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Abstract. 4-1BB signaling has profound effects on the T cell-
induced cell immune response, but its biological function in 
dendritic cells (DCs) has remained largely uncharacterized. In 
this study, we investigated the function of 4-1BB in murine DCs 
with an agonistic mAb to 4-1BB. Interleukin (IL)-6 and IL-12 
production was assessed by an enzyme-linked immunosorbent 
assay (ELISA). Co-stimulatory molecules (CD80 and CD86) 
in DCs were analyzed by flow cytometry. The results showed 
that 4-1BB was strongly expressed in DCs during the matura-
tion process. Triggering 4-1BB increased the secretion of IL-6  
and IL-12 and the upregulation of co-stimulatory molecules 
(CD80 and CD86) from DCs, indicating that agonistic mAb to 
4-1BB directly improves the activation of DCs. Moreover, trig-
gering 4-1BB induced a higher survival rate of DCs compared 
to that of hamster IgG isotype control, due to the upregulated 
expression of Bcl-2 and Bcl-xL. To further assess the role of 
4-1BB on DCs stimulating T-cell proliferation, allogeneic 
mixed lymphocyte reactions were analyzed. The agonistic 
anti-4-1BB mAb induced a higher T-cell proliferation. These 
results suggest that 4-1BB affects the duration, DC-T interac-
tion and immunogenicity of DCs.

Introduction

Dendritic cells (DCs) are potent antigen-presenting cells 
that play a central role in immunity (1). Following antigen 
uptake in the peripheral tissue, immature DCs migrate to the 
secondary lymphoid organs where they interact with T cells, 
undergoing maturation characterized by an increased ability 
to process and present antigenic peptides, and a simultaneous 
decrease in their ability to phagocytose Ags (2). Following 
maturation, DCs upregulate the expression of both MHC and 
co-stimulatory molecules, and downmodulate anti-apoptotic 

molecules to regulate an Ag-specific immune response simul-
taneously (3).

4-1BB is a TNFR superfamily member expressed by 
activated T lymphocytes (4). Its activation in T cells enhances 
T-cell proliferation, long-term survival, the anti-apoptosis of  
activation-induced CD8+ T cells (5) and the release of 
T-helper type 1 (Th1) cytokines such as IFN-γ and IL-2 (5,8). 
The systemic treatment of mAbs against 4-1BB or gene 
transfer of the 4-1BB ligand into tumor cells induces marked 
cell-mediated immune responses against tumors (9,10). The 
administration of anti-4-1BB mAb in tumor-bearing mice leads 
to the regression of established tumors in a number of mouse 
models (11). 4-1BB-mediated signaling plays a significant 
role in T-cell activation and T cell-mediated immune response, 
which is well characterized; however, its role on DCs is less 
well understood.

To further characterize the function of 4-1BB in DCs, we  
used an agonistic mAb against 4-1BB to trigger 4-1BB signaling  
and detected its immunoactivity in dendritic cells.

Materials and methods

Animals, cell lines and antibodies. Female C57BL/6 (H-2 Kb) 
mice, 6-8 weeks old, were obtained from Shanghai SLAC 
Laboratory Animal Co., Ltd. (Shanghai, China). Animals were 
maintained at the Central Animal Facility of Wuhan University 
according to standard guidelines, and experiments were 
conducted according to the guidelines of the China Council for 
Animal Care. Cells were cultured in RPMI-1640 medium with 
10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml  
penicillin and 100 µg/ml streptomycin at 37˚C in a humidified 
atmosphere containing 5% CO2.

Anti-4-1BB mAb (clone 158,321) was purchased from R&D 
Systems (Minneapolis, MN, USA), and FITC- or PE-labeled 
monoclonal antibodies specific for CD11c, CD80, CD86 and 
4-1BB were purchased from BD Pharmingen (San Diego, CA, 
USA). Rabbit anti-Bcl-2 mAb, rabbit anti-Bcl-xL mAb and 
hamster IgG isotype control mAb were purchased from Cell 
Signaling Technology.

Isolation and maturation of DCs. Mouse DCs were generated 
from bone marrow suspensions harvested from 6-8-week old 
C57BL/6 mice according to the literature (12), with slight 
modifications. Briefly, bone-marrow cells were harvested from 
femurs and tibias, depleted of red blood cells and washed twice 
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in phosphate-buffered saline (PBS). Cells were resuspended in a 
DC medium consisting of RPMI-1640 supplemented with 10% 
heat-inactivated FCS (Gibco, USA), 10 ng/ml GM-CSF (R&D 
Systems), 10 ng/ml IL-4 (R&D Systems), 50 mM 2-mercap-
toethanol, 100 IU/ml penicillin and 100 µg/ml streptomycin.  
The cells were then cultured (37˚C, 5% CO2) in 6-well plates at 
1x106 cells/3 ml/well. On days 3 and 5 of culture, floating cells 
were gently removed, and fresh mGM-CSF/mIL-4-containing 
medium was added. On day 6, non-adherent cells and loosely 
adherent proliferating DC aggregates were collected. Mature 
DCs were generated by the addition of 10 ng/ml LPS (Sigma) 
for a further 24 h of culture. The mature DCs were then cultured 
in medium with 100 µg anti-4-1BB Ab, hamster IgG isotype 
control Ab or with no added antibody for another 48 h for the 
subsequent experiments.

Surface marker analysis of DCs. For phenotypic analyses by 
flow cytometry, 4-1BB Ab-treated DCs (5x105) were stained 
for 30 min on ice with FITC- or PE-labeled monoclonal anti-
bodies specific for CD11c, CD80 and CD86 (BD Pharmingen). 
After washing three times in PBS, the cells were analyzed by 
flow cytometry. Isotype-matched monoclonal antibodies were 
used as controls.

Cytokine production by DCs. For the cytokine assays, culture 
supernatants were harvested and used for the enzyme-linked 
immunosorbent assay (ELISA). Mouse IL-6 and IL-12 
Quantikine ELISA Kit (R&D Systems) were used to detect 
IL-6 and IL-12, respectively, following the manufacturer's 
instructions.

Apoptosis analysis by flow cytometry. For the apoptosis 
analysis, 4-1BB Ab-treated DCs (5x105) were collected, and 
staining was performed using FITC-conjugated annexin V and 
propidium iodide (PI) according to the manufacturer's instruc-
tions. Apoptosis was analyzed by flow cytometry (Apoptosis 
Kit, BD Pharmingen, Germany).

Western blot analysis. DCs were collected and lysed. The 
lysates were separated on 10% SDS-PAGE. Following 
electrophoresis, the protein blots were transferred onto a 
nitrocellulose membrane (Amersham, Waukesha, WI, USA). 
The membrane was blocked with 5% non-fat milk in TBST 
for 1 h and incubated overnight with rabbit anti-Bcl-2 or rabbit 
anti-Bcl-xL mAb at 4˚C. After three washes with TBST, the 
membrane was incubated at 37˚C for 1 h with horseradish 
peroxidase-conjugated goat anti-rabbit IgG secondary anti-
body diluted with TBST. The detected protein signals were 
visualized using an enhanced chemiluminescence reaction 
system. Western blotting for β-actin was used as an internal 
sample.

Proliferation assay. Mixed leukocyte reaction (MLR) was 
performed using three types of mature DCs (anti-4-1BB 
Ab-treated DCs, hamster IgG isotype control Ab-treated DCs 
and untreated control DCs) as stimulator cells and T lympho-
cytes as responder cells. Nylon wool-purified naive T cells 
derived from the spleen of allogeneic BALB/c mice were 
plated onto a 96-well round-bottomed culture plate (Costar, 
USA) at 4x105 cells per well. Stimulators were then added and 

co-cultured with responders at ratios of 1:10, 1:102, 1:103 and 
1:104 in complete RPMI-1640 medium. DCs and T cells incu-
bated in medium alone served as the stimulator and responder 
controls, respectively. Following incubation for 4 days, 10 µl 
Cell Counting Kit-8 (Dojindo, Japan) solution was added to 
each well containing 100 µl medium for 4 h. Absorbance was 
measured at 450 nm on an automatic ELISA reader (Triturus). 
All determinations were carried out in triplicate and repeated 
three times.

Statistical analysis. SPSS 13.0 was used for data variation 
analysis. Data were presented as the means ± SD and were 
analyzed by ANOVA or the Student's t-test. P<0.05 was consid-
ered to indicate statistical significance.

Results

Phenotype analysis of DCs. To characterize the expression of 
4-1BB on DCs and the effect of 4-1BB-mediated signaling on 
co-stimulatory molecules on DCs, bone marrow-derived DCs 
were analyzed after co-staining for CD11c, CD80, CD86 and 
4-1BB. The results showed that mature DCs expressed high 
levels of 4-1BB, and that the agonistic anti-4-1BB mAb trig-
gered a high expression of CD80 and CD86 (Fig. 1).

Cytokine production by DCs. To determine the mechanism of 
affection of DCs induced by 4-1BB-mediated signaling, we 
analyzed the cytokine production of the DCs. Mature DCs 
were cultured in medium with 100 µg anti-4-1BB Ab, hamster 
IgG isotype control Ab or with no added antibody for 48 h. 
The culture supernatants were collected and analyzed for the 
production of IL-6 and IL-12 by ELISA. The levels of IL-6 
and IL-12 in 4-1BB Ab-treated supernatant were greater than 
those in the remaining two groups (Fig. 2).

Analysis of DC apoptosis. To detect whether 4-1BB signaling 
was involved in the survival of DCs, anti-4-1BB Ab-treated, 
hamster IgG isotype control Ab-treated and untreated  
mature DCs were collected for the detection of apoptosis by 
staining with FITC-conjugated annexin V and PI. The rate  
of apoptosis of anti-4-1BB Ab-treated DCs was lower than 
that of IgG isotype control Ab-treated DCs and untreated DCs 
(Fig. 3).

Western blot analysis. To determine the effect of 4-1BB 
signaling involved in the anti-apoptotic molecules of mature 
DCs, the DCs were collected and equal amounts of cell 
lysates were applied to the Western blot analysis of Bcl-2 
and Bcl-xL. The two anti-apoptotic proteins were detected in 
4-1BB-mediated DCs, and their levels were slightly increased 
following treatment with anti-4-1BB mAb (Fig. 5).

Proliferation. DCs are potent stimulators of primary MLRs 
and are capable of inducing the proliferation of allogeneic 
T lymphocytes in vitro. We compared the abilities of our DC 
populations to stimulate primary MLRs among allogeneic 
T lymphocytes. The data showed that DCs treated with anti-
4-1BB mAb induced stronger allogeneic T cell proliferative 
responses in vitro than untreated DCs and DCs treated with 
IgG isotype control Ab (Fig. 5).
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Discussion

DCs are one of the most potent APCs for the induction of 
antitumor immune responses currently known and have been 
recognized as potentially significant tools for T cell-mediated 

anti-cancer immunotherapy (13). 4-1BB is a TNFR super-
family member that has been investigated for its role as a 
co-stimulatory molecule for T cells and has been applied in 
the form of agonistic anti-4-1BB mAb or recombinant 4-1BB 
ligand protein to strengthen immune responses against viruses 

Figure 1. Phenotype analysis of DCs. (A) Immature and LPS (10 ng/ml)-matured DCs were stained with anti-4-1BB (bold histograms) or isotype control mAb 
(gray histograms). (B) Anti-4-1BB Ab-treated, hamster IgG isotype control Ab-treated and untreated mature DCs were stained with anti-CD80 and CD86 
(bold histograms) or isotype control mAb (gray histograms).

  A

  B

Figure 2. Cytokine (IL-6/IL-12) production by DCs. Mature DCs were cultured in medium with anti-4-1BB Ab, hamster IgG isotype control Ab or with no 
added antibody for 48 h. The culture supernatants were then collected to analyze the production of IL-6 and IL-12 by ELISA. Data were presented as the  
means ± SD. Similar results were obtained from three independent experiments (*P<0.05).
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and tumors, which eventually increases the activity of T cells 
(11,14). However, the function of 4-1BB on DCs remains 
insufficiently characterized. In the present study, we used an 
agonistic mAb against 4-1BB to investigate the function of 
4-1BB on murine DCs.

The results of this study showed that both the immature and 
mature bone marrow-derived DCs that had been cultured in 
the presence of LPS expressed 4-1BB, and that the expression 
level of 4-1BB on mature DCs was higher than that on imma-
ture DCs, as shown in Fig. 1A. Moreover, the 4-1BB molecules 
expressed on DCs were capable of activating DCs, resulting in 
higher levels of IL-6 and IL-12 production and the upregula-
tion of CD80 and CD86 (Figs. 1 and 2). It was reported that the 
linkage of 4-1BB on T cells with its ligand recruited TNFR-
associated factor-2 and resulted in the activation of p38 MAPK, 
apoptosis signal-regulating kinase-1, and c-Jun N-terminal/
stress-activated protein kinases (15,16), which presumably 
increase the production of cytokines and the expression of cell 
surface molecules. Our results suggest that cytokines such as 
IL-6 and IL-12 play a critical role in this process.

The results presented in this study demonstrate that 4-1BB 
signaling also functioned as the DC survival signal, for the 
rate of apoptosis of anti-4-1BB Ab-treated DCs was lower 
than that of IgG isotype control Ab-treated DCs and untreated 
DCs (Fig. 3), which might be due to the increased expression 
of Bcl-2 and Bcl-xL (Fig. 4). Given the significance of DCs 
in the induction of a T-cell immune response, we aimed to 

determine whether signaling through DC-associated 4-1BB 
in vitro was able to enhance their T-cell stimulatory function. 
As shown, DCs treated with anti-4-1BB mAb induced stronger 
allogeneic T-cell proliferative responses in vitro than untreated 
DCs and DCs treated with IgG isotype control Ab (Fig. 5). 
Melero et al (11) reported that the systemic treatment of mAb 
against 4-1BB eliminated established tumors in mice by the 
potent amplification of tumor-specific CD8+ CTL activity. Our 
findings suggest that 4-1BB signaling on the DCs may partially 
explain the potent effect of anti-4-1BB mAb on the activation 
of tumor-specific CTL. The results of the present study may 
have profound implications for both our understanding of DC  
immunobiology and our mechanistic understanding of 4-1BB- 
based immunotherapy.
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Figure 4. Analysis of the anti-apoptotic molecules of DCs. Mature DCs were 
cultured in medium with anti-4-1BB Ab, hamster IgG isotype control Ab or 
with no added antibody for 72 h. DCs were collected, and equal amounts of 
cell lysates were applied to the western blot analysis of Bcl-2 and Bcl-xL.

Figure 5. Mixed lymphocyte reaction. T lymphocytes stimulated by anti-
4-1BB Ab-treated DCs, hamster IgG isotype control Ab-treated DCs, and 
untreated DCs. The results are presented as the means ± SD of three repli-
cates. The data show that anti-4-1BB Ab-treated DCs were potent stimulators 
of lymphocyte compared with hamster IgG isotype control Ab-treated DCs 
and untreated DCs (*P<0.05).

Figure 3. Apoptosis analysis of DCs. Anti-4-1BB Ab-treated, hamster IgG isotype control Ab-treated and untreated mature DCs were collected for the  
detection of apoptosis by staining with FITC-conjugated annexin V and PI. The results are representative of three independent experiments.
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