCL-GL261), were
then used to treat DCs to create DEX (CRCL-GL261)-DCs.
The DEX (CRCL-GL261)-DCs were found to promote cell
proliferation and cytotoxic T lymphocyte (CTL) activity of
CD4+ and CD8+ T cells in vitro compared with DEX
(GL261)-DCs, which were loaded with DEXs derived from
DCs loaded with GL261 tumor cell lysates. DEX
(CRCL-GL261)-DCs significantly prolonged the survival of
mice with tumors and inhibited tumor growth in vivo. In addi-
tion, DEX (CRCL-GL261)-DCs induced enhanced T cell infil-
tration in intracranial glioma tissues compared with other treat-
ments. DEX (CRCL-GL261)-DCs induced strong production
of anti-tumor cytokines, including interleukin-2 and
interferon-γ. Moreover, depletion of CD4+ and CD8+ T cells
significantly impaired the anti-tumor effect of DEX
(CRCL-GL261)-DCs. Finally, DEX (CRCL-GL261)-DCs
were found to negatively regulate Casitas B cell lineage lym-
phoma (Cbl)-b and c-Cbl signaling, leading to the activation of
phosphatidyl inositol 3-kinase (PI3K)/Akt and extracellular
signal-regulated kinase (ERK) signaling in Tcells. In summary,

we present evidence that DEX (CRCL-GL261)-DCs induce
more potent and effective anti-tumor T cell immune responses
and delineate the underlying mechanism by which DEX
(CRCL-GL261)-DCs exerted their anti-tumor activity through
modulating Cbl-b and c-Cbl signaling. These results provide
novel and promising insight for the development of an
anti-tumor vaccine.
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Abbreviations
CRCL Chaperone-rich cell lysate
DC Dendritic cell
DEX Dendritic cell-derived exosome
CTL Cytotoxic T lymphocyte
Cbl Casitas B cell lineage lymphoma
PI3K Phosphatidyl inositol 3-kinase
ERK Extracellular signal-regulated kinase
FS-IEF Free-solution isoelectric focusing
Hsp Heat shock protein
GRP94 Glucose-regulated protein 94
HTdR [3H]-thymidine

Introduction

Glioma is one of the most common malignant brain tumors,
with high morbidity and mortality worldwide (Mao et al.
2009). Despite the advances in current therapy for intracranial
glioma, including surgical resection with adjuvant radio- or
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chemotherapy (Maher et al. 2001), the disease continues to
have a poor prognosis and frequent recurrence, with a median
survival time of 14 months and a 5-year survival rate of less
than 2 % (Sanai and Berger 2008). Recently, many oncolo-
gists have highlighted immunotherapy for the treatment of
tumors. It has been suggested that the blood–brain barrier is
opened up under pathological conditions, permitting lympho-
cytes to enter the central nervous system (Parajuli et al. 2007).
Thereby, the immune system becomes involved in the central
nervous system disease, which provides a possibility for
treating intracranial glioma by immunotherapy.

Dendritic cells (DCs) are considered to be the most effec-
tive antigen-presenting cells. Such cells induce a strong im-
mune response in vivo, and DC-based immunotherapy has
become increasingly attractive for tumor therapy (Sabel
2009; Steinman 2012). The DC vaccine has been clinically
evaluated for tumor therapy, and it shows considerable effi-
ciency and safety (Ramanathan et al. 2014). However, it re-
tains some defects and needs improvement. Various agents,
including tumor cell lysates and tumor-derived DNA/
messenger RNA and cytokines, have been used to modify
DCs (Okada et al. 2011).

Recently, exosomes secreted by immune cells or tumor
cells have been investigated for their potential in tumor im-
munotherapy (Navabi et al. 2005; Wolfers et al. 2001).
Exosomes are extracellular vesicles with a diameter of
30–100 nm; with ultracentrifugation, they settle at a density
between 1.13 and 1.19 g/mL on a linear sucrose gradient
(Ailawadi et al. 2015; Buzas et al. 2014; Sluijter et al. 2014).
Various cells including tumor cells and immune cells have
been reported to secrete exosomes (Yang and Robbins
2011), and exosomes secreted from different parental cells
have been demonstrated to have various enriched proteins
with differing effects on immune activation (Stoorvogel
et al. 2002). DC-derived exosomes (DEXs) contain abundant
co-stimulatory molecules and major histocompatibility com-
plex (MHC) class I and II molecules and directly activate T
cell immunity (Mignot et al. 2006; Raposo et al. 1996;
Zitvogel et al. 1998). Loaded DEX by indirectly or directly
modifying DCs has been demonstrated to elicit an effective
immune response in vivo (Escudier et al. 2005; Morse et al.
2005). Therefore, DEXs have been proposed to be a useful
and effective agent for inducing anti-tumor immunity (Luketic
et al. 2007; Zitvogel et al 1998).

Chaperone-rich cell lysates (CRCLs) generated by a
free-solution isoelectric focusing (FS-IEF) technique have
drawn considerable attention in the development of effective
tumor therapies (Zeng et al. 2006b). CRCLs have been dem-
onstrated to contain at least four chaperone proteins, including
heat shock protein (Hsp) 70, Hsp 90, calreticulin, and
glucose-regulated protein 94 (GRP94) (Graner et al. 2003).
Although CRCLs also contain many unidentified proteins,
depletion of these four specific proteins significantly

abrogates the CRCL-induced immune response (Zeng et al.
2003). Chaperone proteins are able to interact with all peptides
in cells; thereby, chaperone–tumor antigen peptide complexes
are multivalent and can prevent immune escape. Hence,
tumor-derived CRCLs have potential in the development of
a vaccine.

To date, the underlying mechanism of exosomes in regu-
lating immune cells remains poorly understood. The Casitas B
cell lineage lymphoma (Cbl) proteins, including Cbl-b and
c-Cbl, have been suggested to play a critical role in setting a
signaling threshold for T cell activation (Lin and Mak 2007;
Rangachari and Penninger 2004). Cbl-b may negatively reg-
ulate T cell activation, and T cells lacking Cbl-b have been
reported to exhibit hyperproliferation with co-stimulation
(Bachmaier et al. 2000; Chiang et al. 2000). Cbl-b is
overexpressed in T cell anergy-promoting conditions (Jeon
et al. 2004), and it acts as a negative regulator of T cell recep-
tor (TCR) signaling (Liu 2004; Murphy et al. 1998; Thien and
Langdon 2005). However, whether Cbl is involved in regulat-
ing exosome-mediated T cell activation remains unknown.
DEXs have been suggested to more effectively activate naive
CD8+ proliferation and differentiation compared with
exosomes from tumor cells (Hao et al. 2006). A DC vaccine
generated fromDCs treated with tumor cell lysates was shown
to have potent anti-tumor immunity in vivo, prolong survival,
and improve quality of life (Lund-Johansen and Olweus
1999). Notably, Hao et al. demonstrated that DCs loaded with
DEXs provide more potent anti-tumor immunity than either
DEXs or DCs applied alone (Hao et al. 2007), implying that
DCs loaded with DEXs may offer a novel and effective vac-
cine for tumor therapy. In the present study, DEXs were gen-
erated by adding CRCLs to DCs and were then used to treat
DCs. The current study is the first to evaluate the anti-tumor
effect of DCs treated with DEXs derived from CRCL-loaded
DCs in vitro and in vivo, and it was intended to delineate the
underlying molecular mechanisms for these activities.

Materials and Methods

Animals

Six-week-old female C57BL/6 mice weighing 25–30 g were
obtained from the Experimental Animal Center (College of
Medicine, Xi’an Jiaotong University, Xi’an, China). Mice
were raised in pathogen-free cages (five per cage) under
standard conditions of dark–light cycles, room tempera-
ture, and humidity, with free access to water and food.
The animal experimental procedures were conducted un-
der a protocol that was reviewed and approved by the
Institutional Animal Care and Use Committee of Xi’an
Jiaotong University.
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Cell Cultures

Mouse glioma cells (GL261 cells) purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) were
grown in Roswell Park Memorial Institute (RPMI)-1640 me-
dium (Invitrogen, Carlsbad, CA, USA) containing 10 % fetal
bovine serum (FBS) plus 2 mML-glutamine and 1 % penicil-
lin and streptomycin. Normal mouse fibroblast cells (L929)
were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10 %
fetal calf serum and 1 % penicillin and streptomycin. The cell
culture was incubated in a humidified incubator at 37 °C con-
taining 5 % CO2.

Preparation of Glioma Cell Lysate and CRCL

GL261 cells cultured in RPMI-1640 medium containing inac-
tive FBS were frozen in liquid nitrogen for 10 min and
defrosted at 4 °C followed by centrifugation at 12,000g for
15 min. The supernatants were collected as glioma cell lysate
and stored at −80 °C. The protein concentration was measured
using the bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL, USA). CRCLs were extracted and purified by
FS-IEF as previously reported (Graner et al. 2000a), with
some modifications. In brief, cells were homogenized in
1 mL of radioimmunoprecipitation assay (RIPA) lysis buffer
plus 0.1 % detergents and 10 μL phenylmethylsulfonyl fluo-
ride. The homogenate was centrifuged at 10,000g at 4 °C for
30 min. The supernatants were collected and re-centrifuged at
100,000g at 4 °C for 1 h. Thereafter, the high-speed superna-
tants were collected and dialyzed. The protein concentration
was measured, and the samples were frozen in 25-mg aliquots.
For isoelectric focusing, the sample was subjected to FS-IEF
in a Bio-Rad Rotofor cell (Bio Rad Laboratories, Hercules,
CA, USA) at 15 W constant power for 5 h. Twenty fractions
were collected and detected by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) andWestern blot
analysis. Fractions containing proteins including GRP94,
Hsp90, Hsp70, and calreticulin were collected and dialyzed
into phosphate-buffered saline (PBS). The detergents were
cleared by passage over an Extracti-Gel matrix. Endotoxin
concentration was less than 0.01 endotoxic units/μg detected
by the Limulus amebocyte lysate assay (BioWhittaker,
Walkersville, MD, USA).

Generation of DCs

DCs were generated from bone marrow cells of C57BL/6
mice as described previously (Guo et al. 2002). In brief, mice
were sacrificed, and bone marrow cells were harvested and
cultured in RPMI-1640 medium containing 10 % FBS,
2 mML-glutamine, 1 mM sodium pyruvate, and 1% penicillin
and streptomycin, supplemented with 20 ng/mL granulocyte

macrophage colony-stimulating factor and 10 ng/mL interleu-
kin (IL)-4 (R&D Systems, Minneapolis, MN, USA). On the
third day, floating cells were removed and equal volumes of
fresh medium were added. On the sixth day, loosely adherent
and nonadherent cells were collected and further enriched by
CD11c MicroBeads (Miltenyi Biotec, Auburn, CA, USA) ac-
cording to the supplier’s instructions.

Preparation and Isolation of DEXs

A total of 25 mL of RPMI-1640 medium was added to the
culture compartment of CELLine 1000 bioreactor flasks
(INTEGRA Biosciences, Zürich, Switzerland). Until the
semipermeable membrane was fully infiltrated, DCs resus-
pended in 15 mL of medium (2.0×106 cells/mL) containing
10% FBSwere added to the culture compartment and 975mL
of fresh medium was added to a volume of 1000 mL, after
which the culture was continued for 7 days. GL261 cell lysate
or CRCLs (50 μg/mL) were added, and the cultures were
incubated for another 48 h. Cell culture supernatants were
harvested and centrifuged at 800g for 5 min followed by cen-
trifugation at 12,000g for 20 min at 4 °C. The supernatants
were collected and filtered through a 0.22-μm-pore filter
(Millipore, Boston, MA, USA) followed by ultracentrifuga-
tion at 110,000g for 3 h at 4 °C. The pellets at the bottom of
the tube were collected, resuspended in PBS, and
ultracentrifuged at 110,000g for 2 h. Finally, the pellets con-
taining exosomes were collected and stored at −80 °C until
use. The protein concentrations were quantified using the
BCA protein assay kit.

Preparation of DCs Loaded with DEX

The cultured DCs were divided into three groups (5×105 DCs
per group): DEX (GL261)-DCs, DCs treated with DEXs
(10 μg/mL) derived from DCs loaded with GL261 cell lysate;
DEX(CRCL-GL261), DCs treated with DEX (10 μg/mL) de-
rived from DCs loaded with CRCL extracted from GL261
cells; and L929-DCs, DCs treated with L929 cell lysate.
After 24 h incubation, all DCs in the three groups were treated
with tumor necrosis factor-α (10 ng/mL)and cultured for an-
other 48 h.

Intracranial Tumor Implantation

Mice were anesthetized by subcutaneous injection of sodium
pentobarbital (40 mg/kg), and DL216 cells (1×104) diluted in
2.5 μL of PBS were stereotactically implanted into the right
striatum, as reported previously (Ehtesham et al. 2002). Three
days af ter tumor cel l implantat ion, 1 × 105 DEX
(GL261)-DCs, DEX (CRCL-GL261)-DCs, or L929-DCs di-
luted in 2.5 μL of PBS was injected intrathecally. The injec-
tion was performed every 3 days during the experiment.
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Survival time was calculated as the time elapsed from the
tumor implantation until the death of the mice. The tumor
volume was assessed when the mice were dead, after being
euthanized by a subcutaneous injection of pentobarbital sodi-
um (100 mg/kg).

Cytotoxic T Lymphocyte Assay

Splenocytes were harvested from the normal or immunized
mice, and CD4+ and CD8+ T cells in splenocytes were further
purified by the mouse CD4+ T and CD8+ cell isolation kit
(Miltenyi Biotec). The cultured CD4+ and CD8+ T cells were
diluted to 1.5×106 cells/mL. Treated DCs, including L929-
DCs, DEX (GL261)-DCs, and DEX (CRCL-GL261)-DCs,
were added to T cells at a ratio of 1:3 (T/DCs) and incubated
for 3 days. The cultured cells were then used as effector cells
(E). After incubation, the stimulated effector cells were diluted
to 1×106 cells/mL and 100 μL per well was added to a 96-well
plate. GL261 glioma cells as target cells (T) were added at a
ratio of 10:1, 25:1, or 50:1 (E/T) and incubated at 37 °C for 5 h.
The cytolytic activity was examined by a cytotoxicity detection
kit (Promega, Madison, WI, USA) according to the manufac-
turer’s instruction.

Cell Proliferation Assay

CD4+ and CD8+ T cells were cultured with treated DCs (L929-
DCs, DEX (GL261)-DCs, DEX (CRCL-GL261)-DCs) in a
ratio of 1:3 (T/DCs) and incubated for 72 h. Then, 0.5 μCi of
[3H]-thymidine (3HTdR) was added to each reaction, and the
culture was continued for 16 h. The uptake of 3HTdR was
measured by a microBeta counter (Beckmen, Krefeld,
Germany).

Immunohistochemistry Staining

Brain tissues harvested from treated mice were frozen in dry
ice and cut into 10-μm sections. The sections were pretreated
with 5 % FBS (Sigma, St. Louis, MO, USA) for 30 min. The
sections were then stained with primary rat antibodies for CD4
and CD8 (Abcam, Cambridge, UK) and incubated for 1 h at
37 °C. The secondary antibody, horseradish peroxidase
(HRP)-conjugated goat anti-rat IgG, was added and incubated
for 30 min at 37 °C. The sections were developed with the
DAB Color Development Kit (Beyotime, Haimen, China) be-
fore being mounted on slides.

Evaluation of Cytokines

Intracranial tumor tissue was harvested, weighed, and homog-
enized in 1 mL of RIPA lysis buffer. The mixtures were cen-
trifuged to remove cellular debris, and the supernatants were
collected. The levels of IL-2 and interferon (IFN)-γ in the

supernatants were measured by using an enzyme-linked im-
munosorbent assay (ELISA) kit (R&D Systems, Minneapolis,
MN, USA). The cytokine levels were normalized to tumor
weight.

Depletion of CD4+ and CD8+ T Cells

For the depletion of CD4+ and CD8+ T cells, 0.5 mg of rat
anti-mouse CD4 (GK1.5) and CD8 (2.43) monoclonal anti-
bodies (Abcam, Cambridge, UK) diluted in 200 μL of PBS
were injected intraperitoneally into each mouse. Normal rat
IgG was used as the control. The first injection was performed
before tumor implantation, followed by once daily treatment
for the next three consecutive days and then twice a week.
Depletion efficiency was detected by flow cytometry assay
using fluorescein isothiocyanate (FITC)-labeled anti-CD4
and phycoerythrin (PE)-labeled anti-CD8 (BD Biosciences,
San Diego, CA, USA).

Western Blot Analysis

A total of 20 μg of proteins from cell lysis was separated by
electrophoresis on 12 % SDS-PAGE followed by transferring
to a nitrocellulose membrane (Bio-Rad). Nonfat milk (2.5 %)
was used as a buffer to block the nonspecific binding on the
membrane for 1 h at 37 °C. Primary antibodies diluted in
block buffer were then added, and membranes were incubated
at 4 °C overnight. The primary antibodies were as follows:
anti-Cbl-b, anti-Akt, and anti-β-tubulin were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-p-Akt
and anti-p-extracellular signal-regulated kinase (ERK)1/2
were purchased from Cell Signaling Technology
(Danvers, MA, USA); anti-c-Cbl was purchased from
Transduction Laboratories (Lexington, KY, USA); and
anti-ERK was purchased from Abcam (Abcam,
Cambridge, UK). After three washes with Tris-buffered
saline and Tween 20 (TBST), HRP-conjugated second-
ary antibody was added and incubation continued for
4 h. Finally, the protein band was detected by an en-
hanced chemiluminescence (ECL) detection system
(Amersham, Little Chalfont, UK).

Statistical Analysis

Data are presented as mean±standard deviation (SD).
Significant comparisons in different groups were ana-
lyzed by one-way ANOVA followed by Bonferroni post
hoc test. The survival curve was analyzed by the
Kaplan–Meier method. A p value less than 0.05 was
considered statistically significant.
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Results

DCs Loaded with DEX (CRCL-GL261) Promote
the Proliferation and Cytotoxic T Lymphocyte of T Cells In
Vitro

In our previous study, we have demonstrated that DEX
(CRCL-GL261) has more abundant expression of MHC class
I and II molecules, intercellular adhesion molecule-1, and oth-
er immune molecules than DEX (GL261), implying that it
possesses more potent immune activity (Bu et al. 2014).
Therefore, we sought to further investigate the effect of
DEX (CRCL-GL261) on immune activation. First, we exam-
ined the effect of DCs loaded with DEX (CRCL-GL261) on
the proliferation of T cells according to a previously described
method (Hao et al 2007). CD4+ and CD8+ T cells were puri-
fied from the spleens of mice and treated with DCs loaded
with DEX (GL261) or DEX (CRCL-GL261), respectively.
The DCs loaded with L929 cell lysate were used as the con-
trol, which yielded no obvious effect on the proliferation and

cytotoxic T lymphocyte (CTL) activity of T cells. Both DEX
(GL261)-DCs and DEX (CRCL-GL261)-DCs affected the
proliferation of CD4+ (Fig. 1a) and CD8+ (Fig. 1b) T cells,
but DEX (CRCL-GL261)-DCs exhibited more significant
motivating effect compared with DEX (GL261)-DCs.
Furthermore, DEX (CRCL-GL261)-DCs upregulated the cy-
totoxicity of CD4+ (Fig. 1c) and CD8+ (Fig. 1d) Tcells against
GL261 glioma cells more highly than DEX (GL261)-DCs.

Injection of DCs Loaded with DEX (CRCL-GL261) Prolongs
Survival and Inhibits Intracranial Glioma Growth in a Mouse
Model

To determine whether DCs treated with DEX (CRCL-GL261)
provided a therapeutic benefit against intracranial glioma
growth, DEX (GL261)-DCs or DEX (CRCL-GL261)-DCs
were delivered into established intracranial gliomas in
C57BL/6 mice. DEX (CRCL-GL261)-DC treatment was
found to significantly prolong survival compared with other
treatments (Fig. 2a). L929-DCs exhibited no protective effect,

Fig. 1 Effect of DCs loaded with DEX (CRCL-GL261) on the
proliferation and CTL of T cells. Detection of the proliferation of CD4+

(a) and CD8+ (b) T cells in response to treated DCs. L929, cells treated
with DCs pretreated with PBS; DEX (GL261), cells treated with DCs
pretreated with DEX derived from GL261 cell lysate-loaded DCs; DEX
(CRCL-GL261), cells treated with DCs pretreated with DEX derived
from purified CRCL-loaded DCs. T cells and DCs were incubated at a
ratio of 1:3 (T/DCs) and co-cultured for 72 h. Then 0.5 μCi of 3HTdR per

reaction was added, and the cells were continuously cultured for another
16 h. Cell proliferation was evaluated by measuring the uptake of 3HTdR
(cpm). Detection of the CTL of CD4+ (c) and CD8+ (d) T cells stimulated
by treated DCs. Treated T cells, as already mentioned, were co-incubated
with GL261 cells as targeted cells at a ratio of 10:1, 25:1, or 50:1 (E/T) at
37 °C for 5 h before the cytolytic activity was determined by a
cytotoxicity detection kit. *p<0.05; **p<0.01
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showing the same effect as the PBS control treatment. Both
DEX (GL261)-DC and DEX (CRCL-GL261)-DC treatment
groups were significantly different from the L929-DC or PBS
treatment groups (p<0.01, DEX (GL261)-DCs versus
L929-DCs or PBS group; p<0.001, DEX (GL261)-DCs ver-
sus L929-DCs or PBS group). A significant difference also
existed between the DEX (CRCL-GL261)-DC treatment
group and the DEX (GL261)-DC treatment group (p<0.01).
In addition, the effect of DEX (CRCL-GL261)-DCs on tumor
volume was evaluated. DEX (CRCL-GL261)-DC treatment
significantly decreased tumor growth in comparison with the
L929-DC treatment and the PBS control (p<0.001; Fig. 2b).
DEX (CRCL)-DCs yielded significant inhibition of tumor
growth compared with L929-DCs or PBS (p<0.01), but
DEX (CRCL-GL261)-DCs showed greater inhibition of tu-
mor growth in comparison with DEX (GL261)-DCs
(p<0.05).

DCs Loaded with DEX (CRCL-GL261) Induce Enhanced T
Cell Infiltration in Intracranial Glioma

To determine whether the delivery of DCs loaded with DEX
(CRCL-GL261) triggered a more dramatic T cell response
in vivo in mice, we used immunohistochemistry to assess
the infiltration of CD4+ and CD8+ in intracranial gliomas.
Negligible CD4+ and CD8+ T cell infiltration in tumors was
observed in mice in the PBS and L929-DC treated groups.
DEX (GL261)-DCs resulted in a certain degree of intracranial
T cell infiltration, but DEX (CRCL-GL261)-DCs induced
more robust CD4+ and CD8+ T cell infiltration than DEX
(GL261)-DCs (Fig. 3). These results suggest that DCs loaded
with DEX (CRCL-GL261) exhibited a strong protective effect
against intracranial tumors by inducing enhanced T cell
infiltration.

T Cells from Mice Treated with DEX (CRCL-GL261)-DCs
Exhibit an Enhanced Tumor-Specific CTL Against GL261

To determine whether DEX (CRCL-GL261)-DCs elicited a
tumor-specific immunity, mice that survived tumor implanta-
tion for 8 weeks after DC treatments were subjected to CTL
detection. CD4+ and CD8+ T cells isolated from splenocytes
were re-stimulated with mitomycin C-treated GL261 cells that
were used as effector cells. Glioma cells GL261 and mouse
mastocytoma cells P815 were used as target cells. Compared
with the L929-DC-treated group, both the DEX
(CRCL-GL261)-DC- and DEX (GL261)-DC-treated groups
showed a significant increase in CTL activity of CD4+ and
CD8+ T cells (p<0.001). Nonetheless, mice treated with DEX
(CRCL-GL261)-DCs showed significantly higher CTL activ-
ity compared with those treated with DEX (GL261)-DCs
(p<0.01). Furthermore, CD4+ and CD8+ T cells from DEX
(CRCL-GL261)-DCs showed GL261-specific CTL activity,

whereas no cytolytic effect was observed on P815 cells
(p<0.001) (Fig. 4a, b).

Depletion of T Cells Weakens the Anti-tumor Effect of DEX
(CRCL-GL261)-DCs

To further validate T cells being involved in anti-tumor activ-
ity induced by DEX (CRCL-GL261)-DCs, CD4+ and CD8+ T
cells were depleted by the injection of anti-CD4 or anti-CD8
monoclonal antibody (mAb) before and after DEX
(CRCL-GL261)-DC treatment. The results showed that deple-
tion of CD8 CD4+ and CD8+ T cells significantly impaired
anti-tumor effects of DEX (CRCL-GL261)-DCs in mice with
intracranial tumors, and long-term survival was not observed
in either group (p<0.01, DEX (CRCL-GL261)-DCs+
anti-CD4 vs. DEX (CRCL-GL261)-DCs+IgG; p<0.001,
DEX (CRCL-GL261) -DCs + an t i -CD8 vs . DEX

Fig. 2 Effect of DCs loaded with DEX (CRCL-GL261) on the
experimental glioma in C57BL/6 mice. a Kaplan–Meier survival curve
of intracranial glioma-bearing mice injected intrathecally with PBS,
L929-DCs, DEX (GL261)-DCs, or DEX (CRCL-GL261)-DCs. N=20
per group. b Volume of tumors of the groups mentioned above.
*p<0.05; **p<0.01; ***p<0.001
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(CRCL-GL261)-DCs+IgG). It is noteworthy that the deple-
tion of CD8+ T cells had a more significant negative impact
on the survival of tumor-bearing mice (p<0.01; DEX
( C R C L - G L 2 6 1 ) - D C s + a n t i - C D 8 v s . D E X
(CRCL-GL261)-DCs+anti-CD4). These data imply that
the anti-tumor immunity of DEX (CRCL-GL261)-DCs is
CD4+ and CD8+ T cell dependent, with CD8+ T cells
playing a more important role in the anti-tumor immu-
nity induced by DEX (CRCL-GL261)-DCs (Fig. 5a).
The depletion efficiency of anti-CD4 or anti-CD8 mAb
was validated by flow cytometry assay in which CD4+

and CD8+ T cell populations were rarely detected in
mice treated with anti-CD4 or anti-CD8 mAb, respec-
tively (Fig. 5b).

DEX (CRCL-GL261)-DCs Induce Strong Production of IL-2
and IFN-γ

To further verify that DEX (CRCL-GL261)-DCs potentiated
strong anti-tumor immunity, we detected the expression levels
of cytokines IL-2 and IFN-γ in brain tumor tissues, using the
ELISA method. We found that tumor tissues from DEX
(GL261)-DC-treated mice exhibited high levels of IL-2 and
IFN-γ compared to mice treated with PBS or L929-DCs.
There were also significant differences between mice treated
with DEX (CRCL-GL261)-DCs and DEX (GL216)-DCs
(Fig. 6a).We also assessed the IL-2 and IFN-γ secretion ability
of T cells from mice treated with DEX (CRCL-GL261)-DCs
that survived tumor implantation for 8 weeks. CD4+ and CD8+

Fig. 3 Effect of DCs loaded with
DEX (CRCL-GL261) on T cell
infiltration in intracranial glioma.
CD4+ (left panel) and CD8+ (right
panel) T cell infiltration was
examined 4 weeks after DC first
time treatment by
immunohistochemistry using
anti-CD4 and anti-CD8
antibodies, respectively
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T cells isolated from splenocytes were re-stimulated with mi-
tomycin C-treated GL261 cells, and the secretion levels of IL-2
and IFN-γ were examined. We found that IL-2 (Fig. 6b) and
IFN-γ (Fig. 6c) production was significantly potentiated in
both CD4+ and CD8+ T cells in the group treated with DEX
(CRCL-GL261)-DCs compared with the other groups. These
results indicate that DEX (CRCL-GL261)-DCs induced potent
anti-tumor immunity in vivo by the upregulation of IL-2 and
IFN-γ, which were both closely related to anti-tumor immuni-
ty (Chen et al. 2006).

DEX (CRCL-GL261)-DCs Maintain T Cell Activation
by Regulating Cbl-b and c-Cbl Signaling

To exp lo re the under ly ing mechan i sm of DEX
(CRCL-GL261)-DCs in inducing potent anti-tumor activity,
we examined their effects on Cbl-b and c-Cbl, which play an
essential role in setting the signaling threshold for T cell acti-
vation (Lin and Mak 2007; Rangachari and Penninger 2004).
I n t h e s p l e n o c y t e s i s o l a t e d f r om m i c e , DEX
(CRCL-GL261)-DC treatments had lower Cbl-b and c-Cbl
expression compared with other groups. To further confirm
the increased expression of Cbl-b and c-Cbl, we detected the
expression of their downstream genes. We found that the p85
regulatory subunit of PI3K and phosphorylation of Akt were
highly upregulated by DEX (CRCL-GL261)-DCs in

splenocytes. Furthermore, the phosphorylation of ERK1/2
was also increased by DEX (CRCL-GL261)-DC treatment
(Fig. 7a). To further validate that PI3K/Akt and ERK1/2 sig-
naling was involved in regulating the potent immunity in-
duced by DEX (CRCL-GL261)-DCs, we treated splenocytes
with DEX (CRCL-GL261)-DCs in the presence of PI3K in-
hibitor LY294002 and ERK1/2 inhibitor PD98059 and deter-
mined their proliferation and CTL activity. We found that
inhibition of P13K or ERK1/2 significantly decreased the
ability of DEX (CRCL-GL261)-DCs to enhance cell prolifer-
ation (Fig. 7b) and CTL activity (Fig. 7c). Taken together,
these results suggest that DEX (CRCL-GL261)-DCs induced
potent T cell activation by negatively regulating Cbl-b and
c-Cbl signaling, leading to the activation of PI3K/Akt and
ERK1/2 signaling.

Discussion

In the current study, we gathered evidence that DCs treated
with DEXs derived from CRCL-loaded DCs have a substan-
tial anti-tumor effect against glioma in vitro and in vivo com-
pared with those treated with DEXs derived from DCs loaded
with tumor cell lysates. DCs and DEXs have been separately
used as vaccines for tumor treatment, but the efficiency needs
to be improved. DCs loaded with tumor cell lysates have
potent anti-tumor immunity in vivo, prolong survival, and
improve life quality (Lund-Johansen and Olweus 1999). In
particular, DCs loaded with tumor-derived exosomes have
been reported to significantly improve survival in malignant
mesothelioma-bearing mice in comparison with DCs loaded
with tumor cell lysate (Mahaweni et al. 2013). DCs loaded
with exosomes derived from glioma tissues elicit potent
tumor-specific CD8+ CTL activity (Bu et al. 2011). Notably,
Hao et al. demonstrated that DCs loaded with DEXs provide
more potent anti-tumor immunity than either DEXs or DCs
applied alone (Hao et al 2007). Here, we found that DEX
(CRCL-GL261)-DCs elicited potent cell proliferation and
CTL activity in CD4+ and CD8+ T cells, implying that DEX
(CRCL-GL261)-DCs induced a T cell immune response. In
vivo immunohistochemical experiments demonstrated that
CD4+ and CD8+ T cell infiltration was markedly enhanced
in intracranial mouse glioma tissues by treatment with DEX
(CRCL-GL261)-DCs as compared with other treatments.
Furthermore, depletion of CD4+ or CD8+ T cells significantly
impaired the treatment effects of DEX (CRCL-GL261)-DCs,
implying that DEX (CRCL-GL261)-DCs elicited anti-tumor
immunity through the induction of T cell immune response.

Chaperone proteins such as Hsp70, Hsp90, calreticulin,
and GPR94 purified from tumors have been reported to

Fig. 4 Tumor-specific CTL activity of T cells. Spleen CD4+ (a) and
CD8+ (b) T cells from L929-DC-, DEX (GL261)-DC-, or DEX
(CECL-GL261)-DC-treated mice 8 weeks after tumor implantation
were re-stimulated with mitomycin C-treated GL261 cells for 5 days,
and the CTL activity was measured against GL261 or mouse
mastocytoma cells P815 at a ratio of 10:1, 25:1, and 50:1 (E/T)
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individually exhibit effective, specific anti-tumor activity
(Basu and Srivastava 1999; Graner et al. 2000b; Nair et al.
1999; Tamura et al. 1997; Udono and Srivastava 1994). In
particular, vaccines based on tumor-derived GRP94 have been
used in clinical trials (Caudill and Li 2001; Janetzki et al.
2000; Srivastava and Amato 2001). Since Graner et al.
(2000a) first used the FS-IEF method to purify and identify
CRCLs, a multi-protein complex including Hsp70, Hsp90,
calreticulin, GRP94, andmany unidentified proteins, their role
in anti-tumor agent development has been widely studied
(Zeng et al 2006b). CRCLs exhibit more effective
anti-tumor activity than an equivalent total quantity of any
individual chaperone proteins such as Hsp70, Hsp90, or
GPR94 (Graner et al 2000a). CRCLs are a multivalent tumor
antigen that may enable DCs to effectively present antigens to
T cells, thus leading to potent T cell immunity. Importantly,
depletion of the four specific proteins significantly abrogates
the CRCL-induced immune response (Zeng et al 2003).

CRCL-loaded DCs induced more potent maturation of DCs
and significantly prolonged the survival of tumor-bearing
mice in a CD4+ and CD8+ T cell-dependent manner (Li
et al. 2007; Zeng et al 2003). Here, we found that DEX
(CRCL-GL261)-DCs also induced an anti-tumor immune re-
sponse in a CD4+ and CD8+ T cell-dependent manner, al-
though CRCLs have also been reported to exert an
anti-tumor effect through natural killer cells (Zeng et al.
2006a). Interestingly, CRCL-loaded DCs are more resistant
to a tumor-induced regulatory T cell suppression effect
(Larmonier et al. 2008). (Guntinas-Lichius 2008) and have
demonstrated that CRCLs induce both T cell-specific and B
cell-specific responses against breast cancer. However, the
role of CRCLs in the induction of anti-tumor immunity is in
doubt. The combination of imatinib with DC-loaded tumor
cell-derived CRCLs acquired high activation-specific T cell
and potent anti-tumor activity (Zeng et al. 2004). In the pres-
ent study, the DCs loaded with DEXs derived from

Fig. 5 Effect CD4+ and CD8+ T cel l deplet ion on DEX
(CRCL-GL261)-DC-mediated anti-tumor immunity. a Kaplan–Meier
survival curve of intracranial glioma-bearing mice. Intracranial
glioma-bearing mice were randomly divided into four groups. One
group was treated with L929-DCs and intraperitoneally injected normal
ra t IgG; the other three groups were t rea ted wi th DEX
(CRCL-GL261)-DCs plus injection with anti-CD4+ T cell-depleting
antibody, anti-CD8+ T cell-depleting antibody, or normal rat IgG. N=12

per group. b Flow cytometry assay of CD4+ and CD8+ T cell population
in mice treated with different antibodies. Peripheral blood (100 μL) was
collected and mixed with 20 μL of FITC-labeled anti-CD4 and
PE-labeled anti-CD8 and incubated for 15 min in darkness. Then,
500 μL of hemolysin was added, and the samples were incubated for
10 min followed by centrifugation at 1500g for 5 min. The cell
precipitate was resuspended in PBS and detected by flow cytometry

J Mol Neurosci (2015) 56:631–643 639



CRCL-loaded DCs were found to markedly prolong the sur-
vival of tumor-bearing mice in comparison with other treat-
ments, implying that the generation of a DC vaccine based on
our methods would have potent anti-tumor activity.

The precise underlying molecular mechanism of potent
exosome-mediated anti-tumor activity remains unclear. Here,
we demonstrated that both Cbl-b and c-Cbl expression levels
in T cells were downregulated upon treatment with DEX
(CRCL-GL261)-DCs, implying that Cbl-b and c-Cbl signal-
ing was involved in regulating T cell activation induced by
them. Overexpression of c-Cbl decreases TCR-induced
zeta-associated protein of 70 kDa (ZAP-70) activation, which
initiates kinase activity in various downstream signaling path-
ways (Chan et al. 1995; Fournel et al. 1996; Rao et al. 2000).
Co-stimulatory signals such as CD43 were found to abrogate
the interaction between c-Cbl and ZAP-70 (Pedraza-Alva
et al. 2011). Co-stimulation was also found to reduce Cbl-b
activity (Zhang et al. 2002). Therefore, one can speculate that
vaccines based on CRCLs, such as DEX (CRCL-GL261)-
DCs in the present study, may provide extensive
co-stimulatory signals that block c-Cbl and Cbl-b signals, thus
favoring sustained TCR signaling and T cell activation. Both
c-Cbl and Cbl-b are involved in decreasing PI3K activity
by their E3 ubiquitin ligase activity (Fang and Liu 2001;
Yingchun et al. 2011). In addition, ERK was also negatively
regulated by Cbl-b and c-Cbl in the activation of Jurkat T cells

(Zhao et al. 2013). As expected, we demonstrated that DEX
(CRCL-GL261)-DCs not only inhibit the expression of Cbl-b
and c-Cbl but also increase the protein levels of p85-PI3K and
the phosphorylation of Akt and ERK. These results demon-
strate the underlying molecular mechanism of DEX
(CRCL-GL261)-DCs in triggering potent anti-tumor immuni-
ty. Furthermore, the inhibition of PI3K or ERK by specific
inhibitors significantly abrogated the potent effect of DEX
(CRCL-GL261)-DCs on Tcell proliferation and CTL activity,
further confirming that DEX (CRCL-GL261)-DCs enhanced
T cell activation by negatively regulating Cbl-b and c-Cbl,
leading to the increased activation of PI3K/Akt and ERK.
Interestingly, Cantrell et al. (2010) found that tumor-derived
CRCLs promote the activation of DCs and macrophages by
inducing mitogen-activated protein kinase, signal transducer
and activator of transcription, and nuclear factor-kappa B ac-
tivation both in vitro and in vivo.

In summary, our study demonstrated for the first time that
DCs loaded with DEX from glioma cell-derived
CRCL-loaded DCs exhibited potent anti-tumor activity
against intracranial mouse glioma by sustaining T cell activa-
tion. Furthermore, these results also provided a potential
mechanism by which CRCL-based vaccines exert their
anti-tumor activity. In the present study, the manner of gener-
ating DCs loaded with DEX derived from CRCL-loaded DCs
provided novel and promising insight for developing

Fig. 6 Effect of DEX (CRCL-GL261)-DCs on IL-2 and IFN-γ
expression. Detection of IL-2 (a) and IFN-γ (b) levels in tumors from
glioma-bearing mice treated with PBS, L929-DCs, DEX (GL261)-DCs,
or DEX (CRCL-GL261)-DCs. Examination of IL-2 (c) and IFN-γ (d)

production levels in spleen CD4+ and CD8+ T cells. Spleen CD4+ and
CD8+ T cells were isolated from mice that survived for 8 weeks after
tumor implantation and were re-stimulated with mitomycin C-treated
GL261 cells for 5 days. *p<0.05; **p<0.01
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anti-tumor vaccines based on CRCLs. Further development
and investigation are warranted.
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